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Abstract

Mesophilic anaerobic biodegradation of seaweed by mixed
microorganisms from Kaomei wetland sediment at Central Taiwan was
investigated in this study. Gracilaria was used as the sole carbon source
for methane production by the mixed culture. Batches of the mixed
culture were grown at different conditions such as different temperatures,
sodium chlorides, pH’s, growth factors, carbon sources and various
sources of algal polysaccharides from seaweed to determine the optimal
conditions for methane production from seaweed bioconversion. The
optimal temperature, sodium chloride concentration and pH value for
bioconversion of seaweed to methane was 35°C, 0 % and pH 7.1,
respectively. The optimal substrate concentration for methane
production was 4 g/L of Gracilaria. Both growth factors yeast extract
and peptone could stimulate bacterial growth with yeast extract giving the
better effect. Sargassum could not be degraded by the mixed culture at
the optimal conditions,. The highest seaweed degradation rate, methane

yield and methane production rate by the mixed culture were 0.84+0.08
gL' day’, 1431.20£99.65 mmole and 210.02+24.15 mmole - day™

respectively.  Acetic was found to be the major product in the liquid

phase during Gracilaria biodegradation. The highest acetate yield is

16.11+0.14 mmole - g seaweed .
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Figure 2.1 Main conversion options for biomass to secondary energy carriers. Some categories represent a wide
range of technological concepts as capacity ranges at which they are deployed. (Faaij, 2006)
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Table 2.1 Industrial application of various algae
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Table 2.2 Approximate chemical composition of seaweeds.

Component Brown Red Green
Water * 75-90% 70-80% 70-85%
Minerals ° 30-50% 25-35% 10-25%
Carbohydrates 30-50% ° 30-60% ¢ 25-50% ©
Protein 7-15% 7-15% 10-15%
Lipids 2-5% 1-5% 1-5%
Cellulose 2-10% 2-10% 20-40%

% of fresh weight; *: of dry weight; ©: Mainly alginate and
fucose-containing polysaccharides; *: Sulphated polygalactans and

xylans,; ©: Cellulose and starch are the main components.
(Jensen, 1993)
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(% > 2001) e A% 8P o B *01 £ F &5 B iLch- fas g

FoahEr wllie R F P FE SR E G i ¥

gl

L RS S AR LR R FHFIE (TR

ETTRS

Az RSk IR SRR R E bR ¥

EEEURUIE: SN A TN N T Pe LA E (BB FET A
)L EEH B LG YA o
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dOERBRAITIR T A RS RO LR L B S

258 hEEREA 3 L E § chenE A4 3 422 (Usov, 1992) ©

24.1 F3¥(Agar)

A% (agar) 2 BT 0 5 A R P 3 5 (agarose) N 5
F R 2 B % (agaropectin) o ¥ PEE A AR Y AR 5 A
Bav A o 4o v A # 4 (Figure 2.2)d B-D-galactose 14 1—4
g > V¥ 3 6-anhydro-o-L-galactose 2 & @ = i HE ~

(agarobiose) - = @ A F F i @ Fr L A (Araki and Arai, 1954;

& > 2003) ; pefd ¥ 4 sulphated galactans R frde » € F 3
glucuronic acid & pyruvic acid % & Tﬁ_ » K& T§_§ 3 S I S S

g o e A %Y €7 & a-L-galactose-6-sulfate E ~
(porphyran 73] ;% )B~ % 3 6-anhydro-a-L-galactose * m O-methyl
% sulfate groups % B~ £ ¥ & B-D-galactose } e C-6 ez ¥

(Usov, 1992) -
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3 6-anhydro-n-L-galactopyran ose

P-D-galactopyranose

Figure 2.2 Structural unit of agar. Agar consists of a mixture of agarose and
agaropectin.  Agarose is a linear  polymer, based on the
-(1-3)-B-D-galactopyranose-(1—4)-3,6-anhydro-a-L-galactopyranose unit; the
major differences of agar from carrageenans being the presence of
L-3,6-anhydro-a-galactopyranose rather than D-3,6-anhydro-a-galactopyranose
units and the lack of sulfate groups.
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2.4.2  #%5i% %} (Alginate)

# & " (alginate) ¥ d  o-L-guluronic acid (G) =
B-D-mannuronic acid (M) f&=x # ~ (Figure 2.3)# = GG~ MM #
MG =47 kel A EFAF T 48 N 4tda 22 B &
P2 RkiRE A FAEFOERER2Z MG 6 € G A R
(Draget et al., 1997) - a-L-guluronic acid (G)f= B-D-mannuronic acid
BEART LB WA CSuA oo R ST PG A 0k
HeomERLE- G ARRL LI UMM £ H TrapS ¢ &
z_ A5 = calcium alginate » p* i & % % % 22 gifs(phosphate) ~ # 5
fa(Citrate) ~ 42 31+ (Mg+H)t 4h 3+ Nat) F A &)= 2 f 2 2 it
Y BB B 2 ka5 o a B F 3k Bl

R kA R A AR S -
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Figure 2.3 Structural unit of alginate. Alginates are linear unbranched
polymers containing [B-(1—4)-linked D-mannuronic acid (M) and
a-(1—4)-linked L-guluronic acid (G) residues.
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243 R % 3% %} (Carrageenan)

B & % ¥} (carrageenans)d_d % f8.4% 1 b R
SR FEIR £ o iz R E 4 ¢ 4% kappa( k) ~lambda( A ) mu( 1)~
iota( ¢ )2 nu(y )% 7 fa- 4% ¥ ~ (Figure 2.4) - i & £ % F d
a-D-galactose 17 1—4 4% = ;1 & 3 6-anhydro-f-D-galactose & &
monE AL P R A G AT Rt b eER i g (ester sulfate)
(Cardoso et al., 2007; Usov, 1992; Velde, 2008)> H # k-carrageenan
2 gk A 18 ~ % galactose i C-4 7+ § sulfate 2 ¥ 25%¢:hester
sulfate ; A -carrageenan 2. % # % a-D-galactose 1 C-2 %
B-D-galactose 7 C-2 &2 C-6 # 3 sulfate > ¥ & 5 ¥ 35%¢7 ester
sulfate ; [ -carrageenan 2. % # % a-D-galactose 1 C-4 2
B-D-galactose 7 C-6 # 3 sulfate ; ¢ —carrageenan i &
galactose 77 C-4 2 3,6-anhydro-B-D-galactose 77 C-2 # 3 sulfate:
v —carrageenan 2. % # & o-D-galactose 7 C-4 2 B-D-galactose £
C-2821C-67% 7 sulfatec & & F ¥ e 5 pEid ¥ % 7 P&k #q (sulfate)
HFWAEFIBEORE S ZE 5 0 g2 3,6-anhydro
-D-galactose % pyruvate F 2 5 B R S B2 # a0 (R o

2001) °
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Figure 2.4  Structural unit of carrageenan consisting of alternating
3-linked-B-D-galactopyranose and 4-linked-a-D-galactopyranose units(A), £
-carrageenan(B), A -carrageenan(C), [ -carrageenan(D), ¢ -carrageenan(D)
and v-carrageenan(F). Carrageenans are linear polymers of about 25,000
galactose derivatives with regular but imprecise structures, dependent on the

source and extraction conditions.
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2.5

25.1

A R % % pE2. agarase

% ik
P e Ao 3F § OFBRT MR E A E E A% 4 (agarase) #-is
AR B A % BT 5 BB (Vera et al., 1998) - iz 4t #
BRARa S p e RA R P TR S MR 2

Aok~ R E L HE o P 2 g 4 2 pk2 agarase PFIZ4e Table
¥ g >

2.3(% » 2001) -

252 AEFEA RS

Ak S EE PP L K% (agarases) ' i3 5 i H pEupicH B
S i ] o Agarase R H -KfZA ¥ & 53 % » & W] F_
a-agarase v B-agarase > ¥ H-E A fE 0] 2 3 OPESE 0 0-agarase
4 ¥+ D-galactose £ L-3, 6-anhydro-galactose 2. & e a-1, 3-
linkages *% > 4 {215 ¥ {¥ oligosaccharides ; B-agarase &_4-¥%t+
D-galactose ¥2 L -3, 6-anhydro-galactose z_ & 57 3-1, 4-linkages &
Tk & 0 4~ f&{s ¥ ¥ neoagarobiose oligosaccharides(% > 2005) o
& oagar Flfi3 A x ¥ LD L agarase im F) K fF L R

ARG EERERCRAEE B A E P R g Y
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Table 2.3 List of agarase-producing microorganisms and their biochemical
properties of agarases

Obt Opt.
Enzyme Bacteria Source pt. temp.  Reference
S
agarase Arthribacter sp. S-22 algae 5.0-6.0 50-60 (1)9s;1;n ietal,
Cytophaga duffluens algae 7.2 28 Tégglaeva etal,
Pseudomonas sp. PT-5 algae 6.5 30 f;;nlaura etal,
Pseudomonas marine .
vesicularis MA103 environments 6.0-6.2 26 Liang, 1999
. . marine Fukasawa and
Vibrio harvryi FLB-17 environments 6.0 40 Kobayashi, 1987
L marine Araki et al.,
Vibrio sp. PO-303 environments 6.0-8.5 38-55 1998
Alteromonas marine .
o-agarase agarlyticus (GJ1B) environments 12 45 Potin et al., 1993
Vibrio sp. strain JT Sugano et al.
_ * ’
a-NAOS hydrolase 0107 algae 7.7 30 1994
[B-agarase Alteromonas sp. E-1 soil 7.5 40 11(91r91;nura etal,
Alteromonas sp. strain marine 6.5 _ Leon et al., 1992
C-1 environments
Bacillus cereus marine .
ASK202 environments 7.0 40 Kim etal., 1999
. van der Meulen
Cytophaga flevensis fishwater lakes 6.3 35 and Harder, 1975
Cytophaga NCMB marine 79 _ Duckworth and
1327 environments ' Turvey, 1969
Pseudo_alteromonas marine 70 30 Vera et al., 1998
antarctica environments
Pseudmonas atlantica fnarine 7.0 40 Morrice et al.,
environments 1983
Pseudmonas kytoensis algae 5.0 40 ?;glf and Arai,
Pseudmonas sp. Wastewater ¢ 7 3343 Malmqist, 1978
laboratories
Pseudmonas sp. W7 marine 7.8 - Haetal., 1997
environments
Vibrio agarliquefaciens algae -- 40 Ishimatsu, 1953
Vibrio sp. AP-2 anne 5570 45 Aokietal, 1990
environments
Vibrio sp. strain Sugano et al.,
JT-0107 aglae 8.0 300 1904
B-neoagarotetraose Pseudmonas atlantica marine 3.0 _ Groleau and
hydrolase environments ' Yaphe, 1977
. . van der Meulen
neoagarobiase Cytophaga flevensis fishwater lakes 6.7 25 and Harder, 1976
neoagarobiose Pseudmonas atlantica marine 3.0 _ Day and Yaphe,
hydrolase environments 1975
neoagarotetraose Cytophaga flevensis fishwater lakes 7.0 25 van der Meulen

*:0-NAOS hydrolase is the a-neoagarooligosaccharide hydrolase.
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BRAWKLS B o FE A 80C kY B BRI 45C
PUE IR E AR ST T RS AR AR S
S B RO R M OKRR o A JREE A SR E R
W~ B o SRR B At MEAFAREFAELL D

agarase » #-7X F K f3 9718 2. & $ B2 4o Table 2.4 #1757 (% »2001) -

2.6 & ERF 2 $#& i (Anaerobic bioconversion of seaweed)

B B RS R EE R SRR R R
S ARk A S TR RS EICET R A R R Ra w0

A5 >~

FERA At ks fRRE T E R4 oA ki

-

KER ORI T F FORETHY AR B TR

Fk

Ny

f
BLoF PREA L RRRIBRTERFLIPEMELD -5 PR
fe A 24 7 = 5 f(Henzeetal., 1997) % & 70 &£ % ¢ # 7] 80 £ i~ %ij‘ﬁ
ALY E RS A 4 i R(Chynoweth et al., 1987; Ghosh et al.,
1981) © 7% J P RRF BT o AP iR RREWOEEA B4 R K

MR P ROE PRAR A RS ] npE o 210 o oK IR o R A REE

S1 LAY ER LR Sh L 2 T A S LR S
2189 SR I L N2 de A A& T % (Figure 2.5) 0 U R T
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Table 2.4 The oligosaccharides derived from various substrates by the
degradation of microbial agarases.

Bacterium Enzyme Substances Products Reference
. Osumi et al.,
Arthrobacter sp. S-22 agarase neoagarotetraose neoagarobiose 1997
. . agarotetraose or .
Alterom.onas o-agarase agarooligosaccharides & . Potin et al., 1993
agarlyticus (GJ1B) agarotriose
agarose and . Kirimura et al.,
.E- - ) . neoagarobiose
Alteromonas sp. E-1 B-agarase neoagarooligosaccharides & 1999
Bacillus cereus neoagarohexaose,
ASK202 B-agarase agarose noeagarotetraose and  Kim et al., 1999
neoagarobiose
Cvtophaaa flevensis B-agarase agarose noeagarotetraose and  van der Meulen
ytophag & & neoagarobiose and Harder, 1975
. . van der Meulen
neoagarobiase neoagarotetraose neoagarobiose and Harder, 1976
D-galactose and 3, van der Meulen
i - -L-galact
neoagarotetraose neoagarobiase 6 anhydroe galactos yroc der, 1976
Pseudoalteromonas neoagarohexaose and
: . - Veraetal, 1
Antarctica stain N-1 B-agarase agat agarotetraose era >, 1998
. D-galactose and
Pseudmonas neoagarobiose neoagarobiase 3 6-a§h dro-L-calact Day and Yaphe,
atlantica hydrolase £ Hraniy g 1975
ose
P-neoagaotetraos ner(l)eaoiizﬁ)et;;rj:eszd neoagarobiose Groleau and
e hydrolase & g Yaphe, 1977
neoagarooctaose
B-agarase I neoagarohexaose neoagarotetraose and Morrice et al.,
& £ neoagarobiose 1983
neoagarotetraose neoagarobiose
neoagarotetraose and .
B-agarase II neoagarobiose
neoagarohexaose
Pseudmonas elongate agarase agarose neoagarotetraose and Marta et al.,
g & & neoagarobiose 1975
Pseudmonas sp. B-agarase | neoagarooctaose neoagarotetraose Malmgqyvist, 1978
neoagarotetraose neoagarobiose
[B-agarase Ib neoagarooctaose neoagarotetraose
. neoagarooligosaccharides . Aoki et al.,
. AP- - obiose
Vibrio sp. AP-2 B-agarase and neoagarotetraose fieoagar 1990a
. . Aoki et al.,
-agarase-a neoagarooligosaccharides neoagarotetraose
& garootie & 1990¢
B-agarase-b neoagarobiose
B-agarase-c neoagarotetraose
. neoagarohexaose and Araki et al.,
Vibrio sp. pO-303 agarase-a agarose neoagarotetraose 1998
avarase-b noeagarotetraose and
g neoagarobiose
ACAraSe-C neoagarooctaose and
& neoagarodecaose
Vibrio sp. strain JT B-agarase Avarose noeagarotetraose and Sugano et al.,
0107 & & neoagarobiose 1993
t
a-NAOS . . 45aropetaose, Sugano et al.,
agarooligosaccharides agarotriose, agarobise
hydrolase* 1994
and D-galactose
*:0-NAOS hydrolase is the a-neoagarooligosaccharide hydrolase.
Y g g Y 3
(% > 2001)
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Complex Organics (algae)

Hydrolytic bacteria

Y

Cirganic Acids

Hydrogen producing

acetogenic bacteria

! !

Hy ~ OOy » formate ®| Acetate

Homo acetogenic

bacteria

Methanogenic bacteria

CHy ~ CCy

Figure 2.5 Production of methane from biodegradation of complex
organic(algae) under anaerobic condition. (Vergara-Fernandez et al.,
2007)
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FI* 2 it & 4 2 dk S f25t doTable 2.5 -

2.7 2 % © ‘z(Biogas)¥tiler i #

S SR T WEF BRI G C AR % Fail il B R T
4 Iz L ?;rzj\g MR EL G B2 ?;rs—r% ALY UEERL A N
(Yang et al., 2004; Leschine, 1995) ¥ = 2 = & 5 4= F 48" j2 s ¥
P 2T RIKEIPF BR2ATEFIEEHI - LT =it d
FwAIFE b v iy Aok Bk RIE S E S RE 2 A4S
BERARBEREFEY w2 )R E AL RS Maetal, 20006;

Jiahg et al., 2005; Shlimon et al., 2004; Lia et al., 2002; Joulian et al.,

2000; VaAradyovaA et al., 2000; i » 2006; ¥ » 2006; F > 2006; +k

|
-
3
e
~=h
N
o
g
H\
e
—Fe‘l%
D
W
|
fp—g
b
aF
Y

2004)% € 7 i F A
v ciF Ry » VSR F 2 LRRIL N E RS Y it
e d BB TG R R E S WA Y T RE 2§ kD
Pog > FIr w i f RN F R R - RS

R 242 %4 i R(Murphy and McCarthy, 2005 ; 5& > 2000) °
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Table 2.5 Reaction and standard changes in free energies for

methanogenesis

Reaction

A G°(KJ/mol CHy)

4 CO + 2H,0 = CH4+ 3CO,

4 H, + CO, > CH4+ 2H,0

4 Formate - CH4 + 3CO, + 2H,0

2 Ethanol + CO, = CH4 + 2 Acetate

Methanol + H, 2 CH4 + H,O

4 Methanol = 3CH4 + CO; + 2H,0

4 Methylamine +2H,O = 3CH, + CO, + 4NH*
Trimethylamine + 6H,0 = 9CH, + 3CO, + 4NH*"
2 Dimethylsulfide + 2H,O = 3CH4 + CO; + H,S

2 Dimethylamine + 2H,0 = 3CH, + CO, + 2NH*"
4 2-Propanol + CO, =2 + 4 Acetone + 2H,0
Acetate > CHy + CO,

29

=211
-135.6
-130.1
-116.3
-112.5
-104.9
-75.0
-74.3
-73.8
-73.2
-36.5
-31.0

(Kt » 2006)



28 RIipp-%

AR AL S I

[.- BRRE iT* 2 4250

Organics + Combined oxygen —
New cells + energy + CH4 + CO2 + other end products

[eka it &4 2 » (%

Carbohydrates — simple sugars — alcohols or aldehydes — Organic acids

-n\j.

S AL AP TR TR By
%i$ﬁﬂ?ﬁi$ﬁ%éiﬁ?%ﬁ§%?’i*g%l:i“
BloPld AFERASFHIAER B2 KR pHEFRF L 6.7-74 -
BIRF RIEEARY A2 D F XS AT RF FRAS AR
R AL T s - e i kY X om R
B e F CAAETAT LD PRI BT ERIEF LS

(% > 2006) °

29 RF 4RI EETS

WAL R gaE st BRREGE AP LR DRET]

T R R IRET o mEA fRA D A T R 4 7 ¢ FIIRE F
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B2 mi® o EBFF e pF AR 3 EACBA pHE -

ﬁ,FLpér]_g.;;_ ’ u“rjj;ﬁg %&ﬂ%%ﬁ:g;&pg °

29.1 ERE
APEFADFS TEL IR L ELERT R TN R
PR ORAERERBMASF AL DI FTREML AT ERSE

FA0Co fEE 2 R R F TR Ae— B (% 0 2007) 2 F

R R GRS H RO FHFEa 4 R i 2 B ER
FMABERE M I RZERERBLLAFHAT O L&

FoBBERERMALHMP R IR FORLRE D
ERAMEE - MR R MRS TR A
P 2Rk Rk A RN RPA P S R 2
BT oo figd 47 ik H Bif 4 &R & (optimal temperature) §= F F 4

%’ #(Psychrophiles, <20 °C) ~ ? i #(Mesophiles, 20-45 °C)
24 V%’ #4 #)(Thermophiles, >45 °C)( Haki and Rakshit, 2003; Itoh,

2003; Niehaus et al., 1999; Lim, 1998) -
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ZEM O B ERER N ENERwPER R 22 ABE s e
HgF EFRRA IR PPt F L2 R EEM AT
®FRES = ot eh s pom ¢ A agarase SPERR § 5 A FE L wE
Fl F —%‘;1; 7 4vif £ (7 NaCl # 14 3 4v agarase /% 1. (Ha et

al., 1997; Morrice et al., 1983) » & @ L8 FHREA e 2 4 f2

AFAERBZGRE ¢ P2 2 E 2 P e P
BRI E A RS R R R - LpH BRI O £
e xEM FRAERYT F LA R A P Fp
%P F A pH E & B ¥ 4 % 5 1% F (Acidophiles, pH
1-5.5) ~ ¥ 1 F(Neutrophiles, pH 5.5-8) 2 % & | [(Alkalophiles,

pH 8.5-11.5) (Mosuer et al., 2005; Hu et al., 2004; Lim, 1998) -

293 #EI

M EER F % B4 (yeast extract)$ K F-v T (peptone) & i 4
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TS RS MR 2 RSP W T R R
r1eh 2 & KR o ded ¢ dhamino acids ¥ OIF G et 4 KT E
Ty oEEp A N2 KR WA F 4 £ o yeast extract % d
amino acids > peptides » vitamins > ¢ #& pyruvic * glyceric acid %
BB BRI S KB 4 S peptone RIEZ F AF
fe el it 2 4 o yeast extract ¥2 peptone ¥ Mk A o ie
ﬁﬂﬁ%m54£1%%§ﬁ-Nﬂ&’ﬁgﬁﬁwﬁﬂﬁﬁﬁ%i
o MGERFH AT FE A $ 2 2 2 F(Arasaratnam et al.,

1996) -

294 FIRAELE

d oW A ST IR 0 fied S 1A 2 oh agarase £F RARE E
1> @ ¥ agarase ¥ ESF LG E - 2 RO RS € i8R R
k& 4 7 e e agarase (Vera et al., 1998; Sugano et al., 1993) - F]*
AFTMAR e SHE Y XS A BT 2 RS
YRR A FEREFR LR T 2 R RS

KRE* LRI AERTTERRBRENS LR FEERE

&
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P oA

31 R AR

ALY F FERF KLY > 5 3§ (enrichment) > N3 %

%‘:”sﬂ}

DEFEfEAES AL VR F MR RUAE P HiE
REFHEAGL L FLE2ER pH Y BIER ~ i F1F (co-factor)
A R S RS S TR TR VRO o i s a5

ML M T o XAFT 20 F Bk A2Bl 4 Figure 3.1 #751 ©

3.2 FfE kiR

AEFTATR Y ZREMAPFRAKRD S RAB ERE BT

I

(Figure 3.2 & Figure 3.3)2 AL fic2 # o 8 F %8 2305 7 JL % 50K
SEHIE T RS 5 300 F 20 o AR AR T ok R

TG WAk B o PR TRET MEA S FEDRR D B
FRFP 2 ZIEENVE CBRESARLEIRORLER TN
EAEZEFR ANRBY AT AR CEVROKREL P o T

BETT B ERE Y DT R LB E R ORELS B IR
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l & 4738 P

Cell growth ~ seaweed
degradation ~ CH, production ~ sugar

Figure 3.1 Flow chart of the experiment in this study.
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Figure 3.2  Aecrial photopictures of Kaomei wetland area at
Taichung county
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Figure 3.3 Photopicture of Kaomei wetland sampling site at
Taichung county
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WAk o F A R G 0 20863 2 F 5 e e+t 2007
£7 3PP B EFE R Y 2252 KK B T
2oRAF G T 30 A L APARL 0 BAE L 0 mg/L kiE
24°C » NERS T E RGN MRS P AE o 4
VR SR S SN R R RLE 2 1000 ml PEFR $RITHEHR SR &
{$ » ¥ ## (inoculation) T 7t 0.4 %ok T“AAZREF BAAPN 0 I
¥ (Gracilaria) i 5 A F E 3t 37 CEEB £ B 5B %

(enrichment) °

3.3.1 Hungate ",fj? &
AF Y ¢ R FFE % 2 2 %% Hungate (Hungate, 1969)¢7>

Uk {TE & o 2 jE 4] * Hungate gas station(Figure 3.4) » 12 4c 44

FABE R B BIE o 17 A3 E Q250270 °O)T § F &4

e

3

Rl IR AR (CORET T UL L

EF KA o IR A f 2w 0 F A2 250°CenF g T~ &

=Ry

vLRRF A RILTA Y ke S E R 25 B8 o
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Figure 3.4 Configuration of Hungate gas station.



4 iﬂ?,m?}%'w-ﬁﬁ%—“r"ﬁ /"Eﬁ('& 5[« /ﬂgéﬁ)‘a‘)‘é‘?ﬂéﬁ"ﬂ v gt

PEF MR T ehE TR G F b EPEF 2 FH -

332 RF®EiTL

AL R DRE FHERB A NGRY PaEars g ks
¢k R * JRE 4% iF 5 (Anaerobic chamber, COY Laboratory Proucts
Inc., Michigan, USA)it 7 FHEE A 2 s £ A A A3 X FiTfa

Fira

=

S F CRZ § o 20R & F H(H/COyN, : 5/30/65)2
BT A AR E M B TE 2 4 R0 T0 %EH R 1 gk F R
BT d o roki®op > FFSPARTEGF A S F 408 2 LK

EFOoOFPEIEECFEITONZF FEREFY 23 F IEF A5

Ko RER TS SRR -

333 RIBEA

AFTF ATi@ * GURF $ & Fi(anaerobic medium, Huang et al.,
1998)35 & R § & AR A T ARl R AL F(OL):

(NH4)C1- 1.00 g5 Trace element solution > 1.00 ml ; Resazurin > 0.0005
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g ; L-Cysteine > 0.50 g ; NaHCO; » 3.80 g ; Na,S - 9H,0 > 0.25 g -
# ¢ Trace element solution= 4 4= (L") : concentrated HCI > 1.00
ml ; NiCl, > 0.05 g ; H;BO5 > 0.05 g ; FeCl, - 4H,0 » 2.00 g ; CuCl, >
0.03 g; ZnCl, > 0.05 g 5 Na,MoQO, - 2H,0 > 0.05 g ; MnCl, » 0.05 g ;
CoCl, - 6H,O > 0.05 g ; AICIl; » 0.05 g ; Na,SeO; - SH,O > 0.10 g ©
AFE g e r s R A WAk T Ao T 1 AR RSP
B~ 3Dk E 23R T 0 TOANESREL T R gL 0 e~ aE
"f L-Cysteine ~ NaHCO; ~ Vitamin solutionfrNa,S - 9H,O ¢+ 2 & 33
BRSSO DR 4er 100ml 03Dk s Ao g AR A EESF T
Am T hiarvke R PFEL > G FHFFUE F EHRT SR
Bz #8218 &F3RR%3T 60 °Cz+ & A 4 » L-Cysteine
NaHCO;:R & 323 14 32 12 CO,/Ny(20% : 80%)2 iR & # %8 % 3 ¥ 78
ZRZFHEINRAASRI ZE ¥ Un-butyl P E By o 3

A e RSB A TR R R AL 2] °C~1.1

~
@
(@)
=
-
3
O
>
&
VEL

EERE TR R ALER  RURINA
Pl AL fRB~#7 % chs € § B~ Huangate tube s k¥ w 77717 » F %
% CONY20% © 80%)2 i & F R B 3B 2 2 7 4 > £ 1)
nbuty BB 8¢ S EEE S Y AR E A WHRT R

FOE B RAES(121°C L1 Kglem® » & F] 15 4 4)i 78 >
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AR B EE o d A S

§ 3 kRO G o FP AR LR AP R IR A

P2t N Ei N I RS g kR R A

334 F¥EFRA

B-F A 4 RE B & A {-EF AUk Huangate tube® »

RREFEL? >R FIF ¢ BEG B R A2 FIRAERE MR

2_Huangate tube4= ¥ > L **medium® 4r » Na,S ~ peptone > & H &

BERAE G 025gL04g/L> 7~ 10 %FRR £33 18 #
medium4 %3 %3

# 1 %75 Uk 2 Huangate tube » £ i * 5= fF<fn-butyl

B ? 200% % B4 B e BB B »37°Crr % 8¢ AR %o

34 MY EHRE

j\ﬁﬁ;&*%’;_ﬁ_ ER‘E']%’,&- » B — ﬁ%%%ﬁf’%#ga g

fs o a“%"gﬁ’* 4ml ﬁfé 1A f"‘,}%]"*—i’_
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EAEVEFAE O P EE - EFRNE L~ RIE R
Bov AR EZREARBAE S N AT R Y 2
FURBE S FIRP T4 ) EF B REARY B R T S MEE
BEMIKLE R RBRPET? BT EAL O FEY A kL
A 3+ (SPECTRONIC 20D+ Thermo Scientific, USA)iR| & ik § & ™

AT RAFELAL o A MR 600nm F R R FIRLZER o

342 "z &g a4

Ay P A 4147 %% Sowers and Schreier# 4y it e Vg
2B o =2 F 48 K 7 R (Gas Chromatography, GC; GC-14B,
SHIMADZU, Japan)- & * 4| 5. 5 DB-WAX(30 mx0.319 mmx0.5 pm)
L EdL o UBHRG FTL UG M A~ 47 0% 5 Injector
temperature 200 °C ~ detector temperature 250 °C ~ column temperature

40°C » i * L i3s3 8 | ik (flame ionization detector, FID) § jp| @

R oY R AR B 100 Hlﬁo@ﬁ*mﬂ e =k & (10, 20,
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Tk TR R A T Y F %R ehf RS54 B 100
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AT A G F T AN IR T FRT R A T
¥ B fr(moles of CHy, 190 u)=peak area of samplexCF o 5378 7 & 2 3,
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Accumulated methane volume
Methane transform rate =

Seaweed consumption (3-135%)

(Sowers and Schreier, 1995)

343 AEEEAH

BERY A REFART AT RIEFIAB A N BB
WA FRELEREFRLBERR ST RBTOE 2K RBER
B2 %5 FRE A RS 2 -103°C~105°C 3z % (NIEA W210.57A) ¢ 2
TOE FIRMAR RIS E o #R E L 105 ClEsc T ARE (52 1.2 pmat e

AR L BEF AR R 105 CCEATY 1 ] FF - 44 s

FERBEFEEZ LA A2 EELF A 50 mgFERIP
T EZ 4% R EZ R R R g KR T FE

FFeE -

344 BEA e

R T N fe -Fai e % (Phenol-sulfuric Acid) Dubois et al., 1956)
Bl EAR AT AR R o LR FB 002 13000 rppm #es 10 4 453
SRFFME e PR YA B ImL A R R

AR ¢ Aul4er 0.5mL5 % 2 2.5 mL kFRAE(98%) 0 @ 2 1

45



mL ﬁ?éﬁ?kﬁ’»f*%r‘%i\?ﬁr%j& xR FR RS ARk
Btk E 488 nm R H ek E o ek B4 M 0 F M L B

Wirefg 2 RNALE ZHE -

345 BREEAS T

BRABERPITLE ST E VB 2 DNSZ(Z X > 2006)
* Dinitrosalicylic acid (DNS, 3, 5-= & gL K )23 » L 8 T 2 #
"f B Miller = #73 £ 2.2 j ¢ 2_fiz 2 Sodium sulfite (Miller, 1959) -
P 73 EA (CHO) sgsp s 5 B R4 oae #-3,5-2 &
Rkl R 3-% A-5-A Akt - DNS;2 4 & ifa{ﬂ * DNS
WY 3, S-C A A RYREBRBELEFR LI F K I T
B RM S B E o DNSE & £ 4 47 (100 mL") : 3,
5-Dinitrosakicylic acid » 1.0 g ; K-Na-tartarate-4H,0 (/F)% & 47 3) -
30 g; NaOH » 1.6 g o fie & DNSz# 4| £ #4-NaOH ~ JF)% fie 47 31 53
faxt-k @ > f #=B~ 3, 5- Dinitrosakicylic acid & H 3 f&»-k ? (811 F
g k2 83 100mL - & * 50 %3330 4°C o

£ 0.5 mL GaEs g F ) R ¢ 0 4o~ 0.5 mLDNS
EH| S 0 BANACKY F (KA £2)10 A4l o Wi B Lk

oA Er s o b B R s 8 % & sk k R 3 (spectrophotometer;
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SHIMADZU, UVmini-1240)7 540 nm 4 & ip] %5 foi % dci@ » &

wEE W S AR B RABE o ) R AL R Y L AT S

B A RIS ER S TR A REE YL pAH A
A FPLET LA R RBLRES

346 RAR= A AT

ﬂ‘ﬁﬂi’“/’fﬂ’* PG AR AR R £
F1%* ;& 4p & #7 & (Liquid Chromatography; CTO-10A, SHIMADZU,
Japan )i 4 %] %5 % ICSep ICE-COREGEL 87H3 (300 mmx7.8 mm)
g g4l 35 °C o w5 0.008 N H,S0, > onig & 0.6
mL/min » & * 37845 i ] B (Refractive Index Detector; RID-10A,

SHIMADZU, Japan)i 7 A 47 %142 % BT840 14 5k -
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5 4~25-55°C2 R NS Ca-Rlg  ~8Bi-BAfgfizv

AP BE DT RLEF I - et Fooo@ AFE T AR Y D
MEFFERR S HKE BRI BB e B T2 RIE 0 BRAF Y
BFHRFPFATRZBREAITE 0% By L mpd &5
JRRREIN AT TR Y DREALTE ZPETFSF o TR -
BRFH - AFHEAV AT L EBRPRFERLZ 0005123~

490 5% AuBE - B AfEETY 25 Rl B -

PEpEE o E A b4 R eE o @
<3R4l A & P‘%’ ® 4+ (Neutrophiles): ¥ & o 47{6 ¥ T 2.0 &

AHEY §F 7 A AEE A ST Rl SFAY BRET
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iR L o R ARG BREAEE L2 pHER > I B
BARAY RAT5 7 e FINaHCO; e & sr A2 dopHiE » 247 3 1Y
NaHCO;:& 1733 Az o2 pHE » 2 d 3033 £ A2 B F MY 2 3
CO, > % 4p® 2 HCOy'¥2 § 4p @ CO, {7 & pAL S bk S0 » Tt & *
NaHCOs*f 7 73 fE Az e 2 pHiE > (B ¥ 27 2 3 ek Sort g £ 64
¢ 2 pHiE o % - P3EpHEA BB & - L AEHT 0 2 3 i

? 5@ oo

354 2 EHFS

f¥# 7% B4 (yeast extract) ¥2-Kf%3F-v F (peptone) H_A
ﬁ%%ﬁi§ﬁ¥ﬂ4ﬁ%ﬁ’?ﬁ%ﬁﬁ%%%%’ﬁ@%i
Pnd £ B3P AFEREF AT N oo LPIRRE S A
3 & R 2 4 B8 F]S o FIpt 2 w0 e yeast extract £ peptone
R 75 *r yeast extract e 75 *r peptone ~ £ 75 *v yeast extract Ly 7

v peptone £ 5 ; 9]14\: yeast extract # peptone > = fd e & B (T3t o

M yeast extract ¥ peptone ,;‘]‘ hgBL lgle bR E- BAER

FoiawfifEz FA&E o
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4.1 FH FEf2R & HEH F (Enrichment)

AT S0P BE RRM RAAETLA RS R AER
Hoo HREE AL MAREFELMRORT B AP B 37°CT H
BHRARGFF A GRAERT CBRAPNZWRENE X PR
FAREIP ZRRPER A AR ALY L REL MR A
# o g (Figure 4.1) » FINFERVIR & FEY 57 4 B4 R A2 B

T BRI R

Figure 4.1 Degradation of seaweed by enriched anaerobic mixed
bacterial culture after 8 days. 1 g/L Gracilaria fragments was used as
sole carbon source in medium. The culture was incubated at 37°C.
(A) Uninoculated culture (B) Inoculated culture.
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411 & EE ARl

R T fRUAT G R R 2 G4 T i 4 02%
% (4 Zpeptone 0.04 g /L>*pHE 7.2 2 mediumiz % M F 1
HOoJFFRELREORR YRR 37CTRE > RAFRE
2ARERPIR B ADE > 2 ATEL AP FIRE L
T E ©

Figure 42 5 9 X F % BAZY B2 AP SHGE2ITHEF 7

UPHBREIG P AL A AT BRHEFIFR L ¥

AT G TRET R BRI AP IR F LA NS T8 ATRF
w20 ZoP B SHlgtic e R g TR Ig AL o A RIEFZ
FAY LR EFRRFERG L0k o d f1eE F LR A 17 (Figure

43w AP AEGR AR R RELEE - A8 E

Z e # o
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Blank (Uninoculated culture)

-

0 day 1 day 2 day 3 day 4 day

5 day 6 day 7 day 8 day 9 day

5 day - 6 day | 7 day 8 day 9 day

Figure 4.2 Biodegradation of seaweed Gracilaria in medium by
anaerobic mixed microorganisms. 1 g/L of Gracilaria were used as
sole carbon source and remaining seaweed in medium was filtered and
dried at 105°C fill constant weight. Upper part of this figure showed
the non-degraded seaweed in the uninoculated culture while lower part

showed degraded seaweed in the inoculated culture after 9 days.
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Remaining of seaweed (g/L)

0O 2 4 6 8 10 12 14 16
Time (Day)

Figure 4.3 Dry weight lose of seaweed (in 1 g/L) during anaerobic
biodegradation of Gracilaria. Symbols: W, inoculated culture; @,
uninoculated blank. The pH value of medium is 7.2, sodium chloride
is 0.2% and incubated at 37°C. (n=2)
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4102 im4 dpa
¥ R By a8 HE AP S 7 =2 - F i s (Henze et
al., 1997)> B¢ cn? v (F L% kR ¥ d 4 RS A4 e
P # H(Biogas)= &~ X R F HW > $0 3o » { 22
% 3 41(Schink, 1997; Bhatia, 1990) - Figure 4.4 A % §|* GC-FID
AP R Bl HFTRERF S 1.00min; A 758 % 2
FrRESRETRELF4p? ~F - AP HFTETEY L
B 52 Bl 4p 4 (Figure 44 B) > &7 #F LA 7 AE 7 " 230
FrAL TR F I FAREATREBIE L AFL T RAY o
R EAFPTRAFEA ST R0 o ik 02%F L
peptone 0.04 g /L>*pH% 7.2 2 mediumiz % »* #7 7 FF > I * 4%
BELARATEBADRR N ERITCTRE  NBAPT
"1 GC-FID:E 7  4p A 47 2. &~ 45 o Figure 4.5 &1 M A e 82 7 v
wblank) b £ F R %A S B H A WHRFL BBy
B A A 3 2 F 5% (inoculated culture) i 4535 & PR
HAv o "5 AL 22 Mg (Figure 45) %31 % 16 2 3.4

% 1217.5849.67 mmole CH, » # *= 3, % # 2 & 5 30.95:049 L >

FEWRFEBLAATH AL AEEBIERERE LT %
Z g i F % 50.15£0.03 L CHy/g seaweed > d ¢ ¥ v fad § %%
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Figure 44 Gas Chromatograph of methane standard gas (A) and
headspace gas of Gracilaria degradation mixed culture (B).

Injection
volume of sample was 100 pl.
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Figure 4.5 Methane production from fermentation of seaweed
Gracilaria. (A) Accumulated methane concentration, (B) accumulated
volume of methane produced in cultural headspace. Symbols: W,
inoculated culture; ¢, uninoculated blank. The pH value of medium is
7.2, sodium chloride is 0.2% and incubated at 37°C. (n=2)
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42 #FHEEfEeEcbgEe
TR L FEREL RER FHhFF e FB A -BERE pH
B2 e R FF R AR LR R RS T R A e R
PR EERET o AR RS T Rd A R
Fl* e Pz v ERFITLAMBERERGF BIER2 &5

2 —o et 3 REF B B B B A RS T

Tt R4 RSPt £ H) (Log Phase)z v 3k & 5 i BB 4-1

N E(EE D 1995) fB A A A EER TN A B 0 s

#-de B 7 iE Pichy (TR EER G LiEE

dx dx
LS VN, S
A

A > Td%zyjdt

X0 0
InX —InXg= (.t
InX =y t+1InX, (4-1)

u : specific growth rate

t : incubation time
X and Xq : represent cell concentrations at time t and tg

#-log phase 2 ¥k BB~ p fR ¥ B pF I (D) AR 0 B~ BL A AR R

AN

, s =2 _\ N Y P N %
SRS RN TS A E i () -



BAEADEREHEFAF AL I RPEERAF AR A D
AXg o aAFApEFAREEEA L ER A AR A D
BREAD EEETE o E AN REREEREH ARG

U R A K S S R B R R T L
i Bl5 engied o e AR S L g/Lends fp 0T SRR MR A &

i 4 P peptone » FH kR A B 5 0.2%% 0.04 g/L2 % A (pH 7.2)

RAI55 10mls ¥ €45 > &4-25-30~35-40-45+50
S5°CemB R T34 7T X > RREARRBEERAHEAELEL B EY
fRer? g A2 L

BATTEE RIS BRI Rl E A A Y Fle
B EE(Figure 46A) - 343 % 72 > AfEfachz o Bp 2 75

FAGRRE - m A2 ke O BFRNALCBRAF FHEFLD

RFPEAREROE B ALF T X7 090£0.03 g/Lz § ¥

¥

FoRHERZAY DFEF 25k 0 L 25°CB AR F 2

S
=i

“1

BN AR T AR RIS

\f“b

ETINS

0.56+0.03 g/L -
FREARGETS 3 AR RE I8 T 2 ERBRL

SRk o @ 1 30°C ~ 35°C ~ 40°C ~ 45°C ~ 50°C¥2 55°C#: % % > R

-~
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RABEFY 0 11 30°CH 35°CH & B 3 % B AL E F L FR S AR
R HAE4 0 2318 63 AT E A 0324003 gL o @ 1
40°Ce2 45°Crs % PF > B R385 % S A v £ 4 BB TIvk S 4%
(3 BRI HR e § S00CE SSCR F M I RE SR T
2 AR% o e je TR F R BEET &P AR FTEEDET
BALIS TARRFLIBRE AL MBRI A FLE - 3 F
BB TR EEfR2 3 4 W AL B (Figure 4.6 B) o 32 % 2+ 30 &2
35°CHE » 4 it chd ST R 0 A w5 0.1420.01 22 0.1340.01 g
Gracilaria - L™ - day™ o

Hj# 4 £ #7511 ODgoonm 7 (Figure 4.7 A) » £ 30°C22 35°C
$PF> 4 RF 2 £ R 0 513 & 0D A B3 0.408£0.019 £
0.407+0.012> @ 3 % 3t 4°C~20°C# 55°C3 & 24 £ £ > ODgoonm
> W) 5 0.293+0.007 ~ 0.320+£0.009 £ 0.303+0.010 - “érf 4°Cengt % 7
WA EFDH R R RT ’iﬁmﬂﬁﬁbﬁw"f & 25°Ce7 40°C
ToRAIF2AWEESALIEFE A 42302354550 &
55°CT » 3421 % 3 AFvdbh 2 L FE « BREFHEL
£ #P (log growth phase)z. ODgpo3t & +* 2 £ :# ¥ ¥ #Figure 4.7 B »
B3 B Fvars & 35°CHRARAR T Rgat 4 L@k

0.46+0.11 day” > # =t % 33 % 2% 25~ 30 &2 40°CPF > h i1t 2 £ g
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& % 0.19£0.01 day' > @ 32 %+ 44550 &2 55°CpF2 1t 4 £ ig &
B0 BB 8 0.1120.03 day ' o d 3T oo $ 0 FE G 35°CHE

HER
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B iE et
BH AT A X ERF A 4oFigure 4.8 APrT o 5
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Ik

CREEIRT

¥

122530352 40°CREPF > FRF LT Rd S
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Ja
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Remain of seaweed amount (g/L)
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Figure 4.6 Gracilaria degradation (A) and gracilaria degradation rate
(B) of mix cultures at different temperatures: 4°C (o), 25°C (m), 30°C
(A), 35°C (x), 40°C (©), 45°C (O), 50°C (A), 55°C (©). Cultivation
was conducted in 10 mL of liquid medium with 1 g/L of Gracilaria.
The tests were run duplicate at each temperature.
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Figure 4.7 Growth (A) and Specific growth rate (B) of mix cultures at
different temperatures: 4°C (@), 25°C (), 30°C (a), 35°C (x), 40°C (©),
45°C (), 50°C (1), 55°C (0). Cultivation was conducted in 10 mL of
liquid medium with 1 g/L of Gracilaria. The tests were run duplicate
at each temperature.
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Figure 4.8 Methane production (A), methane produce rate (bar) and
methane transform yield (broken-line)(B) from Gracilaria-degradation
by mix cultures at different temperatures: 4°C (@), 25°C (m), 30°C (a),
35°C (x), 40°C (<), 45°C (), 50°C (»), 55°C (©). Cultivation was
conducted in 10 mL of liquid medium with 1 g/L of Gracilaria. The

tests were run duplicate at each temperature.
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Figure 4.9 Total sugar production (A) and reducing sugar production
(B) from biodegradation of Gracilaria by mix cultures at different
temperatures: 4°C (o), 25°C (), 30°C (a), 35°C (x), 40°C (¢), 45°C
(1), 50°C (1), 55°C (0). Cultivation was conducted in 10 mL of liquid
medium with 1 g/L of Gracilaria. The tests were run duplicate at each
temperature.
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0.2240.02 2 0.3140.02 go @ 32 % >+ 2-6%nB LB T2 TR ¥ T &
PR R, R ENERAY DR REZAGKk > B4
Y 20%is FE Z B S o B E R 2% T doFigure 4.10 B>
B A 08 1% B LR T FH$ 0.11+0.01 g Gracilaria- L™ -
day'er' f2i X 5 BB oA 2 & 3%WER T2 iR 5 H
=% > ¥% 0.04+0.01 g Gracilaria - L - day™ o 32 %% 3.5 4 &2 5%
WL R PE > A RS A2 KKk R F 0.0120.01 g Gracilarig - L -
day’ o @ 32 %3 6% Bk B PEE A RS A 4 o
FIF 2 £ ) (Figure 411 A) > 7 4 LML 33 %57 6% Bk R PF R
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Figure 4.10 Gracilaria degradation (A) and seaweed degradation rate
(B)of mix culture with different sodium chloride concentration: 0.0 %
(), 1.0 % (m), 2.0 % (A), 3.0 % (X), 3.5 % (<), 4.0 % (1), 5.0 % (1),
6.0 % (0). Cultivation was conducted in 10 mL of liquid medium with
1 g/L of Gracilaria at 35°C. The tests were run duplicate at each

sodium chloride concentration.
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Figure 4.11 Growth (A) and specific growth rate (B) of mix cultures
with different sodium chloride concentration: 0.0 % (e), 1.0 % (m), 2.0
% (A), 3.0 % (x), 3.5 % (), 4.0 % (O), 5.0 % (»), 6.0 % (O).
Cultivation was conducted in 10 mL of liquid medium with 1 g/LL of
Gracilaria at 35°C. The tests were run duplicate at each sodium

chloride concentration.
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Figure 4.12 Methane production (A), methane produce rate (bar) and
methane transform yield (broken-line)(B) from Gracilaria by mix
cultures with different sodium chloride concentration: 0.0 % (@), 1.0 %
(m), 2.0 % (4), 3.0 % (x), 3.5 % (), 4.0 % (), 5.0 % (1), 6.0 % (O).
Cultivation was conducted in 10 mL of liquid medium with 1 g/L of
Gracilaria at 35°C. The tests were run duplicate at each sodium

chloride concentration.
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6.4 6.7 7.1 7.4 7.9 8.3
Initial pH value

Figure 4.13 pH changes at initial stage and end of cultivation of mixed
culture with different initial pH’s. Black bar, initial pH; white bar, pH
value after cultivation. Cultivation was conducted in 10 mL of liquid
medium with 1 g/L of Gracilaria at 35°C. (n=2)
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Figure 4.14 Gracilaria degradation (A) and seaweed degradation rate
(B) of mix culture at different pH value: 6.4 (#), 6.7 (W), 7.1 (A), 7.4
(©), 7.9 (), 8.3 (A). Cultivation was conducted in 10 mL of liquid
medium with 1 g/L of Gracilaria at 35°C. The tests were run duplicate
at each pH value.
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Figure 4.15 Growth (A) and specific growth rate (B) of the mix
culture at different pH values: 6.4 (¢), 6.7 (W), 7.1 (A), 7.4 (), 7.9 (D),
8.3 (»). Cultivation was conducted in 10 mL of liquid medium with 1
g/L of Gracilaria at 35°C. The tests were run duplicate at each pH

value.
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Figure 4.16 Methane production(A), methane produce rate (bar) and
methane transform yield (broken-line)(B) from Gracilaria by mix
culture at different pH value: 6.4 (#), 6.7 (W), 7.1 (a), 7.4 (), 7.9 (0),
8.3 (n). Cultivation was conducted in 10 mL of liquid medium with 1
g/L of Gracilaria at 35°C. The tests were run duplicate at each pH

value.
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Seaweed degradation rate
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Figure 4.17 Gracilaria degradation of mix cultures with or without
addition of growth factor: without yeast extract(Y.E.) and peptone (@),
with Y.E. and without peptone (<>), without Y.E. and with peptone (A),
with Y.E and peptone (»). Cultivation was conducted in 10 mL of
liquid medium with 1 g/L of Gracilaria at 35°C. The tests were run
duplicate at each growth factor.
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Figure 4.18 Growth of mix cultures with or without addition of growth
factor: without yeast extract(Y.E.) and peptone (¢), with Y.E. and
without peptone (<), without Y.E. and with peptone (a), with Y.E and
peptone (A). Cultivation was conducted in 10 mL of liquid medium
with 1 g/L of Gracilaria at 35°C. The tests were run duplicate at each

growth factor.

90



>

800

600

400

Accumulated methane
concentration (mmole)

[\®}
(e}
(e

0
0 1 2 3 4 5 6 7
Time (day)
B 130 35
1607 j 730'-0
() = —1'_‘/-\
g 1o GEEEE
g9 120 | T g ©
= .3 S 3
3 T100 f 1292 3
2280 | 115 &7
§§60, - S o
%v - 710§O
= 40 | é)tl
15
20 |
0 0

without with YE. without with YE.

YE. and and YE. and and

peptone  without with peptone
peptone peptone

Figure 4.19 Methane production(A), methane produce rate (bar) and
methane transform yield (broken-line)(B) from Gracilaria by mix
culture with or without addition of growth factor: without yeast
extract(Y.E.) and peptone (), with Y.E. and without peptone (<),
without Y.E. and with peptone (A), with Y.E and peptone (A).
Cultivation was conducted in 10 mL of liquid medium with 1 g/L of
Gracilaria at 35°C. (n=2)

91



120

100
S 80
)
S 60 |
=
=
£ 40 |
F
20 |
0

0 1 2 3 4 5 6 7
Time (day)

Figure 4.20 Total sugar production from Gracilaria by mix culture
with or without addition of growth factor: without yeast extract(Y.E.)
and peptone (), with Y.E. and without peptone (<), without Y.E. and
with peptone (A), with Y.E and peptone (A). Cultivation was
conducted in 10 mL of liquid medium with 1 g/L of Gracilaria at 35°C.
The tests were run duplicate at each growth factor.
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Figure 4.21 Gracilaria degradation of mix culture with different
concentration of seaweed: at 0.5 g/L (W), at 1 g/L (a), at 2 g/L (x), at 3
g/L (¢), at 4 g/L (1), at 5 g/L (»). Cultivation was conducted in 10
mL of liquid medium at 35°C. The tests were run duplicate at each

concentration.

96



1.8
1.6 |
1.4
1.2
1.0
0.8
0.6
0.4
0.2

ODsoo

0.0
0 1 2 3 4 5 6 7
Time (day)

:

,_|_,
,_|_,
=

[\
T

Specific growth rate (day'l)

—
1

0.5 1 2 3 4 5
Substrate concentration (g/L)

Figure 4.22 Microbial growth of mixed culture with different seaweed
concentration: at 0.5 g/L (M), at 1 g/L (A), at 2 g/L (x), at 3 g/L (), at 4
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Figure 4.25 Biodegradation of different seaweed (Gracilaria and
Sargassum) by mixed culture.  Symbols: Gracilaria (e ) and
Sargassum (7). Cultivation was conducted in 10 mL of liquid medium
with 4 g/L of seaweed at 35°C. The tests were run duplicate at each

seaweed.
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Figure 4.26  Microbial growth of mixed culture with different
scaweed: Gracilaria (@), Sargassum (1) and no seaweed (A).
Cultivation was conducted in 10 mL of liquid medium with 4 g/L of
seaweed at 35°C. The tests were run duplicate at each seaweed.
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Figure 4.27 Methane production(A) and methane produce rate (B)
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Sargassum (7J) and no seaweed (A). Cultivation was conducted in 10
mL of liquid medium with 4 g/L of seaweed at 35°C. The tests were
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Figure 4.28 Production of reducing sugar from biodegradation of
different seaweeds by mixed culture: Gracilaria () , Sargassum ()
and no seaweed (A). Cultivation was conducted in 10 mL of liquid
medium with 4 g/L of seaweed at 35°C. The tests were run duplicate at
each seaweed.
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Figure 4.30 Biodegradation of seaweed (A) and production of acetate
(B) from anaerobic biodegradation of Gracilaria by mixed culture.
Cultivation was conducted in 10 mL of liquid medium with 4 g/L of
seaweed at 35°C. (n=2)
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Figure 4.31 Biogas production yield(¢#) and methane production
yield(¢) from anaerobic biodegradation of Gracilaria by mixed culture.
Cultivation was conducted in 10 mL of liquid medium with 4 g/L of
seaweed at 35°C. (n=2)
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Table 4.1 Methane yield rate with different sources of microorganism.

Inoculate Temp. Methane yield rate Reference
(°C) P (L CHy4 - g seaweed™ - day™)
Vergara-Ferna
COW manure 37 7.0 0.11+0.00
ndez. (2008)
anaerobic )
20-25 6.5 0.01 King (1985)
sewage sludge
wetland )
35 7.1 0.09+0.01 This study

sediment
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