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Abstract

Considering energy crisis and global environmental impacts, such as
greenhouse effect and resource recovery, development of non-polluting and
renewable alternative energy is a global important issue. Hydrogen is a
potential renewable energy carrier. It can be produced via dark fermentation
from organic materials such as cellulosic wastes by anaerobic microorganisms
without illumination, through which benefits of low-cost, waste reduction and
resource recycling can be achieved. Cellulose was converted into H, in batch
experiment by a mixed culture enriched from enteric microflora of the reptile
green iguana (Iguana iguana) in this study. The results showed that the
cellulose digestibility by green iguana enteric flora was similar to that of
ruminant mammals. Effects of different temperatures, pH’s and ferrous ion
concentrations on H, production were examined. Statistical experimental
design methodology was used to evaluate optimal conditions for H,
fermentation. With response surface methodology (RSM) analysis, the optimal
conditions for H, production by the mixed culture occurred at 57.5°C, pH7.8
and ferrous concentration of 100 mg/LL with maximum H, production rate (R,.)
of 19.8 mL/hr. Cellulose degradation rate was 0.13 g/L/hr under optimal
conditions. Acetate (1.5 g/L) and ethanol (1.2 g/L) were the two major soluble

metabolites detected at the end of H, fermentation by this mixed culture.

Keywords: Hydrogen, dark fermentation, cellulose, green iguana, response

surface methodology
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IT¥FGESBRREBRTARAKMEER T RERMETY
Y HLERRABR - MEHRELZOEARES - T8 ABAMER
) fE TR AL B K (fossil fuel > 5@ ~ I RAR) B LA X >
ML MM AR X BB A A R o EEFRBEREFA
FEHARMERD B A0 (2010 £t R B kK4 E L 2009 43 o 7
270 ¥ 4%/8 ) (BP Statistical Review of World Energy, June 2011 ) - &
WANFRB M AL B R MR AT IR IR T B RAE IR AE 3B 69 P AR B AR
T oo MBS LM ARR 0 b e BB RIE R & Bk CO, ~ NO, »
C.H,#v SO, » # A 2 3kugfb ~ P @ EH - B F - MAERME B A
RR > G HEHTHIEK 462 F - RAR G THIK 58.6 F > MMt
B Rl A 8 K oY B 3% 4 R 118 s ( BP Statistical Review of World Energy,
June 2011) > N ERMAR FRFHRFHF - THAEHHEKEREB
MBEEZEZNREAEA RSB LI EaHR ] BRERBHEE KX
ook (H98%) XEWREo > RLEFEHRGMENOH
RAETR » o KIGHE ~ K ~ A ~ A HAE ~ AU RBIAEE - B
AT BURT 69 B R ST K A8 ~ J&U ) Ao & B AE % A 48 B o9 5% Bh 44 B 5 6 >
TRERHBERRGER

A EAZIEA R A BN E A M E (Biomass) 3 3% 5% 7T 4] A 49 &
e - A ERRTEHEZHEI/ILMAF  LERAK B A ATEA &1L
B BTHBEENREINBEN  FHEEAUEERAETRGE
FEE RETBERELZEGT B FHLFERBIB/RAIFEESE
157 Bnelp» EMAEARSTESARMARATHREZ R EBEZEYD (499
ENB) c RTAREREBENZN  AMANRERBTHEET &



EAHZLToRRMENBEEY L THMALETRRGEN - AAK
BS e FARERICEARRESA FTHXEE (1) T AEREK
BAGLERBEOTE (2) TREBSWEEZD LR TRARER
iR EAMNATRREZT S AHER - Rb > ARAKRKTFT K
EhHRIEER R FIRINETEE A bmERETIE -

EHFSZRRERT QAW R A BT AR LA AR R IR AR
FARAARER  RACEREF THE  BA 5HMA (141.79 MI/kg)
THAEMBEREAEERIBK - ARAWELTET  AAETERE
m a b ey ik (34 4Lk » Partial oxidation) ~ # d1 X 28 & 2%
BHASBOFE A TRAARE (AR F4%  Steam reforming ) 3
# & & ## Kk (Electrolysis)) (Fan et al., 2008 ) - iz 4= 1% 4 69 7 7% R 2
RRROEEHERE EHREM T ERA S R mRABE M S
MAAEM T RELHBREABRARENRE  RALHFELEHE A GHR
e

125 % 8 &

A 5 A A 4NN S BB A R AR R R 4 K A B
EEA B THRAGBIEN BA B AR KRS FEE A SR H
SHEF TR > HEHE FoF

1. AT3E & BER) -

2. HABABLM -
3. BE -
4. pH & -

5. RR#EEe 4K #TF (F’ Ni**) -
KRR Z 4R BT o



it A A R JE ¢ @& (response surface methodology ; RSM) B 4F #&

oy & SR & o



5% XKum;
2.1 fER
BEANB—HAERAERARTHAN  BRBETEH R
RAKRELLHKAREE SRR ARESSHOERFED KA
R - - B> BARRGERRBHOAREHAANAETR °

2.1.1 AT H 4 % &R (Non-Renewable energy )

ITX(FGESMRREBRRTARAKBEERT  FRERMETY
O RRERRRABR - MEHREZHEARZMH - 5 BABEMER
AR ZE A GALBH (B~ H P RAR) BZEAE MK LEX
BREAAMY M EEFHRBEREFABRERROERD 530
(2010 =R B HHHH£ L 2009 4% T 270 Z4m/8 ) (BP
Statistical Review of World Energy, June 2011) > 4k B AT 89 74 #£:% & >
IR LR BT H K 462 £ -~ XA R 58.6 £ MM ik Bl A & &k 49 B %
F Mk 118 # (Tab. 2-1)° B T 2k 48 &2 09 RI RS > MRBE B AL R B
P& A & CO, ~ NO, ~ CyH Av SO # g 23K Bx 4t ~ B F @ Lt ~ B
ERBAEMA

BT ALK A —HERFERANERAZE REBRBRE T4
#a Z (International Atomic Energy Agency, IAEA) # 2007 4 % 1% &
4 & % (Uranium 2007: Resources, Production and Demand ) ¥ 35 i &
Mo BB E A 550 B o 2R3 IAEA 3t > 2345k F K
i 2008 £ 49 6.65 B/ FH R eyHmE 94 BH/FRER 122
B/ F o RbshBMEEAORT SOF - R TAHRGERE Z 5
Mk BR s TR H B LB M EIRBEROBIEAT L i R

MAHREEANBBMNEEREBEREY —RGE - BLEANRBERERT
4



BRAGHAOBRS  FLAZCHREBEFRIHFREERER -

Tab. 2-1 Global fossil fuel mining life

B ¥ fr BA 3% IR
% ik 1383.2 + 1 4% 46.2
R KA 187.1 ¥ 1E 2ok 58.6
R 860,938 R 118

& J& : BP Statistical Review of World Energy, June 2011

2.1.2 & % R (Renewable energy )

IE A BB M EFE (United Nations Environment Programme,
UNEP) HBARRNER ' ERHh LAEARIAEZNRAET R LB A
ERBRTRGEENGT L4 > 6l KBt (solar power) ~ B fE

(wing power ) ~ ¥, 2 4 ( geothermal ) ~ #1 7% 4& (tidal energy ) A & 4
% %t (Biomass energy # Bioenergy) > Tst#f 2 @IbA R T 5
fER o BT £ARHM AN AL -  BAIBURBEREH KGR - BRAFAEE
R A BRI 0 TABRHBERRYER -

2.2 % K #& (Biomass energy )

AR Azt A A A M H R AW E (Biomass) 83 R T A A #) £
A Bl B~ Bl ARRTFTI - REZTRBEROHENRIME L
SR =B AR R — A 4 E B (First generation biofuels ) {£ F 49 %
BESR ~ By fo R H (b KBy RE R ) H =K 4 H #H (Second
generation biofuels ) & A &) £ B £ F 4 &9 K H & % %

(Lignocellulose ) ; % =4 4 & ¥4} ( Third generation biofuels ) B &

1 A %8R & £ s8R (UNEP, 2009 ) -
5



B R A O R B8 3 e A ROE F KR AT R 8RR R R AT
AR ABARFEED - F —ROA TR IR RED AR RAE E
4 B B4 (Bioethanol) 4 H %% (Biodiesel) > Ff A48 1548 & 48 41
AR LARE DN mE] - B T & fRR R AR R &9 R > &k B #
EWARBILARBE I LA ERAEARTISE T AN RRE
EAEBH BARZ —RAEETBRM - F TAEHERRZHHRMA (143
Kl/g» & B Rkt 345 KA A 3.5 )(Faneral., 2008; 3% >2011)

3RS R E A K # Mo — B A (hydrogen) -

23 SAHAEEF KX

ESNFEERTUASRZRE > BALRE - TIRBERED T
7% » 4o Tab. 2-2 FFow °

2.3.1 #4t®:% (Yiiriim, 1994 ; 3% > 2011 ; & » 2005)

2311 kA g@ax

gk & R (650-700C ) #if&sm ey RAR (— A Fin) R

EEAAQAH AL AREXT !

C.Hy+nH;O—nCO + (n+ m/2)H, (2-1)
CO+H20—>C02+H2 ( 2-2)
CH4 + 2H20—> 4H2 + COz ( 2-3 )
2.3.1.2 3 & AAE R 8

2

R R KA M H LR R E AR 0 R 1200-1800
Cer & AKMAREE £ SR E— AL -

2C+ 0,—>2CO + heat (2-4)
C+ H,0 + heat—=CO + H, (2-5)



Tab. 2-2 Hydrogen production method ( Yiiriim, 1994 ; #k > 2002 )

e PR 27 Bt
AR EME X RA
( Steam Reformation ) (Natural gas)
ALk B % A AE R JE R
( Thermochemical method ) ( Coal Gasification ) (coal)
Ay ALk m gAbe
( Partial oxidation ) (heavy oil)
EM% K
Tk (Electrolysis ) (H,0)
(Electrochemical method ) & E Mk X
( Photoelectrolysis ) (H,0)
HEBAAAER &
( Direct photosynthesis ) (H,0)
a1 A X
( Photosynthesis ) 8 L AR AF TR (H,0)
& Wik R XUk
(Indirect photosynthesis )
( Biological method ) (organism)
e B B R XUk
B B2V ( Photofermentation ) (organism)
( Fermentation ) wE B B KAk
( Darkfermentation ) (organism)




23.1.3 ¥4 A6k
e S MR AR T EBITHRE > FEAL AR - — &A1&
fo—ffbw 0 HREX T

C,H,, + (n/2)0,—>nCO, + (m/2)H, + heat (2-6)
C,H,,+nH,0 +heat—=nCO+ (n+ m/2)H, (2-7)
CO+ H,0—CO,+ H, + heat (2-8)

232 E1®% (4> 2002)

2.3.2.1 Bk

UAREEMAK (BEmAREY T o 88647 HTHRR) BP

THLERBAFGERKEI SEUEHARLAR -

2.3.2.2 X EMRE

FAXREE (FEBMH) REEEF KB ARREAS
R RAB BB EMRE > ARG A

2.3.3 £ ¥k

HER22TYREAMEEAT A ARASERRBEAR & - &
CFRAMAESTAALEBLERESG B D AR KRAEARRE L S

MEBEFRAARAABRDEFATTRES BT EZLROES
AT EEZAROKARAETHEFR EHFARD T BREELEZ
TTRBEHETRELALABETTRLAPHETF (H) mAL S
R ABELAEAMRE AT E2 & ~ 2840 Tab. 2-3 piow o

iy

o
Sy

2.3.3.1 %44 A (Das and Veziroglu, 2008 ; # > 2004 ; 3 > 2005 ;
# > 2011)

23311 B AARER

R RARTE 71 2-9 40 2-10 89 ROJE X5 K M A7 4244 09 S A #1 4 RAL 2

8



At BAKAE A &R o &% (Chlamydomonas reinhardtii) & K 2,15
TrTALARRARAAAAFATTFRMESE - ARG R RELA A
& A8 EF 8 R1E K% 4 % (photosystem 11, PSII #o photosystem I, PSI)
FHBR B EYHRME S (ferredoxin, Fd) 1% # hydrogenase o & 4 &,

o0 RME A 2-10 AT o

2H,O0 + lightenergy—2H, + O, (2-9)
H,O0— PSII—PSI—Fd— Hydrogenase—H, + O, (2-10)

23312 M AMER

B&tad (Cyanobacteria) FBUATREXAREL AR - &K
KyEA AR L _RIALREE R ER-T - F &R
RAB LA AT @ EmB TN EFRELETFmMALE SR - £Z &K
oo AEERPERERREZAER ©

12H20+ 6C02+ lightenergy—> C6H1206+ 602 ( 2-11 )
C¢H,0¢+ 12H,0 + lightenergy— 12H, + 6CO, (2-12)

2332 B4R
2.3.3.2.1 k% # & (Das and Veziroglu, 2008 ; #§ > 2004 ; #F > 2002 )

BHOBBERELZOGLSGESHOMAY  WwEERSH R £
ZRANENLT > A A A (F#EE) oK % nitrogenase #)
R @M EE SR > RIERX A 2-13 FFow ©

CH;COOH + 2H,0 + lightenergy—4H, + 2CO, (2-13)



Tab. 2-3 Comparison of advantages and disadvantages from different biohydrogen production method (Das and Veziro
glu, 2001 ; Nath and Das, 2004 ; Das and Veziroglu, 2008 )

Process ) Type Of_ Advantages Disadvantages
microorganisms
> X
Green algae Can produce Hz_ directly from
. . water and sunlight . . .
Direct Scenedesmus obliquus . . » Requires light for hydrogen production
: . . .. | » Solar conversion energy increased
biophotolysis | Chlamydomonas reinhardii » O, can be dangerous for the system
. by 10 folds as compared to trees,
Chlamydomonas moewusii
crops
Cyanobacteria
Heterocystous » Can produce H, from water . :
e . . » Require sun light
: Anabaena variabilis » Nitrogenase enzyme mainly . .
Indirect o » About 30% O, present in the gas mixture
. . Anabaena cylindrica produces hydrogen :
biophotolysis e : with H,
Nonheterocystous » Has the ability to fix N, from the e :
» O, has inhibitory effect on nitrogenase
Plectonema boryanum atmosphere
Mastidocladus laminosus
Photosynthetic bactgrla b Can use different waste materials > Rfaqulre light for the .H_z proc!ucuon
Photo- Rhodobacter sphaeroides .y » Light conversion efficiency is very low
. . (whey, distillery effluents, etc.) : o
fermentation | Rhodospirillum rubnum . : » O, is a strong inhibitor of hydrogenase
) . » Can use wide spectrum of light .
Thiocapsa roseopersicina » Fermented broth causes water pollution
Fermentation bacteria ’ Cllianh{)roduce hydrogen without » Relatively lower achievable yields of
Enerobacter aerogenes sht. H,
» A variety of carbon sources can . . .
Enterobacter cloacae » As yields increase H, fermentation
Dark- Clostridium butyricum be used as substrates become thermodynamicall
fermentation Y » It produces valuable y y

Clostridium pasteurianum
Bacillus coagulans
Citrobacter intermedius

metabolites
» Anaerobic process, no O,
limitation problem

unfavorable
» Product gas mixture contains CO,
which has to be separated

10




ERERSHANAESKH T @ > B2 aRHAMOEEA
nitrogenase #v hydrogenase ° nitrogenase % ¥ £ &) & R B & » M
hydrogenase * Z A AR E » ERBHEFTAEA- B SEMHA - B &4
JE i K KiBR AR LB > hydrogenase TR AR » HTFEAL
Fo B FIREAE A IRERAE -

2.3.3.2.2 g Bk

ERGARAAILREBREY  MAEMBAHBYD T E KRB
( Hydrolysis ) ~ B4t ( Acidogenesis ) ~ Z B 1t ( Acetogenesis ) 1% it
A F kit (Methanogenesis ) BB AR TR A RB T HIL AR ° AT
LA AL FIRACHRHARLEFEL TR AN (Fig. 2-1) - £F &K
AHLBRY QRAWEAMREBT oK FTHBAGRBREY
FREBRAELA  RALDABFTLANRE -

HABMBEARFILE  HHBEEARFA NS RIS Tab
23K (1) RRMA AR (2) THA S EEB AT M AHIR

(3) TEAFZARARGRHAEY -

GBRALEATR AR RHFCLIEL BARRTHER
HAERKENRER AABRYERFGAELTFE  LUHERRE Bt
ABEAKEHA AR ELEEFRGEESFLUFHARGLERD
EEALEEAMED BERRAEBLIERGEFMNA  ATUALER
THERFERERRETE - REAMEELABRAFLFEDHEAER
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VFAs

Cellulose Acetate-oxidizing CH,4
syntrophs
H,/H,CO;
Hydrolysis/Acidogenesis Methanogenesis

Fig. 2-1Schemctic diagram of anaerobic cellulose degradation ( Qu et al., 2009 ) .
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2ARASERBEEER

241 %%

FEEITRRABEEE Q8 THA ST A B EEARR - BPiE
HEABAREIHRANRAGAE RATRAGERTEMA A KE 4
Bk c REB G FRHED@BETHEZRY  CAKSFE
(Cellulose )~ ¥ 4 4 % (Hemicellulose ) v K % % (Lignin) # 4. %%
HEHE 7 89 F X do Fig. 2-2 Ao+ © 4o Tab. 2-4 piiR B » A M4 A8 % %

EARSNA 3850%LEA > HRAFEHES (23-32%) 2 EF &
VB RREERA 1525% RBREMEBREMEHFEZ - B
WHBEFTTRAUKLGERYTHREY -

Crystalline Region Amorphous Region
A A
. 4 N/ A\
Lignin —»

Hemiellulose —» //) 7 - | /N
I K] TN =
Cellulose > / / \ / / V /
-~ /N_/

Fig. 2-2 Composition of lignocellulose ( Saratale et al., 2008 ) .

Tab. 2-4 Comparison of cell wass compositions in different plant biomass
( Saha, 2003 ; Saratale et al., 2008 )

Composition (%, dry basis)

Cellulose Hemicellulose Lignin
Hardwoods stems 40-55 24-40 18-25
Softwood stems 45-50 25-35 15-35
Corn cob 45 35 15
Corn stover 40 25 17
Rice bran 35 25 17
Rice straw 35 25 12
Wheat straw 30 50 20
Sugarcane bagasse 40 24 25
Switchgrass 45 30 12
Coastal bermuda grass 25 35 6

13



2411 S FHEH

BHEFRAGRENNABERMBREMAM S BB > SEA> FF
3 d5 10,000 12 k& B4 AT @ AL 0 3 A B-1,4 8 H SESEEE T AR M RALR
&4 0 EAEigde Fig. 2-3 (a) ATow o Kb R oA 84T R R AR 4 > 30
DHEETHS A RBABEBRENERASRVLEE BALLE
( Crystalline region ) ; M3 o HF 7| B A R K EZR TR ARG H B IE &
&4 & ( Amorphous region) » 4o Fig. 2-2 #v Fig. 2-3 (b) -

| | I -
(a) ICH,OH |CH,OH | CH,OH |
l J l J
} 0 | 0 } 01
0: ‘o : 0 i i
CH,OH - cmoH CH,OH - ~CH,OH

Cellobiose Glucose

1 i

|
(b) | |

Crystalline region } OO@OOO@

~ Amorphous region

Fig. 2-3 Cellulose structure diagram. (a) Scheme of the primary structure of
cellulose (b) Scheme of the structure of a cellulose fibril ( Askarieh et al.,

2000 ; Desvaux, 2005)
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242 84K BEBAFHRR

HRBEFLRTFENRABARY AL EHEBBERHEREDE
Mo BRAARIMAEY (o> @l KA BARXREHR) EAFSBREKRE
i

WA BEKRBEMFTLELEREWMER  MAERARRETHE
KARE M F RN E M HALE ~ RIR ~ A8 R A B KR T8y R AN
A RET -HERMUGHHM T HEEPOBERBEFTNET 4
EEERMAE B ATIEE LS4 F B1L R 7T LA %Ik &) B 48 - Tab.
25 M T B AT E A A RETEBERRE QOB WG R & R
BAERR BT RGBT BB EKAEE QLR
ATATE) °

AARFAEROARREBEMA AN KT LME - 4
R AE RN RTHABFENOMEDEE L K5 BED T
W T AEREE TR AN SR RS EFTREE TN
AR BPRAMEREIREZRY  SEHT o RLP
54% REBHe > mBABE N HILBEE MR T EAH 60% - & 24 LK
T2 AR &% K W2 By A B AT 4R 4 K 82 R T 4T 49 (Katherine,
1984 )

2.4.3 45 #e K 9 A

K % (hydrolysis) #4312 M E P QAR FEEE mAKSF
O XEITRE - MBBE T KBASREHEER Y B-1,4 B H
SERE 3R o 45 T3 5 B AR OH 4 4o Fig. 2-4 piow o
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Tab. 2-5 Different seed source for H, fermentation

Microbial source

Substrate

H, production yield

Reference

Cow dung compost
Panda manure

Elephant dung
Cow manure
Cow manure
Cow manure
Cow manure

Cow manure

Liquid swine manure

wheat straw wastes
corn stalk (15g/L)

total sugar (11.28 g/L)
xylose (5.79 g/L)
cellobiose (6.60 g/L)
glucose (6.25 g/L)
lactose (6.95 g/L)
soluble starch (6.25 g/L)

glucose (10 g/L)

68.1 ml Hy/g TVS
176 ml Hy/g-TS

0.84 mol Hy/mol total sugar

0.56 mol/mol monosaccharide
2.68 mol/mol monosaccharide
2.65 mol/mol monosaccharide
2.17 mol/mol monosaccharide

1.73 mol/mol monosaccharide

1.63 mol-H,/mol glucose

Fan et al., 2006a
Fan et al., 2008

Fangkum and Reungsang, 2011
Yokoyama et al., 2007
Yokoyama et al., 2007
Yokoyama et al., 2007
Yokoyama et al., 2007
Yokoyama et al., 2007

Wu et al., 2009
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Cellobiose @ OQ + HOH

|
neoe (1 (7

Fig. 2-4 Cellobiose hydrolysis into two glucose molecules.

BB EBEFRERALEER R =fEA

1. WipA % & 8 (Endo-p-1,4-D glucanase ) :

LB B AR A R E R BTS2 RAHELE D
Eay ket AR -

2. 90 A &) & & (Exo-B-1,4-D glucanase ) :

REBEFTHRES TEAERNERMRIFER M > F &Lk
AR SN BEE -

3.B-% & # H 88 (p-1,4-D-glucosidase ) :
FERABBUERRBAOEY B EEBEIFBEKBERDHEEH

MR LE RSB E KRR RRIFFREKRBRE T LA Rt
B % 30 R RE LB MR 4K R RE ) B9 IR IR -

ho Fig. 25 B KMANBEFTALT N e BEFTRY X
T ey % B (Polysaccharide) & #1bt m & #% (Oligosaccharide )
#% 7 o 8% i B 8 (Monosaccharide ) > B 834 & X 8) E 8 KB HAF A &

N D
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Cellulose

cellulosome

(Cellodextring,)) and/or Cellobiose

—

cellodextrin cellobiose
phosphorylase | phosphorylase

P;

Glucose-1-P Glucose and/or (Cellodextring,.y)

Fig. 2-5 Conversion of cellulose into fermentation product glucose by an

engineered strain of Clostridium cellulolyticum (strain CC-pMG8). ( Guedon et

al.,2002) .
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244 s miEr £ RS

REERARTEARABBE AR  FRBEMWHLH > EH
LtHEEFHRAERTALIETNAR sRUPADATHREEE T
MEAEBAEALE2EFNARA > EREK 4 2-14 Fo 2-15 - Fig. 2-6 &
B R BETEEN SALERNBRFE ARATH ZEKFEF (L)
BB GEAERBILRAEE (pyruvate) Br g 24 NADH &
hydrogenase & ferredoxin (Fd) &y4k B 1& NADH # 4 5 NAD"8% &
A & R5(2)% B B 32 4% A acetly-CoA BF 3% & hydrogenase Fv ferredoxin
MER AL AR FIRLTHREA FRA-ZALBYGTA (3) Bk
oo FET T BB EAL R &R F = A4 -

CeH,,06+ 2H,0—2CH;COOH + 2CO, + 4H, (2-14)
C¢H,,04+ 2H,0—CH;CH,CH,COOH + 2CO, + 2H, (2-15)
A et AR BYBEYERALEZEEIATT T o

NADH - st 8 NADH TTH#H @bt aERFwion s kEFEH - 2

NADH £ R B &y R ¥i@ 4 P T XA A #1L s NAD' > H 4k e

NADH = #& 4k hydrogenase & ferredoxin #2 4% A NAD % & & 4.- H F

KUt E B LB es 8 A # % NADH & 4 & » Fig. 2-7 &9 4K 3% 548 B 3R

ATRHEMB LB AR S 4 NADH > BH b A AN 8 R E K
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Glucose

!

Fructose 1,6-phosphate

Aldolase I

Glyceraldehyde 3-phosphate
+

Dihydroxyacetone phosphate

Triose
Phosphate
losmerase

(2) Glyceraldehyde 3-phosphate

2NAD

Glyceraldehyde oxidized ferredoxin 2H"
3-phosphate (Fdoy) i
dehydrogenase < e’ Hydrogenase
2NADH reduced ferredoxin H,
NADH:Fd (Fdred)
oxidoreductase
(2) Phosphoenolpyruvat
Pyruvate < 2ADP
kinase IATP
(2) Pyruvate
Formate
NAD* pyruvate CoA
<1 > Formate
lyase
NADH Fd,. H
Formate e e Hydrogenase
dehydrogenase CO, Yaros
Fdred H2

O (2) Acetly-CoA

< }1 Hydrogenase
Fdred

Fig. 2-6 Hydrogen fermentation from glucose ( Peters, 1999;Kalia, et al., 2003 ;
Hallenbeck, 2009 ) -
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(2)

(b)

Glucose Glucose
2ADP+2Pi 2NAD" 2ADP+2Pi 2NAD"
+ +
2ATP 2NADH+H ) ATP 2NADH+H
2 Pyruvate 2 Pyruvate
2 CoA 2 CoA
2 H, 2 H,
/ 2 Fd / 2 Fd
2 CO, < 2 CO, <
i 2 Fd H, i) 2 Fd H,

2 Acetly-CoA

2 Pi
2 CoA

2 Acetly-CoA

CoA
Acetoacetyl-CoA

2 Acetly-P
ADP 2NADH+H" < 2NADH+2H"
AN e
2NAD"
2 Acetate 2 Ethanol Butyryl-CoA
ADP

2NADH+H"

ATP 2NAD"

Butyrate Butanol

Fig. 2-7 Generation of hydrogen with simultaneous production of acetate (a)
and butyrate (b) via glycolysis. Extra molecular hydrogen can be generated in

the case of acetate production by NADH that is generated during glycolysis
( Ntaikou et al., 2010 ; Sillers et al., 2008 )
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25 BB EAARAVER T

EERDWIARMAEY > AENICERMEES LAY - LS
R —RIEORBERAETH ST RME MR R IE D EM
EMAEROSMERBE - FRNMAYHEEZEER ESEARARAME R
A AT T BN EAEAEZBAZEY -

245188

AHOERBEMEBNYGILERE  MEFRERRAXET
BEMNBE wRARKLZHBENER M TAROAERR S
EBRHER - EmTZ2 MMALAMSBEEAREBEGWBEELEN -

HEReims  ERBLAREBEN  TARE BEIONERL
BFHINBR - RZ > Z LB RRBHYEBEET @AW ERRETAS
FEHEAABTHEHER -

4% Wang o Wan (2008a) &9#t %45 H 4R E K 20CH 8 £ 35
CHAMNLBERALENARA R  EEHBRERAE 55CHT
BRRUBEHRERMTET LWEREAREHZ Y SEMAE DK
WHRAKAGIL ERATRELA AN E RARHRE LZEHEE
FTENHERT -

2.4.5.2 pH f&

REB@AFBIERLEPDHAEXH A THFTHERIET » RAE
DEAOMADNTAEAREBRBERBROBIRET RILFE8BE P K
B Ao of b B B9 5 e

EREAESHUBRTYT BN RENBRAEREFRE T pHAT
% o & pH 14 & 1% € £ 1& hydrogenase #97&5M » A T LS M AW
MARHRE REABBOERRET  CHERAMEY - LIRS A
RATAEME R A BEMENENBRATRAR  FHE T 0
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pH 13 A& #1bts > AN HZABIHLERABTE > BERAA
MR EIE Y pH A Y ferredoxin M3 A EE £ FE R T 8 NAD'
s H 42 4% A NADH =2 & & & % 71 89 H 4( Dinamarca and Bakke, 2011 )
PRk F i@ E ey pH AR LB -

2453 6 - ET

ARAEMEQRE T - & A8 % (hydrogenase) & & &) B %
Z — B A & @ A A B hydrogenase #v ferredoxin £ 8 % 2 4% A >
Fapnalba RO EALAN S RETE LB I AABB L AR
FRARARMBEH oo > RV BN SO E T U @mBpE N H
g4 18 & ( Adams et al., 1980) o

Hydrogenase —fx## b H 4B ®HE FHMAE Y 25 #HE FEARA
NAREFHEREREFHZRE > — & » % A [Ni-Felhydrogenase Fu
[Fe-Felhydrogenase W 4#& ( Frey, 2002 ) o # ¥ A [Ni-Felhydrogenase #
BREZDGFEDRED Y > MAAIHOBREDRA
[Fe-Felhydrogenase °

Peguin #v Soucaille (1995) £ 4 > $RIE PR B F0F > e
N &) hydrognease #9 7& 1 & 548 B 48 3E F &9 8 B A&7 25 ¢ mol/L BF >
Clstridium acetobutylicum #) % & & % ®] [k 4] ° Junelles et al. (1988)
&R Bk T 09 B R 0.7 £ mol/L 8% C. acetobutylicum & hydrogenase
&) 7 & F % - Schoenheitetal. (1979) 235 H R E PR T
B ARH 10 w mol/L 8% C. pasteuriamum &4 % & & % B IR %49 © & 2
LW XRRAF R AN EBETRENE RER TR > B85 T8
B RLEY - ERCAHHZSKT  §HRBETIREMRN 3.15
mmol/LB% & SR R @M ZMABETFHREE A ZHAZH08Y
Mk KE S E4H 4E A% (Lee, 2001 ) -

Wang Fo Wan (2008c) #& & BRI P ASBHETF AR EHAE S
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$}

EHTEXINPE  THRETHREA 0.1l mg/L BFaANEZTUR
ARERETAARAG ZRESHN 0.1 mg/L HEREAAEE
BREFZHTHR RILBEHARAETREEAARZIAANE Z > 218
BHRERMEERTFNETRAANESREFER BT 400 48
BETFTURBETHNAANEERAZEN RILAF LU R AR
FI A8 Bk T 4R BE-F R E LR A& #A A 49 hydrogenase M 2|4 3 & A
# Z &) B &9 (Karadag, 2010) -

)

b

25 TR F ok
BHhEREZA T —REBRAET—BE TR EM, (One-factor at a
time) 95 A RFHR KB - A FXEERFERFHARFHHR
I M ma f& (Interactive effect)  BpfE e B b — BT > FFEME
REEB L B HEE TRERT - TREAFA Bkt &
AL T EREE —BAEROZER T HNETRERELANTEMN
e BRI FEMMERZ  REHER B F LA R F %t (Factorial
design )~ @ 1 7% ;% ( Taguchi design ) XA & R J& ¢ @ 7% ( Response surface
methodology ) °
2.5.1 B F&
F&IF X o R T 3 » B F3%:t (Fractional factorial design) &
2 B/ F2%3t (Full factorial design) o 2 T B33t & £ B /A A T 4
FoAREES > AR ML DS E TR - FFREAF AT A RE
REREAGRE > RERE - ETRO L T — 35 AT T 5B AN
i e a a
Hprn@RF > BERFTRE2M@EAE —@L &, (+)
Fom—BA "TIR,(—) BRE > BHRHNEXIHA 2 RFELRAL =K
# R F 2% 3t (two-level factorial design ) 4o Tab. 2-6 Ff >~ ( 3 > 2009 ) o
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Tab. 2-6 2° factorial design ( Box and Behenken, 1960 )

NO. X, X, X, Y
1 1 1 1 Y,
2 1 1 1 Y,
3 1 1 1 Y,
4 1 1 1 Y,
5 -1 -1 1 Ys
6 1 1 1 Y
7 1 1 1 Y,
8 1 1 1 Y

2.5.2 @ v %t

HOXFEHEAREKHIRERETR  TZ2AFREERRANGY
B - MARETHREGRERARXEDLE - HRROBFBENUARDAOE
Bt BARKINETRERG R IR FF A mEI B R-
3 H YRR A A BT AL HTATHBEANSE F%
BRI

HOARAMU La(b’) A7 7a AR EHRZIRF b REARATFY
KEH CARFH LBRAR T A BEE —BREXFE L (3")
ARk (wTab. 2-7) REZEXAIOMER  EAFYA3EARENIER
F o EBAFRE2REFEREANFLAET 8 REHR > Bitw i
BAERFXRITHME (F 0 2011)-

2.5.3 R J& & @ 7= (Wang and Wan, 2009 ; 3 - 2011)
RO AKRERFRIRBEES BB EERE > HE—F 8
FERABEEE M E 0 —fRMEA I X 2K 2-16 ¢

Y = B +Z 1.lel+2 1.Bux +21<].Bl]xlx] (2‘16>
EPYARREBHHB X AHESB L F ML BERLZAFFRIL
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Ao wh @ X b 0 AR IBARE X F R ARE I B AR -

Tab. 2-7 Plan for Ly Taguchi design (3*)

Z
o
B
o]
a

O 00 1 N LDt B W N =
W W W NN RN = ==
W N = WM~ WN -
N = W = WD W N =
HUJI\JI\)HUJQJ[\)'—‘@

ROJE h | 69 B B3t X T 4 Rk o iR sk 3t (Central composite
design ) & Box-Behnken 3%zt o PR MREFF S TREFHRIRX (1) AL
T XM= ARER 2t (2" 2R-F3%31) ~ (2) #ZFHm (2m) f (3) Fo
RS BR o $aRs Ay R BG o F b SMAEAY 4238 F SR RE( ST RE LR B ] 69 3R 8 )

HTHERI - MPOHETR—AME > ERATRRER 36 2R -
Box-Behnken 2%zt T =K & B F3%3 2 MR .35 T A 22 & 893 (incomplete
block design ) » 4w Fig. 2-8 A7 -

(@) ¢ (b)

Fig. 2-8 Design or response surface methodology(a) Central composite design

(b) Box-Behnken.
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2.5.3.1 K% AL

©d Box T RBRAWEEMS FhE REMEELAES CTH
BB &t o Rl S ERF 4 A T 7 £5E & Fig. 2-9 ¢
(1) BEHERYBE AR KERFRIFREABELER
( Method of steepest ascent ) = 4% {8 2k & 3% o
(2) RES @ LHXEL © L% @ (Multiple regression)
BIT—MBEAYHEZSL -
(3) BXBUHRER © LA REHT EZEALMZELETREE
i b eyl v
(4) A2 RE  ETEXE  THBRBENBZER RIS
B BAGE LY EREADEME -
(5) BFHEXBEZ,d BF MO MBI T THE G S
BXETHN  BE—FUAERBPABRGBIENTEE
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At T mEIE

l

HARERAFHeEE

l

— KB TR

l

o

.

REBEER? > RTAHARBERF

Yesl

LN A

|

Z R R G EHHF

A B T 8% B VAT B B 5 e A A

Fig. 2-9 Flowchart of experimental design ( 3 > 2011)
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R=% HBBaF%
3 FMmEFAL
AR R AA R & W W (Iguana iguana) 8 B 244 2 B 4 K R &
ey FERIR  FIA a-cellulose & AE - BB EHBE RS RIER
BERXRTEABRZAEN A ARES EZ (RSM) Hit&x#EE A
BRERZEEE OSEE - pH U R S TFEEZRER £
& B 3% 3t h A2 4o Fig. 3-1 A% o

3.2 BHERR

A RAAERGOBERRAGENSEAN Y —F R LM - 4
KW AERMHY THARFENOMEDEE 2Ly BHED T
BURENE AR REETREN S ENERFB LT REBEFTAOREN
MM PRAMBEREREZRY  SEMT ol
S54% RE w4 MBEABE O HILESH MR THEE 0% - 3 AEFAE
B RERER > AABFAENRKANT T EMEM S g/l 68 4k &K
(Whatman NO.1) i # 4 & & °

3.3 BHek

3.3.1 REHEHAK

A} %A M Hungate R A.4% 15 £4i7 (Hungate, 1969) #3312 %
ARERBEGBHREA > X LB %4 Fig. 3-2 Fiow ° R A do
REFERGARFREEZSA=H LA AARKRE A (20%
CO,+80% Ny) o B4R &AL LUEAE ~ HRAE M Z BRE S
3 UHEBEREAAIERBEAETZIAMN -

29



Hydrogen production potential of lizard feces

l

Pre-culture time effect
(48-96 hr)

l

Stability of microbial community
(continuous subculture)

l

Effects on biohydrogen production

Temperature effect Initial pH effect Metals ion effect Iron concentration effect
(45-70 °C) (5-8) (Ni*" and Fe™") (50-800 mg/L)

l

Response surface methodology

Temperature Initial pH Iron concentration
(50-65 °C) (6-8) (50-500 mg/L)

l

Optimization of biohydrogen production rate

Fig. 3-1 Schematic flowchart of experimental design.
& AL AT LB &R E 200-250CHBAAR * £
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aRECOREBHFAGZR (BRBROALBEZRTHE ) BRY
SHTTHILARAMAEZBE FHREOAAL A CuO EABEZRE A
RE > REREEEEAIERLBRTNE LY KA (Strictly

anaerobic ) IR i o

\
©
©)
©
©
®)

IDIROIRD

80% N,
_|_
20% CO,
pedd, | B r:] a a -~
Bk A 5T 5R

Fig. 3-2 Schematic diagram of Hungate gas station.

31



332 = #H B Ax kR (Thermophilic anaerobic medium, TA
medium )

RAARAFAERAERAAETARAERIE » L& m o Tab. 3-1 £
Tab. 3-3 77 5= (Huang ef al., 1988) e # 32 & & 05 0k 1A & 4 36 4% Tab.
3-1 ey B 5 -~ & R 35 - B resazurin $24% & st & (Tab. 3-2) &
BETREZHRAD  UBFEBRBEANGELR - FHHEELAHHE 60C
B R A RESR (20% CO,+80% Ny) it ju Ak KRR H
L-Cysteine hydrochloride sA & 42 4 3% & H di £ 49 NaHCO; » & 1% 15 3%
AERAHEZFRIZIRENKER BRI REZCEANBEFTIRA
#n 7 AR F > LA n-butyl stopper #1458 5 # AT > ERA L FMEEH
AR EE > 3 LA E £ (Autoclave) £ 121C T E 15 n4E - &R ER
ZAERNHEEN mARRE NS> R@# 35K FE2H AR - L
& &~ e A Vitamin solution( Tab. 3-3) & yeast extract> Fx 14 H A A 10%
BEZAR BNSCHEBENEZE A -

34 HHERKE

Neves et al. (2001) 4t¥f#fES RS TR BB (1) AR
RLBBREMEREORES THERRIEAFOEFRSH ~(2) &
RRRLBEZARANBEH  AUREBNERZRZATZNE (4
3-10%e9 442 )~ (3) ZHERRAELAT » LALR/FT L ~(4)
HMAERRLBARAEELAEZMARN BLEBRRAH BTN RERR
AMEERH—BRF -

3.4.1 A73% % v R

FHEAERRE TA BERDRABFEEFAIREEZ 2 EKR S
FR3E B SSCTF 4 5138 & 48 60 ~ 72 ~ 84 Fu 96 /]~ BF 1% 8 4 7 & 3% &
AeHEAERR -
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Tab. 3-1 Basal composition of thermophilic anaerobic medium

Final concentration (L)

Component
CaCl, 0.05¢g
MgCl, 0.10 g
(NH,)Cl 1.00 g
K,HPO, 040 ¢g
Resazurin 0.5 mg
Trace element solution® see Tab. 3-2
L-Cysteine hydrochloride* 05¢g
NaHCO;* 40¢g
Na,S** 025¢
Vitamin solution”** see Tab. 3-3
Yeast extract®* 1.00 g

*Trace element solution g% %-%v Tab. 3-2

®Vitamin solution 7% %>%o Tab. 3-3
* R ARG FA B A
¥k 3 HR KT RIRE 0 AR A
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Tab. 3-2 Composition of trace element solution

Component Final concentration (L)
HCI* 1.0 mL
NiCl, 0.05¢g
H,BO; 0.05 ¢
FeCl, 2.00 g

Na,EDTA 0.50 g
CuCl, 0.03¢g
ZnCl, 0.05¢

(NH,)eM0-0,, 0.05 ¢
MnCl, 0.05¢g
CoCl, 0.05¢g
AlCl; 0.05¢

NaSeO; 0.10 g

* St 37%e HCL sA ) 2 K #5844 so im A Na,EDTA > 75 Na,EDTA % 275 #
% BONEEMELR
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Tab. 3-3 Composition of vitamin solution

Component Final concentration (L)
Biotin 2.0 mg
Thiamine-HCI 5.0 mg
Pyridoxine-HCI 10.0 mg
Nicotinic acid 5.0 mg
Riboflavin 5.0 mg
Vitamin B12 0.1 mg
DL-Ca-pantothenate 5.0 mg
Lipoic acid 5.0 mg
P-aminobenzoic 5.0 mg
Folic acid 2.0 mg

342 BHR I MRR

AT R AR A 60 T 38 A B R AR B R R 6 A A A LR M
CEERES TP T LA EVE S E LN S YRR SR
BB AT A B AR Z IR 0 05 /L MR A
EE B3 A S5CF 96 /o5 » AR A BEARE ~ & K~ B - K
HEM BERE XY -
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35 ZRAFIHE

351388

HAMADNARBERA —BHTEZORERNT > 325N
FTOREEGETAANRABOAEARANRBEREE EHRE - KRR
& B «a-cellulose # & % — 5 R > & 7 &k & 9 B8 B B0 5 & 0F 238
HEBESSSC - Bk EFRALRARBELE > » 5% 455055~
65 AR TOC > R ERE A S5/L ehgh4 % > L 150 rpm 4% R o 75 iR &
TRA LEM@E R - BEKBUARE SOFH -

3.52pH 4

ERBAEASHBERY BRARENHBRAREFERTY pH AT
% o1& pH 1 A& 1% & 1K hydrogenase 8975 M » T A TR S MAE Y
B RK#iefE - Bt pH HNBEKRBEIORREAETERNTE - B
BlRLLAH I RAGEKFEAX pH 0B > A1 A TARRAT A S
%% NaHCO; 2 AR TE 2 Fil # A7 3 7. 49 CO, 2 X ZAF A M % Ak 2% B 49 %
B A 4 0 A NaHCO; 0y R B R s %4 pH A - R E B AA
Gtz pHSEEAS-6-TF 8 AHEREAS g/L 9844
150 rpm 4% R F R ETI AR > REReELE Kk - BEKBUARE |
a R -

Tab. 3-4 Relationship of initial pH tested and addition of NaHCO;
concentration.

Concentration
0.166 0.381 4.881 33.881
of NaHCO; (g/L)

Initial pH 5.36 6.08 7.16 8.16

3.5.3 #EF Ak (Fe*f Ni’")
Tab.3-2 A3 H A PrimAMELE H P NICL®RLEE S

0.05 mg/L i FeCly th & 4 5 % 2 mg/L » A& & 5 & 4] i 4k % 25 4%
36



BEFRBETFUAHRBE (5 Tab.3-2 AWM ELE) Hikp kR
EAXBE ITHAZRKLENGRBTETREBERR - TRAT
TABREARS Fe 2 MBAERR BN A HRALASTRAERAY
Trace element solution — [5] /u #& & i# 3 [& &, o

EHEBETITE BN TABRERTRARSASET  BEF
EMBEEARS NICLZHEHER > ANBEATMETHEE - £EE
Bhidfz3r A 55°C ~pH & 75 g/L a4k 4 % i 24 150 rpm 4% % dn i
FE o B 12 NEEABEKREREFREFEALNOAMAE  LE R
A RBREBBEZTHEREN -

354 BEEBETRE

16 Fl 78 e o 2 R 4 Fe’* 2 Trace element solution » 3t # 6 % 3 %
AW —F A b idrk A -3 EHEF 500 g/L 4 FeCly Z £5# BIR -
AR A AR BE AR FRY  EEKRERAE S 50100
500 #v 800 mg/L -

3.6 £ & §. 7% (Biogas hydrogen production potential ; BHP)

WM REEEZ A/ 125 mLRAmFMR > EARERHESH 75 mL -
BEMNSSC pHT EF~RERESES5o/L g4 150 rpm 4% £
fFF T KETER - ABBKARRREE R G FRBANEEER
ME SR E > A A8 (biogas) Z 4 T UM BT XA X35 -
UHARERFNFEMRHTAAEEZARBRE REMZ X E L
Fig. 3-3 - #] A Fan et al. (2008) X Bk ¥R A 89~ KX4o 3-1 X » Rt H
AREE (AEMRBEMARIEKER) -

h\
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BiEEE . 75 R

Fig. 3-3 Schematic diagram of determines biogas volume.

V="Vyi+ XV (3-1)
VRESH A RBGQABM  VoREAF (BRI T R
TR VREOZE [ ERARILFHRKERATE SR
P REMEE I BERRBETARNE ML

3.7 RSM ¥ By 3% 3}

371 AR ZAE#4ERR
BREEeSE pH > MBI &8 DMETFMREBENREE -

Rk > AR HRNBE ~pH BHEBHEBETREHZE Q& EL -
BhHEFEHEOARER  KA&%RAEALEE 50-65C ~ pH AN 6-8 &
LA EETFEE A 50-500 mg/L 2 M B A e A A AE AR %E (4 Fig.
4-10) > BIARFT G MH AT A LLHKEN -

3.7.2 o R AR R

AERATERFZEHABE (X)) 4 pH (Xy) B E#EETIR
B (X3) @& 8B /KER Ty A% -6 BT AXFUR T I
FHO6 R HI 20 AF R o XA M S B Tab. 3-5 pror 0 H%3 A
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AR 32 Xprst B ke -

X = XicXi (3-2)
L AX; ]

xiREAHRE I BRARER O HBEIOX, REF (BRI B M@
Xih&k P ot AX;REAME - KESRAARFTZEHLRE (X))

¥pH (X)) BT RE (X;) =% % -

3.7.3 RSM & s 3% 4

EHRZREEE L 125 mLRAFHR > ARERE A T5 mL >
AEREAS LB EFIE 150 rpm £ b FROFT X BT _FEHR
Fh o BMREBREUATIE A B BFRABEERRETER - BR
KB E Fikdo 3.3.2 From 0 B AT 96 AL R T B o B[R B 2 B
MR et ENLAREEZ - QRARE @At k- EBEE - &
YR TEMILIRARE Y oM o
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Tab. 3-5 Experimental design for optimizing fermentative hydrogen production
process

R Temperature (°C) Initial pH Iron conc. (mg/L)
. X; X X5 X2 X3 X3
1 44.9 -1.682 7 0 275 0
2 50 -1 6 -1 500 1
3 50 -1 6 -1 50 -1
4 50 -1 8 1 500 1
5 50 -1 8 1 50 -1
6 57.5 0 8.7 1.682 275 0
7 57.5 0 7 0 653.4 1.682
8 57.5 0 53 -1.682 275 0
9 57.5 0 7 0 0 -1.682
10 65 1 6 -1 500 1
11 65 1 6 -1 50 -1
12 65 1 8 1 500 1
13 65 1 8 1 50 -1
14 70.1 1.682 7 0 275 0
15 57.5 0 7 0 275 0
16 57.5 0 7 0 275 0
17 57.5 0 7 0 275 0
18 57.5 0 7 0 275 0
19 57.5 0 7 0 275 0

20 57.5 0 7 0 275 0

Run 15-20 & ¥ < 25 £ 4 55 R

40



3.7.4 %3t o #
AE 5P ¥R 31 4 response( Y 18 ) A & & i% £ ( Hydrogen production
rate, mL Hy/L/hr)c A R B @ TH A R FZRADH > RN TF

Y = ap + auX; + QpXp + 03X3 + 011X2 + 0p5X5 + 033X5 + QppX1Xp +

®13X1X3 + Uz3X5X3 (3-3)
Y REREH  aREEuUHFZOGHR X ERAARFIFREBE >
Xo K& pH > Xs KA MEFIRA

% & B3k % (HPR) #9F B4 R & A Minitab 3 8% i /7 547 > T 4F 2|
FTRAFPESLEEA TR BODBRESGBE O E > P T52 =18
GREFFEIO Y BEHEZEEZMA -

38 a¥F ik

3.8.1 tmpe & K o #F

EAHRGREBOEZRS  BLTHAATEGTHRER
REmpn At kIER o RHE Sawaeral. (1988) H»Ni#ITE NE F 47
B AT EAZE R P R R 0 4 & He-Ne laser BRHBRKA T EEE
BRETH A et BRI FEAMG T K FFHRGH X2

c B REBRATER K E AR B a-cellulose > ¥ &%+ A H
By mR ik rmpitrk HbRAARTARTHBEEGE RERER
o fig & R AF I

A RAER T E &% G E 4 # £ 4 (Bio-Rad Laboratories,
Richmond, USA )i Bradford 2] € 4= is & & '8 &9 % /£( Bradford, 1976 )
AT 5 # > # B Coomassie Brilliant Blue G-250 1% G & A0 2 & &
BRI - G250 K E4% G20 g e REds b
B S9S nm AR TEABRDHRUERERAL - XF hF kG
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( Bovine serum albumin, BSA) # A X @ 24 912 & L 0 B A

Al a-cellulose AA T RITHREEOERE@HILEIREL > HARE
B R BB R ER 100 mL Z 32 &% » & i g 48 ( Advantec GA-100 ; pore
size: 1 um) BFHEEFEn > A ABECHTAKRERER YO @IE
M T RNALAEORLEELETaHRE vs @it EXine
B (whE—)-

B 1 mL &3k (10000 rpm s 10 min) 14 £ L& & ©
Aw A 1 mL Tris buffer( pH 7.6 )% %= fo, & (¥ 12 B R BEc 3 Erh LR R -
T BREAR — R &S XM LR RE A 0.9 mL Tris buffer(pH 7.6)
% 0.1 mL IN NaOH > & R4 %a o 86 7% o 22 100°C #h Kz 15 548 > Bk
4% B g ok M B Bk 0.8 mL &9 # B2 R 3w A 0.2 mL Bio-Rad Protein
Assay dye reagent® A RABNERTHE S 54 > Uy ELE

( Spectrophotometer ; SHIMADZU, UV mini-1240) 4% & 595 F &)
FHERAME  RAREZLETHEZREGERE -

382 BEFRERE

BERBEARDUEERBETHBREM R A MR » 127 & 58 B 3R
Mmnma A AR CEhaAREr TEALZEEIEEXR
& o ABFR P BBk &%k (Anthrone colorimetry ) {% & LA 53 & & 4 Ao
AR IB R R T dm i by T 4% (Updegraff, 1969) - A IR 41 B K 4% 4k 4
FORBZABEAFZEMARGEEZ LI UG KRR LK K 620
nm F £ & % ( Viles and Silverman, 1949 ) - 24 a-cellulose 1 & %k 4 %
RESRERES (HE&K=)-

B 0.5 mL A4 4 & 244K 4 10000 rpm .0 10 54844 £ b
ik o Am 0.15 mL 78 s fic 8 = B 8%/ Bt 5k (8O% IR BEBE & 65% R
HEE=10:1 (v/v))> BMREBFBKEEH 30 FsEHE B - &
K5 24 10000 rpm & 10 248 = P b B R 44 oA 8 T K E vk A
BB BT BRECKRTEEBR LR R mA 0.1 mL &R 8(96% )
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3t B 2 B Fe BA Vortex-Mixer E & > A3 B % F T2 KM - R 0.1 mL
BRMEEAAMY 2B RAHEE 10mL - B 1 mL ##ik 3w A 2mL
A BB &AL @HE D 2 k2 BERH (0.2 g anthrone LA R BBk & &
Z 100 mL)» 524 BB KBE 16 548 o &KL 2-3 nik
BB ERS-10 48 AU AAE I A£K K 620 nm T A £ H &
AlE o BERAREZL T REBETRE -

383 meEiRE A X

48 7% 2 B LA By - &4 B 72 ( Phenol-sulfuric acid ):8] € Z( Dubois, 1956) o

EHRBBRRETRARTOSIBREBER AT KRBRAERE > TR
BEMHRETE ERBAETE BLEGBARTALERE SPEyER > it
UAHELRELEMARESR (HEE=)-

LR kMBI AR IR 1 mL R e A 0.5 mL &y 5 k&R
A3 BRAOK 25 mLBGBRABRAARBYBELERABRAEEN
P REMABRFE N0 nEBAFREZTDEBRANASKREAGNETR » F

ALK K 490 nm TR E R KA > ERARE & KT

I

W
\_@n

il

&

e
W

3.84 RmEH o

ARBRTAAMELRERAAPAE L ANE LHRAEL
EABER > EREARZZEw Fig. 3-3 - o FRMBA LM &R BEE
5 # A SHIMADZU GC-14B Gas Chromatograph &z 4 thermal
conductivity detector(TCD ) » A A &Y B 4x B 3% EM E (K E 2.1 m ;
M4& 3.2m) » B3 %4 A Porapak Q 50/80 mesh » JE Aty L34 A
0.4 mL 3 24 & A A B A (R A 25 mL/min) - 54 %L
o> %1 & © oven temperature 50°C ~ injector temperature 120°C ~ TCD
temperature 140°C ~ current 60 mA - #| A & A &k — A1t B E R [ R
BEZARESE (Mikw) o

385 MAEHTH
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A1 M & 2 AE &k A8 & A7 4k (High performance liquid chromatography,
HPLC) nArss kR v RAMEMWEHR (BH  HEHRREH) AR
oo x4 E 4 20ul 0 8484 0.008 N H,SO, %% (0.6 mL/min) >
¥ % Ax & Transgenomic COREGEL 87H3 (300 mm x 7.8 mm) > 4%
8] % 2 Refractive index detector ( SHIMADZU, RID-10A ) - #& 5 4% 4
KARE A THRAORMEY (B HE - Sednm Lk L8t~ LB
TH) EEHAZELREKRESR (HER)

3.8.6 & fi5t / 4% (Gompertz equation)

WMAEMRHABREZ G ghH —KREFY (lagphase s L) H &
ANHBARDS  LHRARARERFE (Rm) » KRB EANBETH - L
BAHEOSERAERERIRBRESY AR KRR L E A6 HIELE
¥ b {# A Gompertz equation @§F > (b ¥ R AW LRA LA D R K
BAL BRI HEAN @A RRIBEXEL  EFAKTF

y = a X exp[—exp(b — ct)] (3-4)

WEXPZ a b cE2HLTEAHMEVNELR  ERHE@WAZIHR
B » 3 R4 Monod model —#k € % J& 2| K B JH 4L 69 P R8> AR X
PR AR EAMA R I B B EFILEAMBE TS E 5K

H=Hmax><exp{—exp [@(A—t)+1]} (3-5)
H=Z# Z A% (mL)

Huyox= #5855 2 fi2 (mL)

A= %# (Chr)

t=RE#F (hr)
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h\

RmaxHZ :qij_\léﬁ $ (mL/hr}
e=2.718

>

BKERBBFEARAALEFT R FT@FTFE A ~H A Ryoxny =18 %
FOATHEEFEANNARRBRARMA 2R Runm AR K E S # X
BRURETHEMHEEAARSE HARKERE RAHERBMA
MEZRRAZE (& 1999) -

A\

”‘\

S

45



$wmFE RN
41 e A BB RA B2 ¥ §i2% (Enrichment)

AR AR A &k K W7 (Iguana iguana ) o) LARAF BB KR E QB
Rk dF 1 gy EMAELE S (Whatman NO. 1) AKX E R &
BAKXNER S5CTF#4TH %% (Enrichment) - &3¢ §35 K% -
PR ZBEMEBR AR R EGE T AERETIHN HE&R
4o Fig. 4-1 fiom - £ ERANBET » HAANGEKAENRANK
AR M E(Fig 4-2) S RAM AT AABLRER T Ik
HAF TR AR IR L A KRR KHBMA -

2

Fig. 4-1 Phase-contrast micrographs of green iguana enteric microflora mixed

culture. Bar = 10 um.
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Blank (Uninoculated culture)

0 day 1 day 2 day 3 day

Experimental (Inoculated culture)

0 day 1 day 2 day 3 day

Fig. 4-2 Biodegradation of filter paper by anaerobic microorganisms from

lizard fecal. Cultures were growth with 5 g/L filter paper.
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4.1.1 AR AFRHBERRE SN E

1 A % M4 % B E 7k ( Denaturing Gradient Gel Elecrophoresis
DGGE) # A A#M LB EEM M T AN > BRA TS AR
MAMHR - BHTHELBEKRERE QAL AR &Y wmE R
AR RBFEHARAR AT ETRES - AARTHHAREAETTH
Ao AP RETAMEBRE (L) HERRLBEATHAERGKE
TR RRIB RGBT~ (2) MERRLARH EEEDORE
71 (Neves et al., 2001 ) B 3t 2 T 4 R R &4 b & $ A7 38 & 69 05 R (8

B R ) BATIHRS

# Fig. 43a P TR R HHw s Peput k&2 F LM
MEE XM ET 6394 mg Y mfinie & o MAREATEZFH ¥ >
G F e ik & (g/Liday) %) & 1.60~ 1.81~2.002.32 2 & 2.53
(#2n5 R A 48607284 Fv 96 hr)o 3R ARk R 4 iy
ZREAREOI hr 2 > B FH T 2HMAR B PFHREBREL S
2.05 g/L/day (Fig. 4-3b) - St F MR EECAMEE L B
cellulose = B WA shEE R > S AT AR A 96 hr B A7 & 89
cellulose T G LLATIE &% 48 hr ka9 % > Rk KB IR F ¢ H R £
_}ﬁ\_ o

{2 % > 4o Fig. 4-3c ~ #v Fig. 4-3d fior » RAE &S A5l # 8 AW
& % (H, production )~ & & i % ( H, production rate ) & & % ( Yield)

CFBEENBE AT AEM A 4Shr A A E T (233.45mL/L) b
A A 9Ohrey 2 88 (4139mL/L) %7 564~ &% % (79.20
mL/L/day vs. 9.18 mL/L/day ) T 8.6 4& M & & &4 3F 4 (43.78 mL/g vs.
6.20 mL/g) BIAB£ T T4 - AU LER > RAOBRHMEAEE A
A8hr A ERGHERXBEKRRR > TITHIABEENAAEE °
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Fig. 4-3 Microbial growth (a), cellulose degradation percentage (b), cumulative

hydrogen production (c) as well as H, yield and hydrogen production rate (d) of

green lizard enteric bacteria with 5 g/L a-cellulose at different pre-culture time

at 55C.
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4.1.2 B AR 2 AR

A RERZHGYHERFNILREEBRPHEREERALE 48 hr
FFARBZBETHEE QRN ARFUBMAEMBHE BT AR
LA IR & 55 B 4K B Bb R 3B A H A AR 09 48 M B AT IR 3T oFig. 4-4 A7 0%
EF—EHRORBETHETOFRRERE QR RHFBEF
A& (1.29 g/L/day #v 14.28 mL/L/day) o 12 & > {5 438 % v9 R 48 /X 38
AR UEZRTHRE FHOBERBHRERE SR E 55 A 2.29
g/L/day #v 90.75 mL/L/day - B st # Hsb42 € BB T4 KRB HE RN
B B AR o

EREZOYREABEFTIEAREURE QRERE LT N
BRBEEEAE— A G5 REBRBERAHCEBTKE &
BRBRARELBAHEL AR BLBEKBREREARRS €4
REHYR R -

\-\h\

4.0 100
@  Cellulose degradation rate
[0 H; production rate [m] O
[m]

32 - 80
2 O ° [ J
2 o =
3 : g
=4 S
L 24 460 =
g E
= Q
2 =
4{—& —
2 E
on 31
S 16 L4 40 3
Q [ J o
7] =
[=] o
E d <
3 ==
@)

0.8 [ 20

[m]
0.0 0
Ist 2nd 3rd 4th Sth 6th

Generation

Fig. 4-4 Effect of continuous sub-culture on cellulose degradation rate and
hydrogen production rate.
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413 £ ks

WEBRUS /Ly kB AR A E B35k 4£ 55CTF 96 /o>
EHBEAR s Ak > Bribfd - RHEW - BEARE A2 %1 - pH
Ak  BREFHER ARV ELRLENOREEMASD
pH7.1 T2 pHO6 (B 4-5a) - e £ k&35 > RABRETY > 3%
HAB A ABOERENTRI - BN E AL E A 196.63
mg > b4 ki F % 0.04 hr' (B 4-5b) B F o TRESA
12 B NS MEmEme 2R ZE ARG ETHER  HEAREY
% 0.06 g/L/hr » 7 84 o5 & S35 2 (B 4-5¢) -

REgdseRadrRsrAne@BEr Aty Bt
O /NBFey4a/s MM ERE SE 155 gL (R AL RERNTER
A) o BT FaAe 12 5858 XERATRAERGHEAE
RBRBRAEBE - Rk 5 RMEERBEN 12/ HBEH TR -
Mtk Mo FekmgmA RALEREEROR L (B 4-5d)-

AARAE T ® LEABHERRAL > BN 60 KL EANT
BekEe HAAAEH A 27.22mL 2 Gompertz A B 1 8y 27.46
mLZiAe MEBEYAAEE A 36298 mL/L m A EEFRE A
iR & 57 & 57.97 mL/g $2 9.95 mL/L/hr ( B 4-5¢) ©

R EDO IR B 45T 7 THREROBRRINLHRLERN R
# (LEB®mAYMHMT 1.1 gL LEWMMWT 03 g/L) M TH AL 12
B R e e (52mg/L) R EARA RHOEIL 0 Rk
ey E - Bib RHBEVHILBIRERALZ LW E AT XA BB
m A LB ) B S KA AR -
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Fig. 4-5 Developments of operating pH (a), microbial growth (b), cellulose
degradation percentage (c), sugars content (d), cumulative H, production (e) as
well as soluble metabolic (f) of green lizard enteric bacteria with 5 g/L
a-cellulose at 55°C.
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42 BATFZIHE
21 BEHRER BB FARREALNYE
EHMmBAWARAZEBORE  AERAATHEORE
MEARTEEN B E AR EKRREABENBERE - TREAT
B B R BB M a -cellulose 2B — s REATHIR > T EAFZGY
MRESbhapit k-

# Fig. 4-6a #v Fig. 4-6b R & ¥ Wi d B R @A A £ 70C
MEBRT BRTeaBRiit kI BB T RBELORZTEEL -3
HAEBRT T0C 2T EEBAELASCTT - R f£ 4A5SCRAT
SHRAER CEZBEKBREINRE - REIOhr KYREHRT 40%&
A2 gL by E o Rk ERRHEBBBETAANEEZKR
# A A 5811 mL/L - B 45C R 70°C Rl &4 K W78 A A s 4K
#2 & & (Fig. 4-6¢ #v Fig. 4-6d) -

R % > & Fig. 4-6 & Tab. 4-1 % T3 34 55C F A wf: 9 4 4 K

# & (017 g/L/hr) R Z &% % (944 mL/L/hr) > # Bémppeh A K
T (UEBEANRARATRI et EMALRT) LA RAENH A
176.48 mg » R bz B T B EIEH £ 55C T 47 ©

Tab. 4-1 Comparison of cellulose hydrolysis and H, production potential by lizard
enteric mixed culture at different temperatures

45°C 50°C  55C 65C 70C

Specific growth rate(hr™) 0.03 0.09 0.10 0.02 0.01
Cellulose degradation rate (g/L/hr) 0.03 0.07 0.17 0.04 0.02
Hydrogen yield (mL H,/g cellulose) 17.57 3392 6129 45.09 25.71
H, production rate (mL/L/hr) 1.33 2.97 9.44 2.60 1.43
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hydrogen production (c) as well as H, yield and hydrogen production rate (d) of

green lizard enteric bacteria with 5 g/L a-cellulose at different temperature.
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422pHEHE R - BEFKBRREANYE

AEBRA UL A AP NaHCO; 092 E R % pH & - & Fig.
4-7b T4 pH & 5 S A B B KB OAE B £ > RIE 96 hr R F
A2 18.3% &4 8 # % - Mourifio er al. (2001) 5 & # 82 4= B 55 7 F 3o
FESEFER BN BAE N b — A% AL (glycocalyx ) &9  4h
SEERAER o pH RN SA TR T BB F O EAREN KNG 122 39
W Z 9 AR AR MR 4 R L8 e B bR B Rl AR b B R AR ROHOR -
o BEKBRELPHBE D OB ARME LB EFTHRIRE >
54T B 4K AR BY HE J) AR B B00R o M E pH AL 5.3 BF S 4E L 8K
4 Ewy KA R (Mourifio ef al., 2001 ) o B pb#k 5 &4 pH 14 ¥ 45 4 K
FROYRE N A oo Tab 42 Fim EH S R BB F A LT AR R F
Hix@ewypHESAT-

EHEELNERTY  BEFTHOAKBRZIEBEREFORE R
Z ¥ H (Laietal,2001) - Rybte pH A 7 69324 R P8R0 %
# ZHiE 0.12 g/L/hr > R JE 60 hr 4 % F4# = 2k ## (Fig. 4-7b) -
b A e AEE (Fig.4-7c)> AF R & % % (Fig. 4-7d) &8 #H &%
% (483.71 mL/L ~ 96.74 mL H,/g cellulose #v 10.45 mL/L/hr) & #
MIBEATHI @ E R ERME S E 219.04 mg & 4 fe 32 £ (Fig.
4-Ta)e M pH8 43 n N Wi R JAA N A BO ALK FHERE
KB RES BB RELE -

& Tab. 4-3 fo Fig. 4-7 % T AWM B R pH S R pH 6 09 & 4 %
MEH o BABNERAEH QAN AEL (28 %KM F5 Xtk pH T
eyl RbGBFEREFERRS AU ATBERERE 4
FMAEASANEN  RENWNERERIEZUNEAAREAE M AN
A F 4 B EER RSM 46 B 69k 45 -
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Tab. 4-2 Effect of initial pH values on hydrogen fermentation

Initial pH .
Inoculum Substrates ) ) Max. H, yield

Range studied Optimal
Cow dung compost Beer lees wastes 4.5-9.0 7 68.6 mLH,/g TVS'
Cow dung compost  Cornstalk wastes 4.0-9.0 7 149.69 mL/g TVS®
Cow dung sludge Cellulose 5.5-9.0 7.5 62.72 mL/g cellulose’

"Fan et al., 2006b
*Zhang et al., 2007
’Lin and Hung, 2008

Tab. 4-3 Comparison of cellulose hydrolysis and H, production potential by lizard

enteric mixed culture at different pH

pHS pHO6 pH7 pHS

Specific growth rate (hr') 0.03 0.04 0.08  0.00
Cellulose degradation rate (g/L./hr) 0.04 0.09 0.12  0.00
Hydrogen yield (mL H,/g cellulose) 108.31 108.44 96.74 0.00
H, production rate (mL/L/hr) 2.13 8.17 10.45 0.00
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42.3 HEAK (F' ~Ni'") 42 Kk - BEFARRELOBE

Hydrogenase — #% %4 %] % [Ni-Fe] hydrogenase #v [Fe-Fe]
hydrogenase i #£ o 2 P LA [Ni-Fe] hydrogenase 8 & & i 89 7 A W 4
Mk MAEF DB AEY o B4 @ Clostridium pasteurianum #v
Desulfovibrio Desulfuricans % #& # [Fe-Fe] hydrogenase ( Frey, 2002 ) -
WA FLZHARRAAN AEETRAETREAZLRERA Y
hydrogenase A £ 2| 4% & &L & 2 € %9 B 8 (Karadag, 2010) °

&9 Fig. 4-6 & Tab. 4-4 fiic » Rk NiCl, (54 L4 8ETF ) F1E

BEB e ENRR (ERBET2h B A FHEEE S K]
RO EMRE A 0.1 g/L/hr) > £ & &89 %R L with N12+/Fe2+4i ,
& A6 & 2 # & with Ni*'/Fe*ay 1.1 42( 81.44 mL/L with Fe** vs. 75.36
mL/L with Ni**/Fe®") » M & R #i& £ 43 1.2 45 (14.74 mL/L/hr with
Fe’" vs. 12.55 mL/L/hr with Ni**/Fe®" ) R, 7 7 Ao b 4R B F ah @ 3] >
FEFETHREFTNERRELBEIKT &A% A F -Khanetal.(1979)
BOF P IE L AREE T R KT BRSNS G T B B bR 2
THETHNRZAANBERBELEABRBEODE -

Tab. 4-4 Effect of nickel and ferrous ions on the specific growth rate, cellulose

degradation of hydrogen production by the iguana enteric mixed culture

With With FeCl,  With NiCl,

NiCl,/FeCl, only only

Specific growth rate (hr') 0.07 0.08 0.07
Cellulose degradation rate (g/L/hr) 0.10 0.10 0.06
Hydrogen yield (mL H,/g cellulose) 75.36 84.44 48.67
H, production rate (mL/L/hr) 12.55 14.74 6.03
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Fig. 4-8 Microbial growth (a), cellulose degradation percentage (b), cumulative
hydrogen production (c) as well as H, yield and hydrogen production rate (d) of
green lizard enteric bacteria with 5 g/L a-cellulose at different trace element at
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424 SHETREHE R BB XAKBREREROVE

BHREAFTHNERET  RHBETHRNAZALAEAANBEIRA
A% o b RE Ry A AR ERE (50-800 mg/L) 4y FeCl, i 47 &

B3R o & R 4w Fig. 4-9 A7 0 & D ARSE T 69 R B &7 500 mg/L 85 %
HB R FOERERDE  FREBERKBEE - MRy ERT @R
FlREMEEBETIRSHARARE -LEAL T @ BHMETHR
& % 50-500 mg/L F-FHeymx KaAAEEA 415 mL/IL > 2R B &%
800 mg/L 8y R M #p#] 7 & & (242.33 mL/L) -

MARMAEFEMET » BRETHEE A 50-500 mg/L 9 & £ & 8
ey E % 500 mg/L (104.8 mL Hy/g cellulose ) o & & B & bk B T
MERES EHEFTORBRE S EBESFEFRSG - Tab. 4-5
HBAERBEAWA X REEHEETEZZILRE -

Tab. 4-5 Effect of iron concentration on hydrogen production from different substrates by

various microbial sources

Concentration (mg/L)

Inoculum Substrates ) ) Max. H, yield
Range studied Optimal
Lizard feaces™ Cellulose 22-352.8 220.5 104.8 mL/g cellulose
Crass compost’ Food wastes 0-250 132 77 mL/g TVS
Cracked cereals® Starch 1.2-100 10 140 mL/g starch
Anaerobic sludge’ Starch 0-1473.7 55.3 296.2 mL/g starch
Mixed culture* Sucrose 0-1842.1 589.5 178.81 mL/g sucrose
Digested sludge’ Glucose 0-1500 350 311.2 mL/g glucose

* This study

'Lay et al., 2005

*Liu and Shen, 2004
*Yang and Shen, 2006
*Zhang et al., 2005
*Wang and Wan, 2008b
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4.3 RSM ¥ B 3% 3t

43.1 AR REHKHAHRR

R BRESYEpHME  mRRTEEETHBETHRENRE -
Rt > AARHKRISRE ~pHEHEBEETREAHE Q&L -
BhHELGARER KA KB ELBENH 50-65C ~pH &7 6-8
B 28 4 BT R £ 50-500 mg/L z F B F Ak eg &R A 4 ik £ (do Fig
4-10) BAETRMEGHF XL LAEAYTEAN -

432 P RAERBRZEBER

AEHE» pH LA A NaHCO; #5818 % M pr L3 8 CO, AT
REAVRAMRHMMBBREE AL BHILBBRERXOAL 020%B £ -
Run 1~ 6-9 AR 14 A s E3%3t - o %] A AR B R T 5694 KA ME &
3 oRun2-5 LA & 10-13 % /g 2kt AR B O R AR/ #THR
3t o Run 15-20 A w3t AR KBGO P CBBITNRELET
By o

4 F 4o Tab. 4-6 FF-~ > 8 23% st ¥ Run 1 & 14 58 FE 694 K&
ME > R AT R EERBE THRETOERE R 1 g/L > G4
ik £ % 0.01 g cellulose/L/hr £ 2 4 7T0CF £/ M A S &3 M
T AASCTAAMBRERA S 0.TmLHY/L/Ar> @ 70C FEA R A
AR ARLEEIEAARE K2 A ND. -

Run 6 A% Run 8 %4 pH &4 K fo Ak N& » » % A pH 8.7 & 5.3 -
f£ Eill pH 9L R BB G R& A H K46 B 4 4% KM R JE L pH /7
O HMMELBEZTHRIRE EFBREKBYREN LA HOR
1% > % pH A A 5.3 85054 0 8 4 ey KB AE R (Mourifio et al.,
2001 ) Rub#nds pH & S3BFSB B F R ETHA SN EBBYEL
FROA 4% % & SLe94%5 7 - Run6 &y pH {44 8.7 H sb#i 4 & KR
B fe /1 Bk (90.9% ) s ik 4 E ey ARk & (0.07 g/L/hr) £ Ff 2L
A &893k 973 11.8 mL Hy/L/hr -
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f Run 7 2A B Run 9 % 22 4R 8 F 69 4% KA&/NME > % 3 & 653 mg/L
#1 0 mg/L - AR4E X BR1E B 4RR E & 0.4 mM-0.6 mM (2 H R AR F
P45 A & FeCl, & 79.48-119.23 mg/L )% 45 4 % 04 F% #% #5771 % 42 ( Khan
etal.,1979)- 2 Run7 A A 9 T M ME A JBERBEERA L E 2
N (BB EENERE Y RAE IS DU L BB ENERREL
£ 0.03 g/L/hr o %> Run 7 483 F oY REBSZEFEANRERA
6.6 mL/L/hr -

Run 2-5 tA & Run 10-13 & A 3%t > B E » 5 & 50 A & 65C ~
pHE % 6 2 8 A S 4k#E TR A 50 fn 500 mg/L- Bl x Z R UEE
MANEO AL RBEHX—FETHRER - £ 50CTF > Run2 2
A Run3 &) pH & 6;Run4 $2 Run5 &) pH & 8- v] &g Tab. 4-6 ¥ # &
Bl EABE G pHE T » B4RBETRE A S0 mg/L B 4 E /e B o
tt (Cdp) ¥ b Zm4RE FIRE A 500 mg/L Bt - SR a9 & R AT HY
%‘- é—l—% 2% o

ERAHRRERT > AL 55CH pH 7 o954 T 2488 TR
B % 500 mg/L B4 4 R (5B b A 79.67 % > Wik & %A 50 mg/L
B M E SRR E Hth 5 i 96.28 % o T 4L 48 B &Y 35 A% BE TR T pH
S EEME st pHO S - T X BN pHAE NN OB H B E L
B F G RE 1 BR E 0 4B AT R 4 K AR B4 AE ) 48 84 212 ( Mouridio et al.,
2001) ° Rl > ERBOHFATHETOERAREREAREE R
£ pH 8 MU R R 48 3 TR B A 50 mg/L ey 454+ T sk 1% ©

Febfe A B Run 1389 BRAEFAER HAEEH A 69.25
mL- HEBE%G65C -pHEA 8 AR H4EETFIEE A SO mg/L ;5 44
T EME »tb(Cdp )44 F e 5k 2(CDR)X R Z & 3% £ (HPR)
%) % 98.3 % ~ 0.06 g/L/hr v 18.9 mL/L/hr -
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Tab. 4-6 Experimental design for optimizing fermentative hydrogen production

process and the corresponding experimental results

Temp. Initial pH Iron conc.  Final 1 2 3
Run (C) Design Penetrate (mg/L) pH Cdp CDR™HPR
1 45 7 7.14 275 6.95 15.1 0.01 0.7
2 50 6 6.12 500 5.93 10.6 0.02 0.7
3 50 6 6.19 50 5.39 14.7 0.02 1.2
4 50 8 7.95 500 7.90 124 N.D. 0.3
5 50 8 8.02 50 7.55 62.9 0.04 13.7
6 57.5 8.7 8.63 275 7.57 90.9 0.07 11.8
7 57.5 7 7.04 653 6.47 95.1 0.04 6.6
8 57.5 53 5.15 275 5.21 0.3 N.D. N.D.
9 57.5 7 7.19 0 5.95 97.6 0.03 11.1
10 65 6 6.16 500 6.29 28.5 0.02 1.8
11 65 6 6.10 50 6.10 20.4 0.02 4.2
12 65 8 7.80 500 8.14 21.3 N.D. 0.5
13 65 8 7.88 50 7.85 98.3 0.06 18.9
14 70 7 7.21 275 7.13 10.2 N.D. N.D.
15 57.5 7 7.04 275 6.56 100 0.17 154
16 57.5 7 7.11 275 6.60 100 0.15 18.6
17 57.5 7 7.06 275 6.61 100 0.13 16.7
18 57.5 7 7.07 275 6.57 100 0.16 16.9
19 57.5 7 7.07 275 6.60 100 0.16 18.2
20 57.5 7 7.06 275 6.60 100 0.15 15.6

! Cdp: Cellulose degradation percentage (% )

? CDR:Cellulose degradation rate (g cellulose/L/hr) ; N.D., cellulose degradation
rate <0.005 g/L/hr

> HPR: Hydrogen production rate (mL H,/L/hr)

*N.D. : not detected.
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Run 1520 P oBEH Kk AR ELSTSC -pHATHS
MAET AR A 275 mg/L - B4 F MR 24 P Fa EH AR
B Uk R R FHE015g/L/hr 3 BT £ 96 NN EEBERHBLE -
EEEAFT @ FHHEARAE LA 2810 % ARG EAREEFHIF
# 611.51 mL/L ; & &% % J5F & i 16.9 mL/L/hr -

433 ARk Rz R EEMS

A RSM F Brzxst k438 2 & &.i8 & (H; production rate) # i 3%
A& o Fig. 4-11 £ Fig4-13 fiom - & b F WXzt k38l 2 &l
RGN BREA STSC -4 pHEA 7.8 REH&HETFIRE A 100
mg/L > i A7 A Bl Z &k K & &3k £ & 20.19 mL/L/hr o 4& & %3t 40 #7 A7 4%
B2 plimk 4T ROBH IR LT

H, production rate (mL H,/L/hr)
= 16.87 + 0.61x, + 3.32x, — 3.09%; — 5.67x% — 3.71x2
— 2.67x3 + 0.16x,x, — 0.86x;X5 — 3.61xX,X3
(R’=0.916)

EPx ABE X REMBpH B x; ALHMEETRE - &RY ¥
Z iy — k% ME (Linear) ~ — =k # 58 (Square) ~ X Z 4 A &
(Interaction ) BA & % 1@ # #! (Regression ) % B & #8 £ M (p-value <
0.05)° Tab. 4-7 Za~ KB E ~ 0% pH A A R B4R TR EH E 8.1%
FrzHBBLHERAOSHER - bk TH 40> 46 pH A8 B sk
TREGABBENDE (p-value <0.01); mBE#EARERE K
# (p-value =0331) FBALKF LY EZFTHRMETELAL Y
WEFRXGDE
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Fig. 4-11 Response surface plot and its contour plot for H2 production rate:
effects of initial pH and temperature.
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Tab. 4-7 Estimated regression coefficients for HPR

Constant 16.87 <0.001
X;-Temp. 0.61 0.331
X,-Initial pH 3.32 <0.001
Xj3-Iron conc. -3.09 <0.001
X, -5.67 <0.001
X, -3.71 <0.001
X5’ -2.67 0.001
XX, 0.16 0.839
X1 X3 -0.86 0.295
XoX3 -3.61 0.001
Regression - <0.001
Linear - <0.001
Square - <0.001
Interaction - 0.006
4.3.4 B gAKMmE 8k BiLBE

SLE BRI Se/L th AL A A A 57.5C 4 pH &
7.8 LA R % 4k TR B 100 mg/L &4 45 4 T 96 /s B0 i) T Lk 4 K AR S
Ak CBRE - RMEY BHEAEA XYL pHEM @B £ K
BEEFHER S ARWAELRTLEWYMRE EFM S pH 7.76 T % p
7.46 (Fig. 4-14) - e E My L A BE R Y > AMRE Y
% 0.13 g/L/hr > 3 BH 84 TR F MRS - e A R 0 &
AAETHAEE 48 [\ A ARG ERENTFREY - B HR
T4F 5] 6 e B 3L E 3E 25935 mg > Mtk A KR E A 0.09 hr' o

R EE e aERBRISAEANYBERANMYISAY Bt

O BTy 4EE AR EREHER L 5 iE 158.83 mg/L o 2 AR MR 4 F 49 [E AR T
EABEE EREaBOERARLARA - LB~ LERTRGE R MIE
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BEFAM) R EEIK - mit2 % A & (Chemical oxygen demand ; COD)
g3 4t 8.4 g COD/L FrEE 4.8 g COD/L -

EARAEET @A 12/ EFY > & T2 MR ENFRERK
o HAARAEEHAA 64.71mL ¥ Gompertz Fr 3 & H 49 63.28 mL &

&

Gow

iE > MEAMMARAEE A 86064 mLL mMARAEAFREARF
% % 115.41 mL/g $2 19.82 mL/L/hr -

RHEDOH S THAROBRRINCHBRLEGRAHR (TBRAY
BT 1.5g/L> LB AT 1.2g/L) i T 88 R A #4643 /(0.3 g/L) -
Rt BRHEVILBREAZANE AT ABRBRAN TS E &
KRBT o

Tab 4-8 Z A R EAT AXBRZ LR E R > AR A 89 B B3kt 0k
R BRBEH@E (RSM) ¢ F izt (CCD) - aN F Bty
RFEARE Bbfatbix ERA A A AR &) T T ihkm AR EiE
T &% (HPR) &b Z stk & (SHPR) #ATLIL & -
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Tab. 4-8 Comparison of hydrogen production rate with optimal conditions in this study to the results of other literatures

Inoculum

Substrate

Factors studied

Results

Reference

Lizard faeces

Anaerobic seed
sludge

Anaerobic
sludge

Anaerobic seed
sludge

Anaerobic
sludge

Sludge

Cow dung

a-cellulose

Food waste*

Wheat powder

Palm o1l mill
effluent (POME)

POME

Food waste*

Starch-containing
textile wastewater

Temperature, initial pH and iron
concentration

Inoculums concentration, substrate
concentration and citrate buffer
concentration

C/N and C/P ratio

H,NCONH, (urea), Na,HPO, and
FCSO4 d 7H20

Iron concentration, C/N and C/P ratio

C/N ratio, inoculums concentration,
Na,HPO, concentration and Endo
nutrient addition

pH and substrate concentration

19.82 mL/L/hr ' or
185.34 mL/g dry cell/hr

16.86 mL/g VSS/hr *

98 mL/g biomass/hr *

75.99 mL/L/hr'!

261.54 mL/L/hr'

59.62 mL/g VSS/hr ®

38.75 mL/L/hr '

This study

Sreela-or et al.,
2011

Argun et al., 2008

Yossan et al., 2012

O-Thong et al.,
2008

Sreela-or et al.,
2011

Lay et al., 2012

"HPR: hydrogen production rate

* SHPR: specific hydrogen production rate

*The waste was made up of rice, vegetables, fruits and meats
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FAF HRARR
51 &%

BEREALGKEN B EABF LN LR I8 NI A BERET L
06 NEE PSR F R DTERE > TR A E QWS - AREAARAEY
REMEMEBEITT S ROLEERBE BBF O RERTERLTER
BT ERE PR MEKAERFRE QR E S A A 0.10 g/L/hr Fo
3.78 mL/L/hr o

EREBRET FARAGEHBERAB NG ERT AR YT ETIR
Eawimt » £ SSCTHEKRBRE QAR A K/ 0.17 g/Lihr Fo
944 mL/L/hrein 4 pH A 785 AEBRE A KRR FARAEHER
BmARHRERERMHBFLBEHRE > % A 009 hr' - 0.12
g/L/hr v 10.45 mL/L/hr o 25 4% 8 -F & & % 50-500 mg/L ¢4 A F > F
HHRARAOGAEEH 415mL/L -

AE B 50-65C ~pH 6-8 & B 48 8 7 & 50-500 mg/L & 47 F
SIRRER CET A5 NEME R NEALRIFUARAT LT
L3 20 @ ER - BB T ORARETRERF o &K%
WA BB AR TR KRR BB AR R EE A Run
6 (43 pH % 8.7) XA Run 9 (s ey B FRE O mg/L) A
B A ARELRR -

@ h RSM T8kt Z T 54 % 0 #) A Minitab 3k 82 i 47 » 47 3 &

THBRERAESRETOUL  FERMEEQRFBAGH £ 575
C~pH7.8 AR E4%8EFEE % 100 mg/L - i & & RSM 8 8] 2 & K
A &k %E A 20.19 mL/L/hr -

ARFRBALABHFZIERERT AP ARZERE A 0.09
hr' > W sheyss kA T432) 25935 mg il e & - B4k EHM
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mARAEERREARE SR A 11541 mL/g $2 19.82 mL/L/hr -

R#EMI > THBROBERIICBARALENEZR (TBEAY
Who 7 1.5g/L LB T 1.2g/L) M T8 2 A ey iw(0.3g/L)-
Rt KB EMALBREARAZANE AT A BBANDTEY E &
R AR o

52 %

ARARRFMGEH G ERABHETHEERBREAZ TR &
mEMHEREEXRE (DGGE) #RARAHERZ X GHBEKER U
BRESQHAAR Bt £EERELAZHREPHEAFITR HFE
R & dh @ 7% (RSM) A BAF 64 B 3l 38 & AR 0 3B R At i BF o 5 45 48
BIAEARAE - BN R ASE Iguana AAMELLEREEREAME
EHmE A EARTARTE R MANME @B B AT MR HL
B R Z AR o Flekd PCR-DGGE 4 4% 40 ok & 25 ¥ 7T At
SH LRI M AME RILERRTF ERK AR S 3 - B
PR R AR R BRI 0 LB REAS 69 AR SRR e R R LR
EA®ERERZR KA -
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