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Abstract

Due to the energy crisis, more and more research focuses on the study about
alternative energy, while hydrogen energy is the most promising direction. Not only
hydrogen is sufficient in the earth, the product after energy transform “water” is also
friendly to the environment. The topic of our research, immobilization of hydrogen
with biomass, study the effects of different types of carrier, size, carbon source and
rotational speed on hydrogen generation in order to enhance the economic value of

hydrogen fermentation.

The SEM result shows that bricks is a suitable carrier due to the promotion on

hydrogen generation rate and high interfaces which mycelium can adsorb on.

Also, this study indicates that the optimized condition of brick size ranges
0.84-2.34 mm, optimal filling brick ratio is 20% (w/v). The hydrogen concentration is

about 3.05 mol H2 / mol Sucrose.

Comparison between fed-batch and repeat-batch, result shows that the high
concentration of salt in medium affects the hydrogen production in fed-batch; while

repeat-batch has better performances on hydrogen production.

Keywords : Clostridium pasteurianum ~ Biological hydrogen production ~ brick ~ cell

immobilization ~ fed-batch ~ repeat-batch.
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% 2.1 A& #&2 $f3 (Dasetal., 2001)

Broad classification

Name of the organisms

Green algae

Scenedesmus obliquus
Chlamydomonas reinhardii

Chlamydomonas moewusii

Cyanobacteria heterocystous

Anabaena azollae
Anabaena CA
Anabaena variabilis
Anabaena cylindrica
Nostoc muscorum
Nostoc spongiaeforme

Westiellopsis prolifica

Cyanobacteria nonheterocystous

Plectonema boryarum
Oscillotoria Miami BG7
Oscillotoria limnetica
Synechococcus sp.
Aphanothece halophytico
Mastidocladus laminosus

Phormidium valderianum

Photosynthetic bacteria

Rhodobater sphaeroides
Rhodobater capsulatus
Rhodobater sulidophilus
Rhodopseudomonas sphaeroides
Rhodopseudomonas palustris
Rhodopseudomonas capsulata
Rhodospirillum rubnum
Chromatium sp.

Miami PSB 1071

Chiorobium limicola
Chloroflexu aurantiacus
Thiocapsa roseopersicina

Halobacterium halobium

Fermentative bacteria

Enterobacter aerogenes
Enterobacter cloacae
Clostridium butyricum
Clostridium pasteurianum
Desulfovibrio vulgaris
Magashaera elsdenii
Citrobacter intermedius

Escherichia coli
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2.3.3 4 % (#iki > 2002)
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algae)icd ¥ & iRF FRT™ f # 2 F Benigi7 > # ¢ Chlamydomonas reinhardii
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2.3.3.2 Bk fz(Indirect biophotolysis)

Helm e ug» i § ‘”g ke £ BB 7ok 2 4 47 iz e+ (Indirect

biophotolysis)#z % 2 4 & § » # & B3i4c™
6HO + 6CO;, + Bk — CsH1206 + 60,
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-
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W 2.3 FRBE L &7 L H(Nietal, 2006a)
2. 3. 3.3 kg% (Photo-fermentation)

% & pF(Photosynthetic bacteria)4w¥ ¢ 7 7 & %0 (Purple non-sulfur bacteria)
SR F F PR T A Ry ITA L AT A I G R (AopEsg 5 R B F
PP E)FTIREE  BRF AfEnERY > AF R gd ATP 2 #
T A EF o T AL KB R 24) 0 @ K A Ak S mAEK L
F ¥ it & > 5 3F % B> Rhodopseudomonas ~ Rhodobacter §- Rhodospirillum %

Fripdi ks Apens L g B ot 4 4 & »(Miyake et al., 1987,

-

Fascetti et al., 1995; Franks etal., 1998) - ¥ A & J& s st? » 2 f%2 1 mole &§ §
¥ 42 12 mole e § 0 PEOVRF wFAE 2 BHEFF 18 mole; e
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Bd ek tmpEs S AFpEAL  F AL HAOp J L RF (Miyake et

al.,1999) » URPEFHATEF o KEAL 2 F B 4oT
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Glucose + 6H,0 — 6CO, + 12H,

“,f przoeh s Bk & iE kM- R T R R enF R A (Levinetal,
2004) > ¥ XA KBRAE A EEP R ?7 :&Sf“ g aér;,r‘t,? | # ’Eﬁﬂﬁ
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Solar
Energy
2e” )
Bacterial Fd Nitrogenase
Photosystem P k
4ATP

Organic Acids

W 2.4 k@gpsF B2 7 & W(Nietal, 2006a)
2. 3. 3.4 % p&ps(Dark-fermentation)

HEAAL P R M P AT ART PHFRTHT BT RART 25 A
RPETEEA A G F nilA TP G LIRS 6 KR R B AR
FAEA D o Mol b BRF RPROERY C BEREAL ST A RIREY G
BFHUSFFRRF FRFTIRLEF DL > G H RAEBRAE § - AR
BRRRAF F o mEBARR A G (HS)E - |Epsics # B iz 30
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£ 2.2~ % k2% 4§ AR5 B & (Nath et al., 2004)

Process Tvpe of microorganisms Advantages Disadvantages
Direct Green algae -Can product H; directly from water and sunlight. -Requires high intensitv of light.
biophotolysis -Solar conversion energy increased by ten-folds  as .03 can be danferous for the system.
compared to trees, crops.
Lower photochemical efficiency.
Indirect Cyanobacteria -Can produce H; from water. Uptake hvdrogenase enzymes are to be removed to
biophotolysis stop degradation of H,.
-Has the ability to fix N; from atmosphere. -About 30 % O, present in gas mixture O:has an
inhibitory effect on nitrogenase.
Photo Photosynthetic -Awide spectral light energy can be used by these bacteria.  -Light conversion efficiency is very low, only 1~-3 %.
fermentation bacteria« -Can use different waste materials like distillery effluents, -O.is a strong inhibitor of hydrogenase.
waste etc.
Dark Fermentative It can produce H;all dayleng without light Relatively lower achievable yields of H..
fermentation bacteria -A variety of carbon sources can be used as substrates. -Asvields increase H; fermentation becomes

It produces valuable metabolites such as butyric. lactic and thermodynamically unfavorable.

acetic as by products. -Product gas mixture contains CO,which has to be

Itis anaerobic process. so there is no O, limitation separated.

problem.
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2.4 Clostridium 4 &

PR F S FBs G A d a4 B wmEY s L MRE B
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f%%°ﬁ,izzéﬂljkfi'/ﬁ/ﬁ-?g-f”%téi"/E& BiF { 100C 3—#‘220’4’\%’?!"\%&-5"

A3+ F o ClostridiumFH % P w ¢ A & F° A4 & 4 REFAE Al

4
T
S
=

&4 E3RF - ¥R (25°C~60°C) % ¥ %+ pH eh3k 3 T > Clostridium %
BAJELEDHAT AL NI AL RAGR G S HREF T RS R

L& pehs B B R FLERE ¥ ¢ (Thomas et al., 1994 ; Takeshima et al.,

Clostridium % 3 >+ 32 + (Endospores) » & # *t'm RN %34 5 2 B
o2 F - BREHT 4 2 - B3 Clostridium #3e + #5230 FHE 0
Ao - MRFME B H T eI FR b A @ F Faur 3 e P Rt E
# ¢ & (Prazmowski,1880) - — #m 3 - LA F L F H
o s pH S BRI AR S CRRZ ALY SRS EFERES

B iR E §ORERGR R, 23 R B AT BT 2
FORE R A 2R PIRE AR o F 20 AR E RE S I SR (e

§E ) Rl 5 )

32 F A 5 fmﬁé‘rdxb{— KpIF et B2 4

A
A
i
=
\1\'}
e
4y
oy’ v4
é.\..
=

R Blmietr > 2 16X B 5 a3 ke WohB A fLZ M BRIE T 0§ e T T
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MMUEFERE > HBE Rl 4 o By FE- TDiER o

AR o R BB R RF RIS A A - TR o HE Bt 4
FRAP T F L FEFE BN Tég;{% f};’fmﬂd.,.ﬁ;t_l 7o 2F ;m&ﬁ;ﬁ% v o
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BRI TrenifgE R p A5 & o Hyingd 2 o A HyehAd 4 i4e? > kp ke H > ¢
FLTLFLMoHymAd 2 L ¥ AP 485 B R 39 (Ferredoxin) » &4 i
CERRT AT Y F M U PR R R P H T s £ E

fix (Hydrogenase) #7 feit i& {7 e o A 4 Fenpgba 7 » A2 Hyehk ¥ H 4+ 1

A RIS BT A PEFE T OBEAS A AL AR DR F o
T Hpend 4 4% (% RiRdFF CRRDT G b4 F HyehA 4 X epF > B

CERAY Dy P ER TR R A ERE D L BB R DT 0
SEAL Mo amE AT AL e MR e ad e mt e B SRR

HE Hyeng 4 S Jeph > ¢ Rz A5y 5 oo

ORI FEAAHBRITIBEAS L — FRSE L TR AU L
e BLpbpais (E% &2 b en ATP 2 32 % § e AR PEARSTE FnE & ¢
B As e fp-CoAr - fag wlt? BRAY o ¢ fp-CoA it i % = ¢ fppifh
(Acetyl phosphate) » @ ¢ famfiz g v AR ¥ € 42 @ ADP> @ H 3k ATP
A o ARk A ¢ fip-CoA e B2 —E LM% R A & ohf fk fk (Pyruvate) o
o P AL R o FR-CoA Y H - f&F THiEAR Flo A ARpLiE Y ¢ fiR-CoA { &
BRiE-HF AL IRDT IO A UNHUR L ERRAY AN A A A

2 Hy» Bl 2.5 5 R¥ FAE2 BT LW o
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Glucose

2 ADP 2 NAD* Fdox
2 ATP C 2 NADH Ha
NADH NADPH
2 NAD* 2 NADH C

Fdred
2 NADH 2 NAD* A 4 2NADH 2 NAD*
H | Acetyl-CoA 2 Ethanol

2 ATP 2 ADP

h 4
Acetoacetyl-CoA ]
2 NADH
Cz NAD*

2 NADH 2 NAD*

\_/

Butyryl-CoA

—
ATP ADP

W25 RF FpF2 A HEET LW

17



25 Az ivh g

FIRI ML p A 1 e AR 3 S U -
FTOzBREP RIS AF RE TR T v R EN o BFRE
EERILED) 9 ST L) g@&,m%ﬁﬁ LS N R A P E N T A F A
48 (Carriers) ¢ - @& ficd $od "E8 8 d Rk R TR G o AP ROTR I
Ak gk ko d g PREE B kA PR SRR REOEE
PRI AT UNEAFR Y R A Prenid PR L PR R IT L SLanfR
B (ZiE- % 52006) > FEC KA A RAEE F ik B
TR Y S STERUING O S I R N 4 T

251 H=ziv3 &

CESTRRTE Y A SR T PR T L T TN
FI% R RS E R AR S RS BT S E kE ko

LS FEFHLPHA R K7 A L w *agd] (Pilkington etal., 1998 )
A HFART R LML G
%42 (Adsorption )
+ 1 4% = (Covalent binding)
-+ 4232 (lonic binding)
B. &3t 3itK mi\ i

¢ 1@ ;: (Entrapment)

18



C. MpAREMAIFESNRkA PR
%2 8;%# (Cross-linking )

D, JU* -2V Wikt HpEdz & L
¢ %2 (Encapsulation)
4072 (Membraneconfinement )

&w%(@2ﬁa)%ﬂ*%i%ﬁ§@@w%ﬂﬁw4,&mﬁ EULERN 1
B %wa' kipier 4 5 @ fed o E ;\.g@‘w od 34| 'a+/,ar447,&a$\.§eﬁfr&
chio g (F% 4 R plgd FapF Ll 2 F R DICEBL S ZppRotE W
T EEFHROFPE AL R e E R P T s R
% iR
B se B~ AT IR e R BRI E R I W A2 B AnBdp R g o

>

;e s d 4#;}:;\@@@% e 4 —‘Fr;ﬁk ¥ pcss > F)p pH &~ B A -

M A o At Fadp A o J RiSew e A SR (22— %5 2006)

et (R2.6b) fFd &% @+ o33k ot @ o i
?@i—k%ﬁ%?f%@ﬁ@%ﬁﬁﬁé BT i Pk AlE
e AR Fn EF i MBEFIEA (Spacer) B & o p F AT g2

o R a2 R JE R A B B A RO R R AR

v.

+* L
S

ERREATE S S AR R PSR Re ey €AY SR I

LFEM T h R U 4 FER (Z2Z-%-2006)-

Brargz (R2.6c) fI* 2P EPMETF Tt r 23 2 8F T3l
PR AP RO A FETNES 2R I RAY
7 A P A G T AR R AR M P AP BRSO
IRVABRE WwpHE-RER - BPIRREEEFAR PR g (ZE- F

H

19



2006) -

>
gk

sk (R2.6d) Mkt Fembtf GO AF A S L

F_

A ERY QA R PR HFBLIREF R Y P A o T ORF AL
24 AR AR > ez~ TR s SRR T e R B g B
A Y AP REREE BT e R R S RE(EE- 52006);
e picd 4= ﬁi‘g—ﬁﬂ] %(T,,?f g' A ’F‘gr'?t’/!ﬂ" 4 R’ ’Fﬁ@ ! 4 _ r‘{ﬁ—,%;f‘:g

( Kourkoutas et al., 2004 ) -

W PE R TR et AR T G - AR 2 e R R T B R
Podp Bl W AT G A AR R B R RS TR

A5

T RTROTT @R @ SR P B P (S %

2006 ) -
é?zi ( 26f)iﬁd” :;f‘:r"g/,,\:}._-l‘ig);* #;J/[ﬂf'-l-*,,mféﬁ? P\;\?K?}

- R TR A M P RIERBIRBRE Y B E (R 2.6g) - Ao
A BEG F R A 25 A F o (Gryta, 2002) - B i@ *34] (Lebeau et al. ,

1998) frmi= % % B 4L

20



o el g
MMM -

Adsorption Covalent binding Electrostatic binding
on a surface on a surface on a surface

f
e au N
-+ ¥
* *

{5019)

n()

S ...-‘f
Entrapment within a Artificial flocculation
porous matrix (cross-linking) Microencapsulation
Insoluble carrier
IEEEEEEEEEE
@ o o Liquid phase
GSD Porous matrix
IIIIIIIIIII mmmmmnn Microporous membrane
- Bifunctional reagent
b mﬂﬂntalnment (cross-linker)
etween microporous
e XTI L Electrostatic forces

W 2.6 F=Z_i* > ;2 (a)adsorption;(b)covalent binding;(c)ionic binding ;

(d)entrapment; (e )cross-linking;( f)encapsulation;(g)membrane confinement
252 fHHPER
PP LSRR F AT FELERDFF REOFT T ¥
ey e LB cARN U Y PN TS R v B L N R A A R A AN S 1
PEBFEAFHYET fHALFEF 42 5 4pF 12 (Biocompatibility ) -

4 ¥ '% jaft (Biodegradability) ~ §*#¢ £ # (Regenerate) % *» ~ & & & & § &
MERE (£2.3)-
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223 EBATLCPHEI S ZWEIEAEALALE (L& ¥ 2006)

FEE

S Tk

it~ Ak

B
b
&

23

A JEREERRAA > AR @ BB WK (R ~ B - M

W) FURRE RS BAN R MAMARER

MBI F o KM (RAZILKREGEE) A MR EREMN.

WATRBAMRERMER -

Bkt EFR o MAMEEE A SR AT N -

SpREARGIRET ACRER M pH BE > ARIBA WA

by (RaH) -

Admia sttt (RARE) > S BRER 2 M W0 AR

BEMHARREERZ2NHVE  ERAMRL BEARS L

FRHARZ B ALK -

WAL O BT B A 0 AL A FrEcR s 0 BT R R

B TR KRR TATHE A YA Ry TS

MM CRL® % zero iF %

MBR R MAMANEREAR  REHHAE > TRE %

PAEM B4 #k ~ CSTR ~ PBR ~ FBR ~ ALR™ "% » JL 7 2 &

W A R o

22



*CRL : daip]#7K % b "%k 42 & (calculated risk level ) ; **CSTR : i § #4514,
& J& B (continuous stirred tank reactor )~PBR: 4 v & ¥ Ji& % ( packed bed reactor )

FBR: /48 it & & J& % (fluidized bed reactor ) ALR: # # ;% & J& % (air lift reactor )

225 AR EFEIEF? e’v":;‘iﬁﬁ%}:ﬂ(iﬁz— % »2006; Kourkoutas et al.,

2004)

methods metarials

adsorption aluminium -~ propylagarose - titania-activited glass ~ synthetic

resin ~ silica gel ~ wood ~ sawdust ~ coke ~ bonechar ~ brick

covalent binding  cellulose ~ dextran ~ starch - porous glass ~ porous silica -

polyacrylamide ~ nylon-acrylate copolymer

ionic binding polygorskite ~ montmorilonite ~ hydromica ~ porous porcelain

entrapment alginates ~ k -carrageenan ~ agar ~ chitosan ~ gelatin ~ collagen

cross-linking glutaraldehyde ~ toluene diiscocyanate -~ hexamethylene
diisocyanate

encapsulation glycol ~ polyphenols ~ bishalogen formiate ~ polystyrol

23



2% RmEMHEESE
31 RE&H#

311 R % E®

A F i * opFtk Clostridium pasteurianum CHy > B~ g =076 < B it 1 % 5k
%13 X {7 F 2% % - Clostridium pasteurianum &>+ & fF < B ¢h 3] L@ R (2
& 05-2um - £ & 3um) 4+ E3RE ~ ¢ B(37C)E pH ¥ HamkE T 0 4o

3-1 “ o

LN

SEI 100KV X5000  1um WD 109mm

W 3.1 Cl. pasteurianum # & 2§ #x2 L2 SEM 4] i

24



312 PHERE U

3.1 R LERZ FHFE

R #2 L4 R
% Fructose ALFA AESAR
F Lactose JT-BAKER
R Glucose ROQUETTE
X Sucrose o HE

FLEL & 4 Sodium hydrogen carbonate SHOWA
FRPL & 4% Ammonium hydrogen carbonate SHOWA
B E - 49 Dipotassium hydrogen phosphate SHOWA

F 4% Magnesium chloride hexahydrate SHOWA

For ik 4 Manganese(ll) sulfate monohydrate SCHARLAU
B ik 4 Copper(ll) sulfate pentahydrate SHOWA

F Y4 Cobalt(11) chloride hexahydrate AENCORE
Fipe 35 4k Ferrous Sulfate iR E

25



HBEHT)

- #2 L f w

;‘i.&ﬁ;;— i 4p Sodium thioglycolate TCI

L-L k3 pi L-Cysteine hydrochloride ALFA AESAR
7R g Resazurin sodium salt SIGMA

(L] Hydrochloric acid SCHARLAU
ik Sulfuric acid SCHARLAU
a3 4 Sodium hydroxide SHOWA

F Y47 Calcium chloride SHOWA

A e e A Sodium alginate ACROS

L pi Acetic acid SCHARLAU
Tk Butyric acid ACROS
R () Active carbon T -3
EE Sunflower Oil R A

26



st w2 L o
+ Glycerol SHOWA

Y3 Carbon dioxide FEARF A D 7
i F Hydrogen FEARF A D 7
¥ F Nitrogen SR P
Bz Methane EEE R PN

27



32 PEHRE

2321 * MR LRERGFE

RELAR R A5

T AT Precisa BJ 100M

B P e R CORNING PC-420D

pH 3+ INSPECTED PL-700PV
BREFAFAL TRIDENT EA635

ot Al HIGH TEN 3BH-24

Ak ks RODA D11031218.1
FERIE IKA MS1 minishaker
% »% 40 & 47 & RI detector Hitachi RI 5450

# 48 k& 7 &k Gas Chromatograph ~ Thermo Trace 1300
RIARTE DECTA DC300H

L EUR A B R IR 35 DENVER INSTRUMENT
e M kR Thermo GENESYS 10UV

28



(FEFHTF)

RERA R A5

B Hpee HSIANTAI CN-650
GRS E S Hettich Universal-32R
U I e Sinagawa W-NK-1
BT E 3t i

L= S Shishin SH-P100

I & 1 DENG YNG G-10

£ 48 LIAN SHEN LO-150

29



33 #4732 %
331 AMERR A 2
1. P~5mL FR > i 7000 rpm ™ As 10 ~ 48 2 f R~ E E N
FrerbmL 2 HF ko I B ERTFRFAWE I 3 kour Bk
AR f e B R Fge o AR R I Ak
Az R E D sz £ (Dry Cell Weight, DCW) -
2. P ARERZCARERR I ARKEIAERE 600nm T RIE EF
% /& (Optical density, 0.D)i& % Fr )k & #78| #F 7 DCW §= O.D & (¥ §] >
EFHE A DCW(g/L)=1. 1122x0. Deos=0. 0077 °
32 RARB TR BB, 2

1. #-gpsie® ~gpo g ? > fgdi 7000 rpm T g 10 4 48 R
Gt s Ho B b ik 3 g § AR 2 Membrane filter(0.22 ¢ m pore size,

Chrom Tech)if /g °

2. A% 3 4p k47 &k HPLC  (Hitachi RI detector 5450, Hitachi pump
5110, Hitachi Auto Sampler 5210, Hitachi High-Technology Corporation,

Japan) 4 47 VFA kA& -

3. ~ g ¢ 4 C18 (COREGEL-87H3, 250 mm x4.6 mm, Taiwan) > #

#5405 0.0LNH,SO4 0 sz 1.5mL/min» ;288 50 pL -
333 HTE B R (s B~ 7 E) AT

1. #gatnd ~4ted @ > afdi 7000 rpm T g 10 A 480 B FRE e

Gk 3o PR 3 g 45 0 12 Membrane filter (0.22 1 m pore size,

30



Chrom Tech)i& /g °

2. F1* 3 2R 4p & 45 ik HPLC( Hitachi RI detector 5450, Hitachi pump 5110,
Hitachi Auto Sampler 5210, Hitachi High-Technology Corporation, Japan )
A 45 VFA B A& o

3. A irigi* 1 ¥ 41 C18 (COREGEL-87H3, 250 mm x4.6 mm, Taiwan) » #

#4p % 0.01 N HpSO4 > siig 1.5mL/min s ;&8 50 uL -
334 FM(ZF LR EF)AF 2
Lo 1% 5 %5 Fapmgdiy o518
2. 1% § 40 K 47 & Gas Chromatography ( Trace 1300) i&i7 4 47 °

3. ~#igiE(Hy) ¢ ¢ 4 Packed Column (Molecular Sieve 13 x 30/60) » #
A0 & 47 k%45 (Oven) B & 3% %5 50°C ;5 ;1 43% (Injector) & & 5 120
C ; # ¥ p %2 (Thermal conductivity detector, TCD) 8 & % 140°C
i#ix 5 8 (Carriergas) 5 ¥ # (Nitrogen) > &2 68 5 1mL -

4. #4715 (CO2) ¢ ¢ +x Packed Column (Molecular Sieve 13 x 30/60 ) -
F An K 47 k445 (Oven) B &R X 25 50°C ; /53¢ (Injector) # & %
120°C ; %« 3 ¥ ;p] % ( Thermal conductivity detector, TCD );§ & % 140°C

Fx 5 48 (Carriergas) 5 % # (Nitrogen) > &2 68 5 1mL -
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34 Rk
34.1 FfH

AT Endo s & A X e r kK ¢ 237 T % 36 ) BB 0.8mL

Fiefr02ml & FY B B g F ¢ 3R E 1S > % ~-20 CrkfaiFig o
342 A AL

233:+my it * 2 Endos % 4

Composition Concentration (g/L)
Sucrose 20
NaHCO3 6. 72
NH4 HCO3 5. 24
K2HPO4 0.125

MgC12 - 6H20 0.1

MnSO4 - 6H20 0.015

FeS04 - TH20 0.025

CuS04 - 5H20 0.005

CoC12 - 5H20 0.000125

L-cystein - HC1 0.5
Sodium thioglycolate 0.5
Resazurin-2127 0.001

343 £

¥t 33V blpeE A EndoRAATE CEIEKN - FERRERER

ETI37 CP o HEMAIREAY  REHE S %o

32



35 RREH

Carbon Source

10L

Fermenter

100mL
Anaerobic bottle Gas space
Suspension ol add
( )
>oomt Rotating speed
Serum bottle L gsp
Hydrogen L
production , —
Carrier ]<:
) Addition
Immobilization \
]< Fed-batch

Repeated-batch

33



3.6 BiFFrs4
36.1 #Fit PARAKAE & 2 BB

hiFEHT RRR (F 5 0 B

1 »PRF A BRfl 2 FaR( 54 %6

Ao RURER G 209/L -

2. 115% HEFAESFHMAT Endo gAY o

3. 0 3TCIEKH® 5% 48 [ I+ & 12 ] o~ A 47 o
362 FH A RAFLIRHAL Z LW

CEHARAF IRHEBAL L BE

L PR3 FY Bl
BEA-

% k1 iT484% (50 mL ~ 100 mL ~ 150 mL )2 Endo

2. 11 5% EpFEEFMET Endos A AT -

3. WITCHEE RH? 4 48 [ & 12 | pFPfR 4 47 o

353##@%&@@%&54%?

jlﬂ,f | # 4‘"— FEF5 /7% P.—J}'%l -‘{« r‘b/p ﬂ')’?ﬁ%—g‘_i fg_&

B

1. »"/RF¥7 fe® Endoss £ A5 B ‘"LJ‘J??]&%Z 484 (O mL~5mL~10 mL)

/‘JT IF”LF' FE P& R e

11 5% R AF LT Endo s £ AT -

3. v BTCEE k¥ 5% 48| pF > & 12 prBeti A 47 o

34



364 H#H* P WEBFHEAT 2ZHE

Gk

Pin: F? PHEESIHFEELL ZPE -
1.t F¥gd pel Endo s % A x4 BT o
2. 115% HEFAESFHMAT Endo gAY o

3. MBTC KUz K ? 4= » i F¥ig2 4% > X 7 k4 (0rpm ~ 100

rpm ~ 200 rpm ~ 400 rpm) > 3% & 48 /| pF > B 12 ] BEBR A 4T o
3.7 A s &
371 HFir P ATMPHIEIL 2T
PenifFsd? b Bl 00 (A A hpl A RS ) HE AT 2B

1. » /R ¥g7 fe® Endos £ A1 B PR Tl PR E

#20Q) > A RS T RIL 2 AR o R S Bt fIk oo
2. 5% B AFMAET Endoss £ AP (BEE ~ EEAD
3. T 3TCHE k7 354 48 [ pF o & 12 ] prBf A 47 o
372 Fi P AL {PHREFLLHELT LY
Pent 2 PR (AR PERFRAL BT

1. R ¥? el Endor & A1 B9 ’T 4 2 Fe ki€ (0.84-2 mm~2-5 mm-»

>5mm)z F i 48 (20 )

2. M5% HFEMFAMEI r ALY o

3. W 3TCHE kW% 48 | pF > & 12 /] pFBfR 47 o

35



373 FH AR AL HAF)ELEHLT LHF

pen: 4R A R B O () SR

Gk

Ad2RE-

I PRI L7 el Endo s & X Bulhe R A E(109-209°309

40g)2 F it 4l (ke 2-5mm)

2. 5% BAEMFAMBI PR EAY o

3. W3ITCHEEKH" 2% 48 pF > & 12/ B A 47 o
3.7.4 Az g pkfe s (Fed-batch)

Pen: et p @i s 2 B8

1. # 34 500mL Fi% > 3% 36 /] BF o

2. >t 10LapEtg? fed Endoss % &2 b Ay (Rl 2-5mm- 2 £ 2

kg) e

3. x4 500mL Fi4ER 10 L # A ¢ > 2 37°C 2 pH 4] & 6 hif

T A8 P E 12 B AT o
4. % 48 | AP CRMEEUR) - £A4F 3= o
375 €45 =x g pe#2 A (Repeated-batch)
B fftaR it pe A 4 2 B -
1. #% 500mL ik > 2% 36 /] B o
2. *10L##pEt Y fed Endoss & A2 v peg (s 25 mm-E L 2

kg)
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3. - ip & 500mL Fie i 10L ¢ 0 & 37°C 2 pH 34 & 6 chif

BT A A8 12 ) FERR AT

4. E APPSR (Endo £ 4) 0 £4F 3% -

W3210L/RF et d 15t

AT

Heating circulating
water bath
b
EL‘. . TTT5]

N

W3310L RF At 3% 23(FW)
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Fr i BEadn
41 RIFFARE A
411 FHARRAHAEL 2 B

AXFHRFESFEAR O EAE S F A %8 - SR C. pasteurianum 3

EAL 2B - FHREErRAL NEBRLART RS L FAEH 427
FEM SR IREEAL EPRENAS R 4.3 B 44- 45 7 hF

- ERE KSR P o R A 200/l hE EopErc S 59/l B4 b 150/l hF F
o #REALT R PRESRS LB 2 HERQOQLTPAE » mEY R
WIELLIRRMEFHFFHL A - FREFE2 00 B A2 £ BRUR

(Yung-Chung Lo et al., 2008) » F& # £ {348 4.6 -

Cell concentration and H, accumulated
25 2000

b
—#—— Fructose Y 1800
— —#—— Glucose -
©___ & Lactose

204 © ——&——  Sucrose - 1600
% — —% —  Fructose - 1400 Q
= w— ¥ —  Glucose £
S 157 T — -+ — Lactose 4 - 1200 o
= @
© Sucrese =
£ / L 1000
2 v £
S 1.0 L 800 B
° ®
S - 800 T

0.5 A - 400

- S—— g;: ———4¢ 200
E'EE === e e
00 v T T T 1 0
0 12 24 36 43
Time (hr)

WAl 3 FRREFAFERFMER Y R

38



pH

pH

7.4 A

7.2 A

7.0 A

8.8

8.6 1

8.4

8.2

8.0

58 -

7.4

7.2

7.0 4

6.8

6.6

6.4

6.2

6.0

58 -

Cell concentration (g/L)

Cell concentration (g/L)

25 - 2000 - 30
— -+ —  Cell concentration (g/L) .
—=—— pH ¥ 1800
—=s—— H, accumulated (ml/L) L o5
20 Sucrose (g/L) - 1600
F 1400
% L 20
15 1200 = -
2 A=)
[o}]
F 10008 15 @
1.0 - 800 % g
: 8 %)
© 10
- 600 o
0.5 L 400
F5
- 200
00 - T T T hd 0 - 0
0 12 24 36 43
Time (hr)
£ A B3 -~ N
W42 K fFisEeFnks
Glucose
25 - 2000 r 30
——— Cell concenfration (g/L)
——m—— pH
——=s—— H,accumulated (mliL) L o5
20
Glucose (g/L) 1500
= r20
£ ry
o =)
@ o
1000 153
3 o
El 3
g ]
@ 10
T
500
-5
0 -0

Sucrose

Time (hr)

M43 §EHEFAmEsHUER
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pH

pH

7.4 4

7.2 1

7.0 4

6.8

8.6 1

8.4

8.2 1

8.0 1

5.8 -

7.4

7.2

7.0 4

6.8 4

6.6

64 4

6.2

6.0

58 -

25

Fructose

2.0+

1.0

Cell concentration (g/L)

— —¥ —  Biomass(g/L)
——®&—— pH

——=#—— H,accumulated (mliL)
—-—#-—--  Fructose (g/L)

2000

- 1500

- 1000

- 500

Time (hr)

W44 %ifiptapuEs

Lactose
25 - 2000
—»—— Cell concentration (g/L)
—a—— pH
——=e#—— H, accumulated (ml/L)
203 Lactose (g/L) | 1500
)
S & ——
51.5 B
®
= - 1000
[19)
2
£1.0 -
(&)
T
© L 500
0.5 4
2 ¥ —Y
) SR .
0.0 T T T 0
0 12 24 36 43
Time (hr)

W 4.5 FHEFAMELFHER

40

H, accumulated (ml/L)

H, accumulated (ml/L)

r 30

r25

r 20

r 15

r 10

r 30

25

20

F15

F 10

Fructose (g/L)

Lactose (g/L)



W46 3 FRRFWL &5

412 FH P PAFIRHEL 2 BF

AP HAEF P AF 7 3 Copasteurianum #F A & 2 B - B E
4e® 4.7 7 1 T8 A (50 mL~ 100 mL ~ 150 mL)2 A2 § 7 & 5 170 mL (Big) ~
120 mL (Medium) ~ 70 mL (Small) » & # % & /] 5RA2 /B 4+ % ¢ Fxrd|m
Rchd 2 o BF G RIS ERERORE SRR (6 P AE > 2002) -

B REERLN 4 R A D el e o G R PR OF MR AR

4



Gas space

2000

1800

1600

1400

1200

1000

Cell concentration (g/L)
H, accumulated (ml/L)

- 600

- 400

- 200

W4T *FEAFIZFEIFARELAMER YR

4.8 2 FAEFZFEMLEFH
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4&3##@%&@%?&51%?

FoHGEB A9 F 47 FAMAOML 5mL-10 mML)2 fefpi s i 34 § v
BREFRE RHAMAL XRG RFe

Oil add
5 2000

—8— O0ml ._——j&
—&— 5ml ——— = =="% 1800

—&— 10ml

o) J—
@] /}___
V4

—v— Oml &
IN—T— 5mil V4

1600

1400

1200

1000

- 800

- 600

Cell concentration (g/L)
H, accumulated (ml/L)

- 400

- 200

Time (hr)

W49 FhrFlFZEREHEFIFLEEAWER R
414 FHAFHELEFHET 2 BP
*XF %RFTF P EE F(0rpm ~ 100 rpm ~ 200 rpm ~ 400 rpm) ¥t C.
pasteurianum # fE A & 2 B o F SRS % 4oB] 410 ~ 411 5 AN K S FH 2 £
BEEFHAAE HPMETHIRERA AL M L EWEE FER T
A EA AP AMA L 2P 2 g 200rpm F B AR Eob i R

% 200 rpm -
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H, accumulated (ml/L)

Cell concentration (g/L)

Rotating speed

3.0
—-¥— Ompm
—-¥— 100 rpm
254 —w— 200 mm
—-w— 400 pm Y
.
20 T /,:,
P P S Y
v _oF
15 4 // //‘7
| i
s
I ts
1.0 4 x4
4
/4
4
Y
0.5 1 y”
¥
_—_—_-====='
0.0 4 , : .
Time (hr)
W4.10 7 s FHMER 2B P
Rotating speed
—— Ormpm
4000 1 —e— 100 pm
—&— 200rpm
—&— 400 rpm
3000
2000
1000

12 24 36 48

W41l 2 RHEFFHEFAFELRBE

44



42 B FHS A
421 FH 3 F AL FHHLL 2 BE

AP AR R E R 0 (AER 1 8 k4 ) ¥ C. pasteurianum

FREALZPE I BA127 § 0 000s Ry B PR A E AR
HRIT RA R L PO Bk 2 o ERFAMEBIET o BRI
SfMemT Ry 2o D AR T PR NAG Y IR A AR
REPIAME AL - AGE TRALC P L RIZFEIFT -HI§ A
Br G As vk o mEY BT AT 413 B 414 5 AL &

WAL e 2 SEMR  KRY g A £ 2 LA o

Carrier select

5 5000
— —®— Activated carbon
8 —— Bnqk .
—&— Alginate P
4 - - 4000
—w— Activated carbon v

-  —y— Brick g =
3 ' —v ric s =
= —9— Alginate // =
S 37 *  Control y - 3000 =
= Q
g ©
£ =
@ £
Q S
g 2000 o
O
o @
E o~
O I

- 1000

Time (hr)

M412 3 F A RRHTFARERANER R
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&

WD 10.9mm

10.0kY  X5,000 m WD 11.0mm

W 4.14 A2 &> 2 SEM F(X 5,000)
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422 FRr P AT PREAF)PEREL 2 BP

AR HFA A R A () /L4 C. pasteurianum g fF A & 2
BE T RZ 7 T 0.84-2 mm~2-5 mm {e>5 mm> £ & Small(0.84-2 mm) -

Medium(2-5 mm) ~ Large(>5 mm) - § 5 % % 4-® 415> £ 36 | ¥ 125 I R 47

iy

F

Sk

F AR kT Medium PF 3 5o A £ 5 BT Large vk M0k Medium ;@

ds e Smal ™ > RfEE FARRM o UAARBE Ky o Small 3 < & RS
;5 m Medium 2 Large RABE BV L2 2 MR A P kR E k5 Medium
22 Large 2.z s ~ T RO R P B % > Small - t“ifi’é}ﬁ‘%c’ o FARAGY A 4

FEE o Fi iR AR A BAsie ~ AEAFFEAP 12 (Bahletal,1982) - sadaipl
B F A kT Large B & 6 4% & Medium -] > &t B EC edt ik L &b 5 @ Small F]
ﬁﬁ@%\ﬁﬁ@ﬁﬁ?%’g%%ﬂ%%%@ﬁﬁﬁ@i’%ﬁﬁ%i£ﬁﬁ

B FREA L RS B o FEH Medium(2-5 mm) & B iF BT o

Carrier Size
2.0 5000
— —®&— Small
8 —&— Medium
—8— large
4000
19 —¥— Small
< o —9— Medium )
o) I =
= —¥— Llarge £
_§ Control - 3000 2
© 9
£ 1.0 !
Q@ £
2 L 2000 ©
3 ¥ 8
= e — ©
(‘D o~
T
o 0.5 A
1000
0.0 p—====—"C2C_ Y T T 0
0 12 24 36 48

Time (hr)
W4.15 2 P2 fHFIFAREEAWER R

47



423 FHAF AL FHEF)ELEHET 2L BP

AR AR B B O () # 4R 4 C. pasteurianum 3 fif A

2 ) B(R 416~ B 4. 17)¢ 7 5 MBe R B 20 il 21 %k < Biomass i

o

3o EF R AR AP B A SR 5 AT A

L‘.l

U ¢ 0 AT xR D L FEch Biomass B0 H ¢ X v B 4 2 200 g/l
E F AFEERF 0 i E® 2000/l FEEEAE O B4 18 57 B AN

ﬁfbﬁﬁgi A5 I}‘]E,]gé‘r-l E"‘}&r]L'Li\‘”w’ v g4 kiﬁﬁ'%ﬁ;ﬁh&,gﬁ e
i

Carrier Addition
25
—¥— 100 g/L
— 49— 200g/L
—9— 300 gL
201 —+¥— 4009/L —¥
—e— OglL g e

Cell concentration (g/L)

0.0 T T T
0 12 24 36 48

Time (hr)

W4.16 2 FATfHECEHBERZ 2P

48



Carrier Addition

—e— 100g/L
4000 1 —e— 200 g/L
—e— 300g/L
—e— 400 gL
—e— OglL

3000 A

2000 A

H, accumulated (ml/L)

1000 -

Time (hr)

M4 17 3 kAR PREAEHE F IHELHP

M4.18 7 F A2 {1082 FlL £ §)

424 P Fpese A (Fed-batch)

49



=N

pa

X

Sucrose (g/L)

R B IF AR =B AR A2 5 ¢ C. pasteurianum F ¥ A & 2 B8 K

FRTUFRAPLES 48 [ HHRL AL > ERESME

¥

J
e R e ® A8 ) B R MERURE » A Y o d B4 19T HE R A

Fed-batch
30 q 2.5 -
—#— Cell concentration
—e— Sucrose v
25 v H,accumulated L
2.0 A -~ -
- i SN B -
= s 4
204 D r L
S15- T/
;ﬁ !
154 £ / -
@
8 .
o 1.0 +
[&]
1049 3 r
(@]
0.5 ~
5 - -
0 - 0.0 T L T L L T T
0 24 48 72 96 120 144 168 192
Time (hr)

W 4.19 Gl FaREr 2 L d AW

50

Rl R

30000

25000

20000

15000

10000

5000

H; accumulated (ml/L)

B A FART T T A AW AL e BT ey



425 €4 F B (Repeated-batch)

AP BRF AR F AR A 4 C. pasteurianum F [t A & 2 B2 50 d B

4200 7 NEF AR EERUA o AT

&
N
oy
=
=hf
by
—S\\
i

)\_
q

)\_
Bt
=5

tem ABe AT P AR 2 0T F R Ao B T pRZ B R

o % EATAREET R MLt £ o

Repeat-batch

30 q 2.5 - 40000
—#— Cellconcentration
+
Sucrose 35000
25 —»— H, accumulated
2.0 a
. Ff'- 30000
- s - o
204 D o =
~ = e - 25000 E
‘-61 g ~ T
Q | L (1]
®» 15 k= 20000 =
(o] [h] 2
%) Q £
= g 3
» 3 - 15000 8
0] = P
3 T
+ 10000
5 -
+ 5000
0- \ 0
72 96 120 144 168 192

Time (hr)

W4.20 £4FXFRALEZ L0 AR

51



341 EFRRAC PR

Carbon H, content Yield
Immobilized Reference
source (%)

(mol H,/mol sucrose)

SC-ACP Sucrose 39 1.63 @p3% > 2003

PVA® Sucrose 42 1.68 W7IE > 2003

Yung-Chung Lo et
N/AT Sucrose 55.2 3.15
al., 2008

N/Af Sucrose 47 1.68 This study

2Ca-Alg : 7% Hat- L 4T 374 ; °SC-AC : Silicon-7& Hat 34 ; °SC-4m 7 : Silicon-

i A CPVA T R AR CEVA L 2 e e G NAT R AR

(B )
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i+ 200 rpm 17 5 B % 4843 % (Yung-Chung Lo et al., 2008) -
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