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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 batch operation, continuous operation, carbon
source and nitrogen source 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
2.00-3.36mm, optimal filling brick ratio is 20% (w/v). The hydrogen concentration is

about 3.05 mol H2 / mol Sucrose.

Comparison between continuous and different hydraulic retention time, result
shows that the phenomenon of burnout caused by bacteria in the late stage affects the
hydrogen production in repeated feeds ; while HRT 72 hr has better performances on

hydrogen production.

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

immobilization ~ continous ~ hydraulic retention time.
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% 2.1 A& 72 ¥ 33 (Dasetal, 2001)

Broad classification

Name of the organisms

Green algae

Scenedesmus obliguus
Chlamydomonas reinhardii

Chlamydomonas moewusii

Cyanobacteria heterocystous

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

Westiellopsis prolifica

Cyanobacteria nonheterocystous

Plectonema boryanum
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

Chilorobium limicola
Chloroflexu aurantiacus
Thiocapsa roseopersicina

Halo bacterium halobium

Fermentative bacteria

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

Escherichia coli
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233 442 (RLEBE > 2002)
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2.3.3.2 Bk fz(Indirect biophotolysis)
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Stage 1
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Fd Material
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2H+T

W23 FaEPELi2F &7 L H(Nietal, 2006a)
2. 3. 3.3 kg% (Photo-fermentation)

% & F(Photosynthetic bacteria)4r¥% ¢ % 7 %t £ 7 (Rhodobacter
sphaeroides) 5. FR 7 § F cPlgs ™ 2 Mok § (FA L AF A f1* 5 T (AopEsg ~ 7
WRE) R AR R 2Ry (TS i o J5d B prR Sd ATP
2R RAA T F o 2T LI ABEGR24) oAk TREELE R
H k& ¢ i & > 3 3F 5 MY Rhodopseudomonas ~ Rhodobacter fr
Rhodospirillum % 7= 3 T Ap Ak B ERpine AR L F R IMAP AT L a
(Miyake et al., 1987; Fascetti et al., 1995; Franks etal., 1998) - * % F & % 5@ o

Az lmole (i § BT 4 % 12m0le hd § 0 APROTRT WAL 2 WHE

FH A8 mole; e d kL mFS S HEEEAL 0 T AL AT
i  NRPFHAIEF o KEAT 2 F BT ¢
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Glucose + 6HO0 — 6CO2 + 12H2

Solar
Energy
2e” ;
Bacterial Fd Nitrogenase
Photosvstem - l
4ATP

Organic Acids

W 2.4 kpEptr B2 1 X B(Nietal, 2006a)
2. 3. 3.4 = &gk (Dark-fermentation)
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D. 3 ps g 1A%
E. 4k (FiF 2 & fig o
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% 2.3~ % 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 intensity of light.
biophotolysis -Solar conversion energy increased by ten-folds  as .0, 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 Hy.
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 1-5 %.
fermentation bacteria+ .Can use different waste materials like distillery effluents, .O,is a strong inhibitor of hvdrogenase.
waste etc.
Dark Fermentative It can produce H;all daylong 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.

It is anaerobic process, so there is no O, limitation

problem.

14

Product gas mixture contains CO;which has to be

separated.




2.4 Clostridium 4 &

PR FI el AL i ot e A LHABRE F
4o Enterobacter ; § 384 &7 A& 4 32 3 %2 3 [ 0 4e Clostridium < 1345 & & f
EFMT LR AT AIL S N RBEA G R SRS s ko p @ e &
AR EFRF AR BB RFROHFIHFREFRARF kB
BRPH bR T A o e AR P A R T AR A 100°C dE 20
Ao T ool A3 3 FeClostridium A 2 P o wd i FH° 24 a4 RiEom
Afh > Al EER o R LB ER > &4 ERF ~ ¢ R(25°C~60TC) 2
¢ 1 pH enBk 5 T o Clostridium A7 f £ 4 LB T € A4 P32 3 @ i » ik
POk 0 SRR O R R A RRE T E e ALY T RORA RS F

(Thomas et al., 1994 ; Takeshima et al., 1993) -

Clostridium % + 3t p 32 5 (Endospores) » & 2 **m M PN R34 5 2 7B
Pi o2 B F - HREMT A A - B33 Clostridium #3730 s = B
Ao - BRFMET S B H VeI FHOR R A E B3 Foue 3 ROl T R
# ¢ & (Prazmowski,1880) - — #m 3 - LA F L F H
P e AR pH Y R RS S AR RA AT DS ERERY

Hoe M hZE § RaERM IR N8 F
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MR FAE B T s 4 o HEF S TR - weniE o

FORE FE AL EAAS L — FERA L IR A AT £ F
PEEpRpL i 1E % A2 R en ATP 2 A § 4 ARREARTE g & 7
A A2 fe-CoA» 5 - fag ity BFAY o ¢ fp-CoA i A % = ¢ fpsipk
(Acetyl phosphate) » @ ¢ fgfsfik cHB i BAEA IR & F § 4 @5 ADP> @ $ 3k ATP
18 S o IR A ¢ fE-CoA i B2 — & LMk & o fr ik (Pyruvate) o

fe 75 pk A el % 2 fip-CoA > B - 8% V1420 F1A PR ¢ f-CoA { £
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3 Hpo 2R hA o fenBin? 3§ 48 NADH » & gedm R § 472 4
NADH 7 ¢ 4 42> @ 2305 d Hydrogenase - Ferredoxin it * ff3xd) Hy» 2
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ADH &% 4% » 8¢ i

* N
WS e ) 42 NADH ehd 7 ffeA s/l > $ 24 § AF s ¥ohx g

o AR TN S B E 0 B F R LA T BB SR A S M ek
ARG ATOFRERAMFERT NG AAL AT Fo0EFORIFEEROBAF

RETRLIAEORALE I FARR L RAS- X o B 2.6 HRE Bl

Bl U
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Bt A PR PN EAR R R IEMA e BRI R -
FTOzBREP RIS AF RE TR T v R EN o BFRE
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251 H=ziv3 &

TRk R R BB e iR B el e 1 s B

-
Fl* 2 PR RAERRAL S 2@ Y R F IS EREL RRE

F_iL 3 E B I\?\gﬁ‘rn fro ARV A Z TR
%42 (Adsorption )
+ 1 4= (Covalent binding)
#3422 (lonic binding )
¢ m;x (Entrapment)
%2 B;%# (Cross-linking )

¢ %:* (Encapsulation)

4172 (Membraneconfinement )
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st (Bl 2.7Ta) £41* A FE{REF DR EY 4 5 o

&

st
'
.

hey

SEFFT A rEK IR 4 o R s P F AU o d YA fed P g
Bichdog (8% 4 BT @A F 30 0 2 F R DB E AL T
BOARFOTH B B R R s B R e S e R ) e
VIR R R %g;g;; ey d %ﬁg&g;ﬁg:a;tgg@%%a er 4 igik#/{%ﬁi » ] g

pH & ~ B ~ 33 % B ~ ATER v BB efindd 5 - I sk B
B g ERmE L @ A F oA s M v kAR aupR(SE - %
2006 ) -

£ipaki (R2.Tb) Ffd &7 25§40 % sl Bae > ML 5 9 {18
FRBE- Az BA T MAPFEPEE DS GRBUT S 73 BHFF A
I PR A KA PR R P T AR G AR T R LA S

&7 % £ F g (coupling reaction) » @ Ap $3% 448 F chf av ko fied P en

TaAREIRAE FA TR T EA SR g A SEFIE (Spacer)
LN FIREAT Ei%z,ﬂfi%—%i’i“%ﬁ'ﬁ&#?%&é—i.v—%’%J%ﬁ%%i%ﬁﬂﬁ%ﬁéﬁ°

EITRGE T RTAP SEE T LIRGEIRE Ed At K [ X SE L A
E BT ,,{yﬂl#ﬁﬁ;/;,im]v} I A - 12 v‘:;ggwggi_lﬂgﬁ(f‘g_gﬁ ,
2006 ) -

gtz (B2.Tc) fI* 2 F e PE 3 TirpF )+ 2 8 L x 3
4,@%i%?f%@%ow@%&w%aﬂ%%%%k%@ﬁ4#ﬁ§@g4
(EFIRAFTA FHMIPESG T gt R JaER2 > A paf

¥
W2 Figled M2 B F X alkB o dopH E~ B R -~ F R REE B R2

PEamrg (X~ %5 2006)-
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<k

B2 (R2.7d) #igAfFeBals DX RFLF IFEHLE
AT KA R AP F I c HAFBLINEF R Y P A oo FRH TG
AP A e AR s des R s Fldk s iRk i TR E S B B
T A FEERS AT e AR SRR (Z 2 £52006);

\\\

R ER AR T RN SR N f AR R L T
( Kourkoutas et al., 2004 ) -

i (R2.7Te) 5- 87 &% PRDAT G Fd P s 57

ok EPE A VR PR T R - A2 R 2 B2 MR %‘“ e WA A MR

“®
o
=N
ETIS
)
pit
L

FEHE BARS OB R BF eor - 7 5 R FE LSS
FRGEAIE o S EATHG R AT AR E W AR E o A AR
BRRE e@ld W@ By 2 /5 2 AT@ERS TR0 g2 8 BRSSP
o WA FEEE R (L2 %5 2006)

B TNCGPASIE TR L REES- T SEELS B T
L WIS SoY BRTE FE NS 5§ SR W SR S ARG S 8
g2 (B 2.6g) eh— fho a8 5 BT ficd 3 2 %3 4 F#84 (Gryta,

2002) ~ F i@ 14| (Lebeau et al., 1998) femi= 4 % p* 3¢ -
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Q000

Adsorption
on a surface

Entrapment within a
porous matrix

o
=

RS

Containment

between microporous

membranes

b

i

Covalent binding
on a surface

Artificial flocculation
{cross-linking)

LTLLET

c
RO

e == —\,\'t"_‘
A
Electrostatic binding
on a surface

Microencapsulation

Insoluble carrier

Liquid phase

Porous matrix
Microporous membrane

Bifunctional reagent
{cross-linker)

Electrostatic forces

W 2.7 B+ > ;2 (a)adsorption;(b)covalent binding;(c)ionic binding ;

(d)entrapment; (e )cross-linking; (f)encapsulation;(g)membrane confinement

252 FAHHES

PP SR FATFELER DT REOFT{HET P

e fE N RS

FESREE TR BREAS T AR

PEBRBAGHTE T PR AL T B G EgE 2 5 4pF 12 (Biocompatibility ) -

*# 214 (Biodegradability) - §* ¥ f # (Regenerate) 7 % ~ & & & & §

e
MEE (£2.3)
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224 EBATCPHEI I EWEIEAEALILE (L&~ R 2006)

i =2 Y-k

ik~ AbtE RE > JEBEER > AR @ &R BAR (SRR - G - sk

KD FURARZRE - Sl BEN - FR O MAEMAERER -

B A o MKME (RAREKEEEE) C HA MR A REME

WA B AMR EHRMLEA -

Y PR AE R - AWM TR A RGBSR - ARG -
Enw: 3 SPREAARIRET LR B/ A pH» B AMIER 0 A

My Bk (Zaf) -

Rl 2 Edpiastt (B RME) » R BERZHME  BHEORAEK

K EMEAREREFRENVE  BEANRD - BHRABESE L

sk Bl bl -

28T 2R AT O ERIF Bop A 0 AL EE W] > 4R ERR M 0 3 E R o MRy

B TR MRERITATH 2 RAE > R ERE

A+ > CRL™ % zero ;7% -

& MEBRE - MAMANEREER  REGHHNE > TRE > %

Mk My B % 0 Btk ~ CSTR ~ PBR ~ FBR ~ ALR™™ % » JL [ g1 &

Py H AR PR o

*CRL : 42ip 7k % b "k 42/& (calculated risk level ) ; **CSTR : & § #+: 4
& J& B (continuous stirred tank reactor )~PBR: 3% “v & & & % ( packed bed reactor) ~

FBR:/n48 i & F i % (fluidized bed reactor )~ALR: # % ;% & & % (air lift reactor)
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£ 2.0 Ak FHEIEF? e’v’ﬂfiﬁﬁf}:ﬂ(i # - ¥ ,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 - x -carrageenan -~ agar ~ chitosan ~ gelatin ~ collagen

cross-linking glutaraldehyde -~ toluene diiscocyanate -~ hexamethylene
diisocyanate

encapsulation glycol ~ polyphenols ~ bishalogen formiate ~ polystyrol

26°k4 BFEEAE

KRB DR - AL E At ie g 2 PR &M T H0in R AL
BTk B EEFCRE - ) o TR E N AT &G B
RokS RYER S ARG MGG 0 2 276 B a7 Rkt
g T > Bl Clostridium spp. #r# & i § A € (Periyasamy

Sivagurunathan at al., 2015) -
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% 2.6 % F-k4lieg R HE £ & F (Periyasamy Sivagurunathan at

al.,2015)

Total energy production rate at various HRTs.

HRT  Production rates Energy production Total energy
(h) (mmol/L-d) rate (kj/L-d) production rate (kJ/L-d)
Hydrogen Ethanol Hydrogen Ethanol

8 507.20 18.27 145.1 2496 170.01

6 73483 17.06 210.16 23.30 233.46

4 935.75 27.69 267.62 37.82 305.45

3 1415.81 2373 404.92 3242 437.34

2 1722.88 16.1 49274 22.00 514.74

15 2179.74 1292 623.40 17.65 641.05

*Higher heating value parameters - hydrogen, 286 |/mmol; ethanol, 1366 J/mmol.
Total energy production rate (kJ/L-d)= hydrogen production rate (mmol H-/L-
d) + 286 k] mmol + ethanol production rate (mmol ethanol/L-d) = 1366 k] mol

24



B=% RHRHEa 2
31 Rk

311 REFH
A F B erie * otk Clostridium pasteurianum CHg > B~ g =076 < B it 1 % 5k
%13 X {7 F 2% % - Clostridium pasteurianum >+ & fF < BB 7> H 3] 2 @ Rk (2

& 05-2um > £ & 3um) 4 E3RE ~ ¢ B(37C)E pH ¥ HamkE T 0 4

3-1 #55 o

W 3.1 CI. pasteurianum 2 £ % R§ g2 *h B2 BE A4 LR B (40X)

25



312 HERE F

3.1 R LERZ FHFE

e i w2 04 e
FUobE Lactose JT-BAKER
TR Glucose ROQUETTE
X Sucrose o E

L E A Sodium hydrogen carbonate SHOWA
BLPL & 4% Ammonium hydrogen carbonate SHOWA

pEs 5P Yeast Extract CMP

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 4 Cobalt(I1) chloride hexahydrate AENCORE
Fipe 35 4k Ferrous Sulfate iR E

26



(A T)

oL #3 L W

§ Ak iy Pl 4 Sodium thioglycolate TCI

L-& ok g pk L-Cysteine hydrochloride ALFA AESAR
7R g Resazurin sodium salt SIGMA

(L] Hydrochloric acid SCHARLAU
Fr e Sulfuric acid SCHARLAU
FRETNLE N Sodium hydroxide SHOWA

+H Glycerol SHOWA

L pk Acetic acid SCHARLAU
i Butyric acid ACROS

ZF it Carbon dioxide FEAE A2 P
i F Hydrogen EER R PN
¥ F Nitrogen R P

27



32 PEHRE

2321 * MR LRERGFE

RERHR B 35L

T+t Precisa BJ 100M

BT RERE CORNING PC-420D

pH 3+ INSPECTED PL-700PV
BREFAFL TRIDENT EA635

& T HIGH TEN 3BH-24

I RODA D11031218.1
FERIE IKA MS1 minishaker
% »% 40 & 47 & RI detector Hitachi RI15450

# 48 % 47 &% Gas Chromatograph ~ Thermo Trace 1300

# 48 & 47 &k Gas Chromatograph ~ Thermo FOCUS GC
RIARTE DECTA DC300H

T Mk Kk Rt Thermo GENESYS 10UV

28



(FEFHTF)

RERA R A5

B Hpee HSIANTAI CN-650
GRS E S Hettich Universal-32R
B F AR Sinagawa W-NK-1
R T LR T iagr SM-1

L= S Shishin SH-P100

I & 1 DENG YNG G-10

1 LIAN SHEN LO-150

kB ka s OLYMPUS BX53

29



3.3 &35 %
331 FMIKR A 150 5

1. P~5mL Ak > adgiE 7000 rpm ™ & 10 ~ 48> 2 il FiRE-E A
£her omL 2 g ko {1 Ep RTER FWE I S Lo s B ok
2R A Ak R R AL 600nm TR £ k& % A& (Optical

density, O.D) -

332 MR~ G FH TSI 2

1. #@peie® » o g @ > adig 7000 rpm T 3o 10 4 48 0 RS
Gt Ho B b ik 3 g § AR 2 Membrane filter(0.22 ¢ m pore size,
Chrom Tech)i& /g °

2. F1* % 2wk 4p & 7 %k HPLC  (Hitachi RI detector 5450, Hitachi pump
5110, Hitachi Auto Sampler 5210, Hitachi High-Technology Corporation,
Japan) 447 VFA kA& -

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

549 % 0.01 N HaSOs » jii# 1.5mL/min » ;1548 30 gL -
3.3.3 L B AR(s B~ ) A6
1. #gatnd ~dtcd @ > o 7000 rpm T g 10 4 480 B FRE e
Gt s Hro PR g g 1R 0 4 Membrane filter (0.22 ¢ m pore size,
Chrom Tech)i& /g °

2. F1* § 40 k& +7 & Gas Chromatography (FOCUS GC) it {7 & 47 °

3. ~trigit(e gt~ 7 p): ¢ (Inert Cap FFAP 0.25 mmI.D. X 30 m) >

30



F 40K A7 &K (Oven) BRE T - PR EZ50C 408 F iy
Z PEEEE T 240°C 5 i st3t (Injector) B B 2 240°C 5 M adrS R
% (Flame ionization detector, FID )8 & % 200°C ; & i¥ & %8 ( Carrier gas )

% % # (Nitrogen) fr& # (hydrogen)» #5158 5 1uL °
334 FM(ZF LR EF)AF 2
I JI* 5 e EEmthf o278
2. A% § 40 K 47 & Gas Chromatography ( Trace 1300) i&i7 4 47 °

3. ~#igE(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 s # ¥ p B (Thermal conductivity detector, TCD) & & % 150°C
i#ix 5 8 (Carriergas) 5 ¥ # (Nitrogen) > &2 68 5 1mL -

4. ~+715 % (CO2) ¢ ¢ +x Packed Column (Molecular Sieve 13 x 30/60 ) -
F An K 47 k445 (Oven) B &R X 25 50°C ; /%534 (Injector) F & &
120°C ; %« % 1 ;p] % ( Thermal conductivity detector, TCD );§ & % 150C

FX 5 48 (Carriergas) 5 % # (Nitrogen) > &2 68 5 1mL -
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34 R o2
341 FiEFH

AT Endoss & A X e r IRk H ¢ 237 T % 36 ) BB 0.8mL

B e 02mL & FjH b 2 B de ¢ 53 R £ 15 > %~ -80 Crkfa s -
342 A AuS

23352y g 2 Endos £ &

Composition Concentration (g/L)
Sucrose 20
NaHCO3 6.72

NH4 HCO3 5.24
K2HPO4 0.125

MgCI2 - 6H20 0.1
MnSO4 - 6H20 0.015
FeSO4 - TH20 0.025
CuSO4 - 5H20 0.005
CoClI2 - 5H20 0.000125
L-cystein + HCI 0.5
Sodium thioglycolate 0.5
Resazurin-2127 0.001

343 £

R 33 ESEndoBAATE 2 ERKR- I FREAER

RETIS7 CP o wHMBIRERY  BREE L %
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35 R

Carbon Source

\

100mL

Suspension .
P Anaerobic bottle

Hydrogen
production

Different
concentrations of
carbon sources

\

Nitrogen Source

J

Fed-batch

5L
Fermenter

Immobilization

Continuous
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3.6 BiFFrs4
36.1 #Fit PARAKAE & 2 BB

P et BAR (T E 8~ B~ 1)

s

PEREA G 2 B

1 »PRF Axy Bwfed 2 FaUR(H § 4 B4 452 Endo 33 % A& -

BRE R S 20 g/L -

2. 5% #FAEMFMEAI Endos R AT o

3. HBTCHB kI ® % T2 FF > 5 24 ] BB 47 o
362 it kAR NEREE L 2 B

Pen i Fd 7 FRRDEBIEFFHEAL BT -

1. *RRF ¥g® Bwfed 2 FkRDERE0g/L-~309/L-~409/L) Endo 2

BARA -
2. 11 5% HFEHRFMIET Endor & AY -
3. U ITCEE-KH? 2% T2 [Pk & 24 | PrBfE A 45 o
363 HFHAFPFAHAL L
pent 8337 F & (NH4HCOs ~ Yeast Extract) ¥ x4 & 2 258 -

RE ALY BUfel A F § R(NH4HCOs ~ Yeast Extract) 2 Endo 32
A& FRERG 52409/

2. 5% BEEMFWEI Endor K AT -

3, STCHE KIE? b2 % T2 B » 5 24 ] BrBeif A 45 o
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37 WAl FwsE
3.7.1 = A2/ (Batch)

Pon FRP A HEEAL 2 BP

1. =% 250mL Fi > 2% 72 ) pF o

2. 5L fel Endos &A% e (Fm25mm -5 Aail

kg)

3. #mp & 250mL Fie4ER 5L Y o A 37CE pH 4] & 6 ik

BT T2 P E 24 ) B AT o
3.7.2 i ¥ 3:%8 pe42 A (Continuous)
Penl ol Ny 2 B
1. w3 % 250mL ik 0 52 % 72 ] o

2. W HL#mEN Y il Endoss A A% H 2meg (£ 25mm L 1

kg)

3. #mp & 250mL Fie4Er 5L Y o A 37CE pH 4] & 6 ik

TR T2 & 24 ] PR A 4T

4. T2 PPt o A% HRT 12003 2k dmd 2 ) ~T2(8 2k i s 2 )~ 24

B SN A (Endo & A) -
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W 3.25LRF ALt it in

pump in

-
]
=
-
\-
| N
I'.}. i (s - \
= f ‘
,.‘.@- £T Ny e
\l_d_-l’ I pump out
. bH

W3.3 5LRF ATtz d  (HH)
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FwmE

B2

41 RiFFARE A

411 HFHFFRARAEL 2 B

X FHRFETF RAR 0 RAE -~ F 54~ FUBH C. pasteurianum F pE A &

N
Lol

z e

~ R

WAL

BRI AL UEMRLART RS NLF AR A

B R
EMEMES R 42 W43 NEMIARI L AL ¥

ATA Mo s o A pH BAEZL T > hoBl 44 495E 0 i B

FERET RBITLALRREFHIEL A RS FE RS RS AL

% & & Bk (Yung-Chung Lo et al., 2008) -

H, accumulated (ml/L/d)

400

1.2
- 1.0
300 A
- 0.8
200 Sucrose vs H, accumulated - 0.6
——o— Glucose vs H, accumulated
—w— Lactose vs H, accumulated L o4
—@— Sucrose vs Biomass '
100 - —O— Glucose vs Biomass
—w¥— Lactose vs Biomass
- 0.2
0 0.0
0.0 0.5 1.0 15 2.0 25 3.0 35
Time(day)
WAl 3 FaRUREFAEEFMER R

37

Biomass(OD)



1.2 18
—e
- 16
w04 e _AmTTTTTTTTT *
- 14
o84  /J oA 0-"—————""- -0 r 12
o /
% - 10
i /
% 0.6 /
£ Y v -8
2 s
m / e ———"" .
04 / b 4 —@— Sucrose vs Biomass L6
. // —O— Glucrose vs Biomass
/ —w— Lactose vs Biomass
/ —-e— Sucrose vs Aceticacid | 4
0.2 - 7 —O— Glucose vs Acetic acid
d —¥— Lactosevs Acetic acid | ’
v v M
L//
00 T T T T T T O
0.0 0.5 1.0 15 2.0 25 3.0 35
Time(day)
W42 *FRURAHRERZ BAE R
1.2 40
_____ D)
1.0 ———
- 30
0.8 A
=)
o
B 0.6 - L2
© 06 —@— Sucrose vs Biomass 0
g -~ Glucose vs Biomass
m // —W— Lactose vs Biomass
0.4 4 — @ — Sucrose vs butyric acid
. —-O— Glucose vs butyric acid
— ¥ — Lactose vs butyric acid
- 10
02 /;/}_:::::::—_j&_:—_—_—_—_—_—_—_g
; ~
v v— —
0.0 & T T T T T T 0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Time(day)

M4.37% FRRFMERE  BAELR

38

Acetic acid(g/L)

butyric acid(g/L)



2 10

-8
- - 6
=
2
w |\ /S = I
@ o
S
(@]
@ - 4
—&— Sucrose \s Biomass
—O— Glucose vs Biomass
—W¥— Lactose vs Biomass
— —@ —  Sucrose s pH
— O — Glucose vs pH L o
— v — Lactose vs pH
T —9— v
T T T T T O
1.0 15 2.0 2.5 3.0 35

Time(day)
W 447 FRURFAMERE pH Ev

412 FH AR ERAERHAT 2 BE

rX P EIFETH R R R HE209/L~30 g/l ~ 40 g/L) %t C. pasteurianum % fi%
AE 2R - FhEFwRAS B A LEBERQOg/L) 28 % AT SRME
B AGEPAEEMEMRERGOQL - -40g/L) » & kR (309/L ~40g/L)
AHDFMEARANE AL EX AP RS ) BA64 TV FRIR A EREBE
B (20 g/L)ix ¥ en C.pasteurianum % = X {8 > e e~ T RA T B A D o 2
BAEERE (3009/L 40 /L) o™ FaR 3 4 A 4o 4p 4 pH S B #50E B (20 g/L)

Mo deR 4.8 4 o kT g BAERA(309/L~409/L)¥ & C. pasteurianum

LR AURTEARTF R Rd K2 BERMFLE - HBF L A
WERASE o & F AF A > e TE- WRRGREP B (SR 2012) -
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H2 accumulated (ml/L/d)

Biomass(OD)

500 1.6
- 1.4
400 A
1.2
300 - - 1.0
- 0.8
20g/L Sucrose vs H2
200
— O — 30g/L Sucrose vs H2 - 0.6
—_ _w — 40g/L Sucrose vs H2 L o4
100 ——@—— 20g/L Sucrose Vs Biomass
—O—— 30g/L Sucrose Vs Biomass L 0.2
——w%——  40¢/L Sucrose Vs Biomass
0 T T T T T OO
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time(day)
W45 3 FEREBEFAEAFHUER R
1.6 30
1.4 +
- 25
1.2 +
- 20
1.0 A
0.8 - 15
0.6
/ 20g/L Sucrose vs Biomass - 10
0.4 - / —O—— 300d/L Sucrose vs Biomass
' / ——w%—— 40g/L Sucrose \s Biomass
— —@® —  20g/L Sucrose vs Acetic acid -5
0.2 7 — O — 30g/L Sucrose vs Acetic acid
— —% —  40g/L Sucrose vs Acetic acid
0.0 / T T T T T T 0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Time(day)

W46 FEREBHUEAZ BIMEV R

40

Biomass(OD)

Acetic acid(g/L)



Biomass(OD)

Biomass(OD)

1.6

butyric acid(g/L)

1.4 A
1.2 A
1.0 A |
0.8 -
0.6 - , -
e 20g/L Sucrose s Biomass
// il —O—— 300/L Sucrose vs Biomass
0.4 1 yd ——%—— 40g/L Sucrose vs Biomass
— —@ —  20g/L Sucrose vs butyric acid
0.2 — —O-—  30g/L Sucrose \s butyric acid
7 — —% —  40g/L Sucrose vs butyric acid
OO / T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
Time(day)
MATHrEREBAMERS " BIFEV R
20g/L Sucrose vs Biomass
—O— 30g/L Sucrose vs Biomass
—w%— 40g/L Sucrose vs Biomass
—® — 20g/L Sucrose s pH
—O - 30g/L Sucrose vs pH

—W¥ — 40g/L Sucrose vs pH

pH

o-0O
oo T T T T T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time(day)

W 4.8 % Ik B 4 FHER & D » &
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413 FF 2k § HAHAET 2P

*XF %A B F R(NHHCOs ~ Yeast extract) ¥+ C. pasteurianum % fi% 2

ZHE %S AR 49 7 5 I * Yeastextract (F 5 F Reui A KA L

hesy

B oML R 8B 3 ¥ NHHCOs i€ 5 § iRshss & 4k 0 & 0 chine fit ~ 7 ko

g hel 410 ~ 411> Fpt pH AR RS > deB] 4120 gt B R E T —?,— a o

& * Yeastextract (% & R & A& 0 £ F RAF A & v o

700 1.4
600 - F1.2
T 500 - 1.0
=
E a8
S 400 A -08 O
9 7]
© 0
2 £
E 300 06 §
Q o
®
N 200 4 NH4 HCO3vs H2 L 04
- o— YE vsH2
100 4 —_— - — NH4 HCO3 vs Biomass - 0.2
— O — YE vs Biomass
0 T T T T T T 00
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time(day)

W49 3 FFRHEFAEEFRERY R
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Biomass(OD)

Biomass(OD)

1.4 30
121 L 25
1.0 -
- 20
0.8 -
—————— - 15
0.6 1
- 10
0.4 —8— NH4HCO3 vs Biomass
/S / —O— YE s Biomass
/S — @ — NH4HCO3 vs Acetic acid | g
0.2 1 — -0 — YE ws Acetic acid
0.0 T T T T T T O
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time(day)
WM410 7k § A¥e B FHRER R
1.4 60
1.2 1 L 50
1.0 1
- 40
0.8 A
- 30
0.6 1
- 20
0.4 1 y z —8— NH4HCO3 \s Biomass
74 —O— YE s Biomass
02 - 4 — @ — NH4HCO3 s butyric acid [ 10
' V4 — -0 — YE s butyric acid
OO T T T T T T 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

Time(day)
W41l % F§ R~ mAREARER R
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Acetic acid(g/L)

butyric acid(g/L)



1.4 8
1.2 0‘\‘\’ ——————— —.\\\
- 6
1.0 A
9 Te—— J—
O 08 -
7]
T
2 45
% 0.6 A
=
0.4 - —&— NH4HCO3 s Biomass
—O— YE vs Biomass 2
—-@— NH4HCO3 ws pH
0.2 - —O— YEw pH
OO T T T T T T T 0
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
Time(day)

W4.12 7 F § A% pH & FAMER v R

42B 21 F A
4.2.1 =% 2425 (Batch)
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241 EFRRAS PR

Immobilized  experimental H2 Yield Reference
method content
(mol Hz/mol
(%)
sucrose)
SC-ACP Batch 39 1.63 FHrrIE > 2003
SC-#H# © Batch 25 1.01 #p3F > 2003
PVAC Batch 42 1.68 #73F > 2003
N/Af Batch 56.9 2.06 Yongfang Zhang et al., 2005
N/AHRT 12 Continuous 29 0.93 Chiu-Yue Lin et al.,2011

N/Af Batch 36 0.82 This study

Brick Batch 37 0.83 This study

Brick HRT 120  Continuous 57 2.95 This study

Brick HRT 72 Continuous 55 3.98 This study

Brick HRT 24  Continuous 38 0.54 This study

bSC-AC : Silicon-i& s %E 4 ; °SC-m i : Silicon-2m ) $E 4 ; IPVA :

Foe G INIA A (B FR)
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