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Effect of physico-chemical treatment on bio-
methane production from marine alginate

Seong Chan Lee

Department of Chemical Engineering in Pukyong National University

Abstract

Marine macroalgae are receiving increasing attention as attractive renewable
resources for biofuels production with many advantages over biomass from
terrestrial biomass. Among the macroalgae; massive brown algae are primarily
composed of ‘polysaccharides such as alginate, fucoidan, mannitol, and trace
cellulose. The main polysaccharide, alginate, accounts for up to 40% dry wt. in
brown algae as a principal material of the cell wall [1, 2]. A high yield of organic
acids can be theoretically available by simple decomposition of alginate and
maintaining its ‘carboxyl group structures [3, 4].. However fermentative
production of organic acids and biomethane from alginate are still challenge due
to its low solubility in water. TFherefore, ‘the objective of this research was to
evaluate the effect of various pretreatments (i.e., hydrothermal, alkali and acid)
on bio-methane production from alginate in two-phase anaerobic process.

Batch tests were performed with various pretreatments of alginate;
hydrothermal (reaction temperature: 130 to 300°C, reaction time: 5, 15, and 30
min), alkali (solvent: NaOH, reaction Temp.: 80 to 120°C, and reaction time: 15
to 60 min), and acid (solvent: H,SOy4, reaction Temp.: 120°C, and reaction time:

15 min). After the pretreatments, the pretreated solutions were used to produce

Vi



volatile fatty acids (VFAs) which are main intermediates for biomethane
production in two-phase anaerobic process. The average molecular weight
(M.W.) of pretreated samples was analyzed by gel permeation chromatography
(GPC). A high performance liquid chromatography was used to quantify VFASs
(C2 to C6) and bioalcohols production. The CH,4, CO,, and H, were analyzed by
gas chromatograph.

In results, the average M.W. of pretreated alginate from hydrothermal, acid,
and alkali were the range of 430,000 to 1,200, 2,100 to 1,800, and 270,000 to
2,700 Da, respectively. After pretreatment, fermentative VFAs production was
performed using the-hydrothermal, acid, and alkali pretreated solutions. The
maximum VFAs yield of 91+5.7% was observed in hydrothermal pretreatment
(i.e., 200°C for 15 min) and major components of VFAs were iso-valerate
(47.0£4.2%) and  iso-butyrate (46.6£0.6%). It suggested that hydrothermal
pretreatment could effectively hydrolyze the high molecules of alginate into
smaller molecules for VFAs production. The maximum vyield of 50.8£1.3% CH,
was also observed in hydrothermal conditions at 140°C for 30 min rather than
acid and alkali treatments. During the VVFAs production, the maximum VFAs
yield was detected at 200°C for 15 min however the maximum yield of
biomethane was observed at 140°C for 30 min. This was caused that the
individual VFAs composition of each hydrothermal condition distinguished. The
acetate composition of two conditions (140°C for 30 min and 200°C for 15 min)
were 74.0+3.9% and 3.4+1.3%, respectively. Consequently, the hydrothermal
pretreatment of 140°C for 30 min showed the best performance of biomethane
production among the various pretreatment methods. Therefore, the further study
of this research would be analyzed major inhibitors from hydrothermal treatment

for improvement of biomethane process efficiency.
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Table 1. Composition of seaweed [12]

Components Brown algae Red algae Green algae
Water" 79-90% 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%

1) Of fresh weight
2) Of dry weight

3) Mainly alginate and fucose-containing polysaccarides
4) Sulphated poly galactans and xylans, resp. dominate
5) Cellulose and starch are the main components
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Carbohydrates

Monosaccharide, Sugars

Intermediary products Propionate,
Butyrate ETC (C2-C6)

N

SISAj0JpAH

sisauabopioy

Acetate

Hydrogen,

(CH3;COQH) Carbondioxide(H,, CO,)

SIsauabolaoy

Methane (CH,)

Fig. 1. Principle of anaerobic digestion [18].
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AurA 02 F24(25~45C) mAEo] AHEHET. | AndEe] HA 442
S BColFer A AvH19l

714 Ba) #AHolA enzyme-mediated P E HFS-O Fg LT 0o FgFo
A Holtt, wjFo] 25CEHT W 2RoX e &3 &o] +

(Hobson PN, 1982).-¢]2]g o]-f& vl & thst w|AE Fo] &A1t 3
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oke] 2o we pHel Astz g Aol Astech

2.5.2. A3 A

Acetate ¥+ n-butytic acid®] =<3 &X° <7F= methanogensol] thgh
inhibition RHttE AAA ZFAS opy|dttu HIE ATt Propionate:
bacterocides®] 73-$-oll butyrate®t} AsjAdo] Zsiriar. dEA  UA T
peptostreptococcus®] 73-5-<l- 71 vkt o] Az} vp2kt). Methanogenic 7) 4| <=
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formicicunre 1,000mg/L2} 5,000mg/L Ake] €] propionateol] oJs A a|AdS =
A%k, 10,000 mg/L acetate<} butyrate oA = BF A= Aoz B FHSIY
o oj® Al z"lo]d asE VEAso| °Jjh st g REASHH, VEAs #4A) 9,
el 7F Qb= an dolleE alchoholel] &38| A s Ado] yEATH20,21-15,161.
71348+ &2 2= chloroform, phenol, benzene, pentachlorophenol, tyrosine,
A4, F-2A3A A A, raurine acid formal dehyde, &2 $HA|, eI, &
71948 E0] Ja Ry 54 fU1ES eSS Sole a3t ofd
nAES] S48 AAANZIE EHE AUH, dF 4 EELS &80
AXE v Ee 7|HE2 AHEE F Utk =

W ol Ws}l, FA, stiripping, 314 SO WHoE AAE F A TS
T2 AQbo] Atk AIEE Wg ] A AR A ArH22]

o S o o
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Foleo] 4 FHE ASAINE PHORE 54 EE PG| 4§
& Atk Agage] gEAL di Na© 9 Kolth dg Sof Na'9 =7}

7,000 mg/Lo] HH FrIFA e Tl F43] FasiA HAT, 300 mg/Le
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3. A9
31 9=

TAlrke] FAER] GAUCIES THeEsl dAldA dEle Alte 9%
ANZ17]1 s A A, 4, e A stk o] Al A HA s o

P 294 e A 53 a2rtEIHT (Gel
permeation Chromatography, GPC)& ©¢]-&3}e] EA#-& E435tHth GPC +
e o3d AL Aol SAANA EAF Zeldl-os) &S st &

Aolth dwHsE BAgel 2 24e A W /3L A Eohn
=

32. MBE

A7 TE FAHAAE dACIE B FIAES ARSI T
¥ = 2 Lol HRT 2.5 day<! inoculum Zx|oll A v Hk-S-o 800 miE ¥4
22171 RPM 3000, AlZF 3 min &%t A B2E st 1FET AFHS Y
Eoll dolsles g F 7A@AUNE)S AA] A FHRFE 3
A 2 AAEEE & 1FES ARSI TE 87148 &sFAdAE F4HA

A7 astxolA AFAZF SHUAE AR,
AAGE £21A+= 1,000 pm 2719 sieves AHEstY Z LFES B
A& A&

Ac)

& <9
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FEFES 78 Tda FAHANA= NHHCOs (2), KH:POs (1.0), MgSO4.7H.0
(0.0D, NaCl (0.001), Na:MoO42H.O (0.001), CaCl2.2H:0 (0.001), MnSO4.7H:0
(0.0015) 1&]ar FeCly (0.00278) = A& sFAal(Park et al, 2009, @714 &
a4 = KHPO, (0.270), K-HPO, (1.120), Naz-9H:0 (0.100), NH4CI (0.053),
MgClz6H,O (0.100), CaCls-2H:0 (0.075), 2] a1 FeCl>4H,O (0.020) ASTM(2001)
<= AR&shT

AR A Wg AAGAE UE 28 A2EE H 83 olfe s
o f7l=e A& Al dEAGed FEd FAola, A A vdEd g
A MAES A2 ZAEAC A7 mzo] diF o ofgt Mg A4 &
of ZAo] oA "An. I¥ER F o BHE S AFT] AsiA 2
9AE U dde JYskATH25]

33. 4AdAF

331 FEAT

T AAY ARe LESHOIHE Wk7]e] S/ 350 miok dAUCIE 2wt%

2 EF3k3 130-300T ol A 15~30 min F¢F FAHe o H g5k Fua

17



3.32. &% & 4 AT

dzhe] AAH A A= NaOH 1wts &dof] LAY OE 2witns S35t
LEZYolE ¥3rE &% 80~120C, RF-&AIZF 15~60 min & ¥WHEAIA
d sttt &2y Ade F=2 MEan 2 HIE FAste] s &
HE SAANAFIL, A AAGANE G4 2wtholl SAUCIE 2wth &<
=3 500 ml LEFH ol 350 ml REEFIE st s, 4F
golles F2 dah, Fihe FAdste] JteEs 235 3 AAEH. o
23 e 72 BMES T AIAF -

=

AL AEZ Q2 oA & FEEo] 714

R

&
=

ot
b
&
v
e,
iy
v
e
2

rr

Hi
rlo
X
Y
tlo
o
>
o
u

X
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Pretreatment

Alginate + Solution (acid, alkali, distillated
water)

v

Purging (Ar)

l

Temp. : 80~300°C
Auto clave

(500mi)
Time: 5~60 min

4

Cooling (water)

.

Neutralization and Filtering

<Treated quuid>

Analysis

Fig. 2. Pretreatment procedure.
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Table 2. Hydrolytic pretreatment condition of alginate

Pretreatment No. Condition - - -
Temperature (°C) Reaction Time (min)
1 25 -
2 130 15
3 140 15
Hydro- 4 140 30
thermal 5 160 15
6 180 15
7 200 15
8 300 15
9 25 :
10 80 15
Alkali 11 120 5
(NaOH) 12 120 15
13 120 30
14 120 60
Acid (H,S0,) o % ]
16 120 15
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Anaerobic fermentation

Treated liquid + nutrient + inoculum

(Alginate)
Inhibitor
A 4
Purging (N,)
Temp. : 35°C
Shaking
incubator B
120 rpm
Sampling
Gas Liquid
(VFAs,
(Hz, COy) Alcohol)

Analysis

Fig. 3. Procedure for anaerobic fermentation of alginate.
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714 HaAqA FE 2 (batch) Feje w72 =7 250 ml =279
SEgo] AZ 150 ml, FE 10 ml, 2T LAY olE £<H HELY

10 mE Y1 LARIS 200 mzE EFFE 2HFET a8la pH =4S
#13 NaCl (5N), HCI GN) &5 AH&3tlal, VFAs B&5 SHAIZ]7] <8l
A A AAAR]D CH; &< AR&ste] W7 e $5& 50 ppme=
ZH sl ARSI TH27,29]. 50 ppme 4F A Fo] U2 =2 F Qe

s2olth 191 AAG Tk ABYol F5F MHOE UolFEa N, s

|

2 62 %< purgingste] @7 2Ao® A FYT 18 1L spaws
oty ¥rjA4 da bkg =z opH 7,035C 18]ar 120 ‘spme] shaking

incubator 2 WHS-S- X3 5} T}
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Fig. 5. Photograph of autoclave reactor for hydrolytic pretreatment of alginate.
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Table 3. Experimental condition of VFA production from alginate in anaerobic fermentation

Item Condition
Working volume (ml) 200
Temperature (°C) 35

Park et al. (g/L) NH4HCO3 (2), KH,PO, (1.0), MgSO,4.7H,0 (0.01),
Nutrients composition NaCl (0.001), Na,M00,.2H,0 (0.001), CaCl,.2H,0 (0.001),
MnS0O,.7H,0 (0.0015) and FeCl, (0.00278)

Substrate conc. ( g-COD/L) 10
Buffer solution HCI (5N), NaOH (5N)
Initial pH I.*
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Table 4. Experimental condition of CH4 production from alginate in anaerobic digestion

Item Condition
Working volume (ml) 200
Temperature (°C) 35

Nutrients composition

ASTM(2001) Reagents (g/L): KH4PO4(0.270), KaHPO4(1.120),
Na,-9H,0(0.100), NH,CI(0.053), MgCl,-6H,0(0.100),
CaCl,:2H,0(0.075), and FeCl,-4H,0(0.020)

Substrate conc. ( g-COD/L) 4
Buffer solution HCI (5N), NaOH (5N)
Initial pH ™8
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A71744 Rk AES T A4 nlol ot 42 wlgk (CHoF ol4tste
2 (CO»+= Porapak Q (SS, 2m * 1/8” ) AHo] A&w 7l~ AZntE 1 T
(GC/FID-methanizer, Model: HP-5890)& A}-8-3}% 1 carrier gase= Heg &9
11 injector, oven, detector o] &%+ Z+Z+ 250C, 35C 18 200C=2 A
ARl WgSE AAF7] 3 NI SHE 843 A1717] s8] vksx1<
280C & A FHTH30L. 7}~ = = wk8->] headspaceo] 7}~E 5ccE S
st 0.1 ccE T8k &4 HaAstAtt.  T4(H)E Molecular sieve 5A
(SS, 10m, 45/60 mesh)7} A&ztd 7}~ I =ZvlE 23] (GC/TCD, Model: HP-
5890)5 ©|&3t%al, carrier gasE NoE  ARE3FSATH injectore], &=+ 100T
oven X+ 80C 121l detectore] € =E200C 2 dho] 241 33k
A {7]14HC2~Co)F ol EFe-2 Aminex HPX-87H column (Agilent)s} UV-vis

717} #2F= high performance liquid chromatography(HPLC, Shimadzu)E- ©]

o,
i

op

st B4y F A7 EAEA S detectori= NDIR7F #2E TOCs(Total
Organic carbon analyzer) “gu8]& ol &sle] #EA3ATE 3184 4H4A g5
(chemical oxygen demand, COD)-4&4]-2 Spectronic Genesys 5 AH|E o] &
st &4 3 600 nm oA FFE=E SAHIAT. T ILFE (total
solids), #WrA ¥ E(volatile solids), ZAEXF LFE (fixed solids)=

standard method (1999)¢] Wz} EA3}53 )
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Table 5. Analytical methods

Item Equipment Column
CO, CH FID P k Q(SS, Teflon, 2m * 1/8”)
2xT GC (methanizer) orapa » Setion, <M
(Gas Chromatography) )
H> TCD Molecular sieve 5A(SS, 10m, 45/60 mesh)
TOCs
TOC (Total Organic carbon NDIR —
analyzer)
Ca~Cs acids, HPLC uv Aminex HPX-87H
ethanol
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4. A% R =9
4.1 98N B4

A e|E AT Ys9 7] COD, VFAs H alcohols #4 Z

TEA A FFol= COD #¢ 97k 150,000~180,000 mg/L o] HH
3 gZeEl 9@ 4F A oA E 320,000~400,000 mg/L HLe] COD %k

B AS. FEAgdAE 8m2A &= olefds WA FAARE A
=

AA M= Fabsdh AU EFS] VIR bz o= Abstd

L

o

4 we

()
N
i)
il
_y:l,
ot
e,
oXx
o
N
>
o
o
ox
ot
flo
-
e
N
Ach
&
=
a3
&
=}
&

v\

B
=2
X
19
()]
o
Do

gll 2 714 & & BHYT 1 ol9e] 2AMAE 0.2~0.8 gL o 4 AAHFS
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N
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o
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+ iso-butyric, iso-valeric acid 7} A A & At
Ao d dZhe] AARlOA= 0.2~0.8 g/l frlidtel A HAA,
AgolMes 02 gL 2 7H ¥ f7i4kel A HAY. IS F

ARl A=A &
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Fig. 6. Organic acid production in hydrothermal pretreatment of alginate.

m Caproic acid

m n-Valeric acid

W iso-Valeric acid
n-Butyric acid
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Propionic acid
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7
m Caproic acid

g 6 m n-Valeric acid
? S m iso-Valeric acid
2 4 n-Butyric acid
I
= 3 m iso-Butyric acid
[¢B]
2 2 Propionic acid
S
O 1 R | Acetic acid

0 g N = - ® Formic acid

AN S o - & = > ~ Lactic acid
,oo& o ,\6® ,%Q& ,@& ,\66\ S N
o ¢ G\ QL W S Y
S N\ O » O S a e
RS & ~ 4 iy RS Ob:» "
> Qo Q> Q> Q> Q S QO
N $ O O > V) >
T S < > > S R QX
SRR N S S X 2 o
& NN N X
NSRS G S &

Fig. 7. Organic acid production in acid and alkali pretreatment of alginate.
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Table 6. COD concentration of alginate under various pretreatment conditions

Pretreatment Reactor Pretr?atment Condition mg (TCOD)/L
Temp. (C) Time (min)
1 25 - 18,750
2 130 15 14,884
3 140 15 15,625
Hydro- 4 140 30 14,583
thermal 5 160 15 11,458
6 180 15 17,187
7 200 15 12,500
8 300 15 14,844
9 25 : 32,039
10 120 5 32,039
Alkali 11 80 15 32,039
12 120 15 33,253
13 120 30 33,010
14 120 60 33,981
Acid 15 25 = 43,690
16 120 15 27,185
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4.2. A2 A3 (GPC £4))

421 4, 28 R 2 AAT

TEAgAAE AR SAYIESY EAFE 400,000 DaegE vhgkar &

A3} 50,000 DaclA 2,000 Dazbxle] EAe WS VehE 2 sty
.

AEA ol A= 100~160C 99 2% ollA] 713 t A3 6000~1800 Da o=
YRR A B4R AGHAS HeRe AR A A 8 45 o

% Bue datd 292 1A BE

o
ol

A 1 Fe 25T, 120C Z=A A= s}

dZeE] FAABE 80~120C WS &=
T} 1 ZA3x 120C, 5 min o)A 2 160,000
A 2,000 DazbA] Al 7HAl A" B sl 7Y 18 EA

ATt

min A]Zkol A XS A

a FE20C, 60 min &4

o o
BN
.
2

M
b
it
i)
o
=

42.2. 1%

dAY I Ex 120C olstll M &3V HA Feva deid ok 1 9
el AAg A} 400,000 Da oA 50,000 Da i 2,000 Dazkx] £ 5=
Aoz Hol £xo Ui 39U} AtE AL FAsAL JieEdE A=
of wel @A 43 Wee A¥FHe FdstuA sAAT, W] 2R

H7F AM 2=l gA R s2E5E B} FRF 250 =2sh] 4
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7 dRE B AR A HIJrh A EAYC|EL B ET} vo}
QY] dAYCIEE &SA7]A XAl "Hojglg kAR, A5 gsiE
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Molecular weight (Da)

500,000
450,000
400,000
350,000
300,000
250,000
200,000
150,000
100,000

50,000

|
> N 3> g 3> N N 3>
SON T 0P o e o
oC)n oCym o o) ol o oC)n
\be \D<Q \&Q \bQ \%Q q/QQ %QQ

Fig. 8. Molecular weight of alginate in hydrothermal pretreatment.

Pretreatment condition
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Molecular weight (Da)

500,000
450,000
400,000
350,000
300,000
250,000
200,000
150,000
100,000

50,000

> N N
, 5 5'(0 5'6\ Q@
o] \ CJ \' Qﬂ%

N %Q O 0\ 0\
Pretreatment condition

Fig. 9. Molecular weight of alginate in hydrothermal pretreatment.
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Molecular weight (Da)

10,000
9,000
8,000
7,000

6,000

5,000

4,000

3,000
2,000

1,000

Pretreatment condltlon

Fig. 10. Molecular weight of alginate in acid pretreatment.
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43. 714 TEE T FHTAF71HVFAs) A4

431 FIAT

FTEA A A= 200C, 15 min oA 8.1+0.5 g/LE 7 =2 VFAs A4k

S B, 25C, 15 min(control set) Z7AoA= 3.9+0.1 g/L o S Jeb
of Ao AFE 140C e Z7o|A VFAs A #HFS 3.9~4.1 g/LE B 35HA|
Uerle sHAINE A25E 200C7A e el A e A2 3T {71
kol A4 ol Fridth Ay 1 olFe] =<1 300C, 15 min oA =
VFAs A4 #o] 1.6+0.1 g/LE EolHd.

4.32. &¢Z8 92 4 X7

5 e AR ole Aol e AAE =30l VFAs 4atidol &
Aol o] AAEF ARG w2 A< AT A dAY F¢ &
x4 3.4+0.0-g/Le}- VFAs A4 & Wbt al, bke] HA g =
Al AolA 2.020.1 g/L 7 =2 VEAs AHES Yetlth kAT 4
2] 200C, 15 min =4 A4dH 8.1+05 g/lLEthe= A =3 A& st
ATt.

Faxee] 49 L= FATFE GAolE BAFo] gastn Lo
1

5.6£0.5% A4 Ht) 91.0+5.7%7+A F7FsF 3L, 300C
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2 & 3o ule 238+5.3%% F43 gadtE AL &
ate] HfdME HAZYE A EA
| S7FeHAIRE, 1 ode] 2RAE 4k Al FASA 4
c o] ARERE 200C ol exdAE A4 A WAE 54 A
dste Edol AATERE YAHE A2 AsHT

dze] 9k Aol A HAS Mol A w& HEEE 7
7} 19.740.8%, 53.8+0.4%% UElgTh I18]l1 2EE 713 AS-olE 7.6~23.6%
2 AxsA Utz SHRFNA Ao R AEds o dEHE<Q 15.6+£0.5%
o Mnge w A &IV} glE AoZ ATHT 7oA 4 xRt
dze] HErt AzxsiA debd A& AXE Al FsAANA 2 A AL
& CaCO;s AHE3dlY SOis YFo = AASGAT, dzde Agodas
HCIZ F3t5 3t #A el ko]l EAYS|E o]9fe] Na', CI'| 2& o2&
o] A3 ZAI%ct Na'e H%7} 7,000 mg/Le] F9H F7AA el &80
HF43] gasAl Hed, A YoEd EshE Na'zt e Aol Ab
€% NaOH Z&}ar FgEol 39 Na #F EA3te] v A Eo] g JA)
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VFAs 24& RH g ARE 140C HodfdA e el acetic acidr}
74.0+3.9%2 FAHAESZ & HY 160Co]de] ZHdd A+ iso-valeric
iso-butyric acid7} 2z} 47.0+4.2%, 46.6 £0.6%= FAESZ YEIRT. A g
25 o] 1203 ZAFE A A He EAFS FasAT, VFAs A4t
S HH 160C o149 &5 WA+ &aFe] &2 acetic acid Bt} iso-
butyrtic 3} iso-valeric acide] 4tAdo] EolxlE= AL 160C |42 ©AAg =4
AME 1 oldte] AA Y 2ANAEG T Tefd dAe FAEo] AHHE A
o2 Hth 140C oJste =AM iso e EthE chain FeEle f7]4h
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of tiRE A HAUth Rzt g Ho] wel 1R dAVEV A
q EAF] AL dAVER FEHUEA Jhe, 7it A e ¥
o] dAMCE A A3/ AP o2 Bl

ab QAN E DA 25~200C74A A B3 D42 A YA Fo)

3,000 Daclate] EAFY wWe stgEadAA 2k A4 A=
A% #oh. 24 3000 Dad] #AEY Ag-ols AMELFoA 37t
=A% 3,000 Dacl A= AlZuiy Esz HAYZe] AdE fch. oA T3,
A 3,000 Dacld o W 7heRa g2 W=zt 3,000 Da o] 3t
o] Ao R Fazl Hu Ak AHATDAR A UA Ba&zo Zfolrt
UElgE Aoz Als 14,331
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TVFAs conc. (g/L)

9.0

—8—R2 (140°C

Time-(day)

Fig. 11. Total VFAs production of alginate with hydrothermal pretreatment.
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TVFASs conc. (g/L)

9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

R1 (water control)

P

Time (day)

= R9 (NaOH 1wt%-control)
=@ R10 (NaOH - 120°C - 5min)
=== R11 (NaOH - 120°C - 15min)
=== R12 (NaOH - 120°C - 30min)

==R13 (NaOH - 120°C - 60min)

[l==0==R14 (NaOH - 80°C - 15min)

=0 R15 (H2S04 2wt%- control)

= R16 (H2S04 - 120°C-15min)

12

Fig. 12. Total VFAs production of alginate with alkali and acid pretreatment.
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Table 7. TOC conversion in VFAs production of alginate in anaerobic fermentation

Pretreatment Condition Molecular TOC (g/L) Production VFAs Conversion
Temp. (C) | Time (min) | Wel9t (&) ™ jnitial | final g/L mol-C/L (%0)

1 25 - 438,940 10.78 10.01 3.85 0.14 15.6+0.2
= 2 130 15 50,224 6.01 4.52 3.52 0.12 24.9+0.7
£ 3 140 15 23,840 5.16 3.92 421 0.15 35.5+0.2
% 4 140 30 14,697 4.94 4.28 3.35 0.12 29.4+2.7
.g 5 160 15 2,372 4.89 4.68 4.63 0.23 55.9+3.9
T 6 180 15 1,948 5.51 5.45 6.09 0.30 65.0+1.9

7 200 15 1,554 4.47 3.37 7.07 0.34 91.0+0.8

8 300 15 1,162 4.43 3.98 1.65 0.09 23.8+0.8

9 25 - 272,151 4.43 4.27 1.99 0.07 19.7+0.8

10 120 5 117,979 4.58 3.82 1.20 0.05 12.2+1.8
= 11 80 15 38,427 3.80 3.08 0.75 0.03 8.5+0.6
X
< 12 120 15 19,035 5.27 3.35 0:84 0.03 7.7+0.7

13 120 30 2,165 6.02 3.56 0.87 0.04 7.6+1.0

14 120 60 165,557 4.18 2.65 1.76 0.06 17.8+0.6
2 15 25 - 1,892 2.63 1.92 3.37 0.12 53.8+0.4
< 16 120 15 2,140 4.04 3.86 1.91 0.08 23.6+1.3
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44. FNNA 233 E T Holeww A4

44.1. YA

VFAs #57} 718 && #4948 200C, 15 min 244 Wadyd F4S
53 v AAdEgo] oF 10 ml AAHAT. 918 140C, 30 minol A 714
& ol ek AT oF 63 ml HAHAT. FEAY 25-140C 2EH
NME LxZ7te web wWErkss ATkl 254+0.9 miolA 63.9+1.8 ml
7t 160-C oo A= 7k Aol ¢ 0 ~17 ml °]
g2o Ao Weyds vla S wl 130~140C HeloH = AAE &3
7} 50~100% 213, 160~180C H<j A= 30~60% zr4steich 18]a 200C
7 300 CxAAE Ao wigAgo] gtk

FEAGAA HiolertE AL 718 £5FA 102 AFAAM =4e

i

f

_XLHU

O.I.a

el AT AR2ol A 140C 747 wlg 2=Ae 60~80% *FA8F 1L, 160~300C
9] MM E 550% A4S JEMIT 257} Z7SFE wexgde 7+
adts AEES EATH-160Tolde] HRfdAs otsterart 50-90%°=
FAAREOE UETH

44.2. &7 8 4 AF

A W e e 2ddA de Aol 27 36.9+1.0 ml, 40.7+
1.0 ml 2 7F w31, €8 71gk 2dodA = de o] 1~15 ml gt U
o}

L AdRAA =3 &AI AT Rluge W A 9 Gy AR
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Z0 e A2oA wg Aol 30-40% F7F AT YA AlolAE
HeddE dAsE a5 YeEl

A gz AAN A oA WA A WgrzA o] 75-80%
2 M =3k, ke = Al Wy 242 10-68% #S EATH

He 7o) xS 7HeS slE €Zel 80T, 15 min A E W =
do] 68%s EHATh 120C =9 wWexAd Hlwg S o 15~-50%7+A z}o]

H) nlo]l et ASE HAA g =& 498 140C 30 min oA 50.8+

1.3%2 71 =2 #<S B3 Hd VFAs A4 27<0 200C, 15 min of A]

rlo
N
N,

1.1£0.3%=2 A =3 AL Attt VFAs A8 BH oA 5EH 140C
Mool A g ZANAE" Acetic acid7b 70~80% % FAEO = FQ
160C o]/¢e] 2o A= iso-valeric ¥} iso-butyric acid’} 50~70%=Z &2

Z Yehgt. ayez-wE g A o] HiE HEog HM3d 4 Qe 7]1Ed
Acetic acid®] Aol =& Aol AU VFAS AR HFET {2 ASE Als

2=y

g Ad TG E a8 140C, 30 min ¥-$xAA W AH3S
50.8%% 71 =& e BT 2 Ay 2 gZE Hy HZoAE AL
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Fig. 13. CH,4 production of alginate with hydrothermal pretreatment.

46



Volume (ml)

100
90
80
70
60
50
40
30
20
10

0 &

0 3 6 9 12 15 18
Time (day)

=—o—R1 (control)

=—R9 (NaOH 1wt%-control)
=#=R10 (NaOH - 120°C - 5min)
=>=R14 (NaOH - 80°C - 15min)
==R11 (NaOH - 120°C - 15min)
=®—R12 (NaOH - 120°C - 30min)
==+=R13 (NaOH - 120°C - 60min)
e R15 (H2S04 2wt%- control)

~#=R16 (H2S04 - 120°C-15min)

Fig. 14. CH,4 production of alginate-with-alkali and acid pretreatment.
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Fig. 15. Biogas composition of alginate with hydrothermal pretreatment at 10th day.

48



100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

composition (%)

uC0O2

mCH4

mH2

Q)

Pretreatment condition

Fig. 16. Biogas composition of alginate with alkali and acid pretreatment at 10th day.
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Table 8. TOC and COD conversion in CH4 production of alginate in anaerobic digestion

Pretrea.tr.nent Molecular Conc. (g/L) Production CH4 Conversion (%)
Condition i
Temp. Time weight
\ . (Da) COD TOC ml mol-C/L COD TOC
§®) (min)
1 25 - 438,940 2.50 1.49 25.47 6.83E-03 20.6+0.8 6.6+£0.3
2 130 15 50,224 2.50 2.32 45.00 1.21E-02 36.5+0.3 7.5£0.3
g 3 140 15 23,840 2.50 1.94 47.69 1.28E-02 38.6+1.2 9.5+0.3
;’:_" 4 140 30 14,697 2.50 2.30 62.70 1.68E-02 50.8+1.2 10.5+0.0
-g 5 160 15 2,372 2.50 2.42 16.45 4.41E-03 13.3+0.2 2.610.1
L 6 180 15 1,948 2.50 2.00 11.02 2.96E-03 8.9+0.3 2.1+0.0
7 200 15 1,554 2.50 1.92 1.40 3.76E-04 1.1+0.0 0.3+0.0
8 300 15 1,162 2.50 1.72 0.52 1.40E-04 0.4+0.0 0.1+0.0
9 25 - 272,151 2.50 3.20 40.44 1.09E-02 32.8+0.1 4.9+0.1
10 120 5 165,557 2.50 4.28 3.55 9.51E-04 2.9+0.3 0.3+0.0
E 11 80 15 117,979 2.50 2.19 10.19 2.73E-03 8.310.1 1.8+0.1
< 12 120 15 38,427 2.50 2.73 2.31 6.21E-04 1.9+0.2 0.3£0.0
12 120 30 19,035 2.50 2.44 7.63 2.05E-03 6.2+0.4 1.2+0.0
13 120 60 2,765 2.50 3.11 16.42 4.41E-03 13.3+0.7 2.0£0.1
2 15 25 - 1,892 2.50 1.35 36.16 9.70E-03 29.3+0.0 10.4+0.3
< 16 120 15 2,140 2.50 0.80 0.93 2.51E-04 0.8+0.4 0.5+0.0
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. 17. VFAs composition of aIgirfat'e"With hydrot'hermal p-retreatment at 200 °C for 15min.
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. 18. VFAs composition of alginate with hydrothermal pretreatment at 140 °C for 30 min.
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Fig. 19. VFAs composition of alginate with hydrothermal pretreatment at 9th day.
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Table 9. Experimental design of reproducibility test

Reactor 1 2 3 4 5 6 7
Substrate Sjaponica | Alginate S.japonica Alginate
Pretreatment - Hydrothermal -
Temperature (C) 25 140 200 140 200 25
Reaction Time (min) - - 30 15 30 15 -

Reagents (g/L): NHHCO3 (20), KH:PO4 (10), MgSO4.7H,O (0.1), NaCl (0.01),

Nutrient NayMo004.2H,0.0.01), CaCly.2H20 (0.01);. MnSO4.7H20O (0.015) and FeCl.4H.O
(0.0388)
concentration (g-COD/L) 10 g-COD /L
Working Vol. (ml) 200
Molecular weight (Da) 350 438940 1207 560 23965 1709 438940




TVFAs conc. (g/L)

9.0
=—¢—PR1 (B.A. - control)

== R?2 (Alginate - control)

==fr=R3 (B.A. - 140°C - 30min)

== R4 (B.A. - 200°C - 15min)
== R5 (Alginate - 140°C -
30min)

==0==R6 (Alginate - 200°C -
15min)

=@=R7 (Alginate - control - no
inhibitor)

0 1 2 3 4% 5487 81 9 10M%12/ 13
Time.(day)

Fig. 20. Total VFAs production of alginate and S. japonica with hydrothermal pretreatment.
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Table 10. TOC and COD conversion in VFASs production of alginate and S. japonica anaerobic fermentation

Pg’”eo"l".ttme”t TOC (g/L) Production VFAs
onartion Substrat Initial TOC Conversion
Temp | Time ubstrate (g/L) - : mol- (%)
. . Initial final g/L
. () (min) C/L
1 25 - S.Japonica 4.95 4.95 3.37 4.24 0.16 37.8£0.5
_ 2 25 - Alginate 7.01 7.01 4.64 2.88 0.11 18.2+0.8
g 3 140 30 S.Japonica 5.12 5.12 4.28 3.10 0.13 29.5+1.1
% 4 200 15 S.Japonica 4.24 4.24 3.39 2.12 0.13 36.1+1.5
-g 5 140 30 Alginate 6.63 6.63 4.37 4.18 0.16 29.0+0.2
>
I 6 200 15 Alginate 4.79 4.79 4.22 5.56 0.25 63.5+1.1
7 25 ; Alginate(Ng 7.19 7.19 6.25 257 | 009 15.240.4
inhibitor)

58




Volume (ml)

100
90
80
70
60
50
40
30
20
10

==25 C, - min

=140 C, 30 min

/rso—o—o N —o—o
> X
/
>
/
1-040—0—0—0—{/

4 6 8 10 12 "14 16 18 20 22 24 26 28 30

Time.(day)

200 C, 15 min

===25 T, - min, 1 phase

=0=Blank

Fig. 21. CH,4 production of S. japonica with hydrothermal pretreatment.
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Table 11. TOC and COD conversion in CH4 production of alginate and S. japonica in anaerobic digestion

Pretrea_tr_nent Production CH, Conversion (%)
Condition coD ToC
; Substrate
Temp. | Time @v | @
. ml mol-C/L COD TOC
(C) (min)
1 25 - S.Japonica 4.00 2.17 80.26 2.15E-02 | 37.3t1.4 | 14.3+0.1
2 25 - Alginate 4.00 3.93 32.53 8.73E-03 | 15.1+0.6 | 3.2+0.0
° 3 140 30 S.Japonica 4.00 2.92 57.59 1.55E-02 | 26.7+0.5 | 7.6%0.0
ﬁ 4 200 15 S.Japonica 4.00 2.49 59.68 1.60E-02 | 27.7+1.1 | 9.2+0.0
g 5 140 30 Alginate 4.00 2.77 93.03 2.50E-02 | 43.2+1.2 | 13.0£0.0
6 200 15 Alginate 4.00 3.51 5.44 1.46E-03 | 2.5+0.1 0.6+0.0
7 Alginate(No i
7 25 inhibitor) 4.00 3.57 14.10 3.78E-03 | 14.0+0.2 | 1.5+0.0
1 8 25 - S.Japonica 4.00 3.05 51,26 1.38E-02 | 23.8+0.5 | 6.5+0.0
phase 9 25 - Alginate 4.00 4.31 1.50 4.04E-04 | 0.7+0.0 0.1+0.0
- 10 Blank - 1.00 0.08 2.17E-05 | 0.0+0.1 0.0+0.0
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