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Feasibility of Hydrogen Production from Seaweeds by Fermentation

Shigeharu TANISHO and Takesi SUGANUMA
Yokohama National University
79-2 Tokiwadai, Hodogaya-ku, Yokochama 240-8501

'To use kelps as a substrate for fermentative hydrogen production by Enferobacter aerogenes strain E.82005,
hydrogen evolution rates and yields from mannitol were measured under various salt-concentration cultures.
Unider non-salt ‘condition, they were 13 mmol per litter culture per hour and 1.6 mol H, per mol mannitol, as
compared with these, under salt condition 1%, 2%, and 3%, they were 9.9 and 1.5, 4.3 and 1.2, and 3.0 and 0.9,
respectively. From these results, we concluded that the production of hydrogen is suitable under non-salt
condition, but lower salt condition than seawater especially around 1% is allowable for practical production of
hydrogen. The higher yield of H, from mannitol than from glucose was clearly shown from the mass balance

between evolved H2 and calculated H2 from metabolite.

Key words: hydrogen production, fermentation, mannitol, kelp, biomass, sca water, Enferobacter aerogenes

1. %%

BEHER EIZ3# 29k v oA A= xbsb b, X
BITHERI200008 F ORI TWD,, BEEE
Eh2)5 1 < AL HROER = X)X —HEROK
10fEIZHES L, S AR, ABtE o3 V¥ —R
¥ UTER, k. DEOERTERIND ZLirs, B
FRIZRIFRTEER 2 ) — R 3V F—L BT\,

BIEOL A, A FRADTRIVEF—FIFKRE LT

&, :

s NA AR RACEENDILHRA T 2 5%

- PREDEMEEY R VR A Y UREPT IV )VEE
BEOIBEICRIE L TRELE 3255

« NEREIIDED URE A Y LV REES 5 5%

s AR TARRERRETIHECEEP S KEE
B2 5%

« RERE TR R KRICEWRT 2 58k

- SRR CARENE D BAE

* BREETN, AR B AT B Ak

19994F 4 A 8 AT ' -

BRENEZI SN TNDe XY VRBICL DAY L DRSE:
R0 I ORI E M UKo R BN T, 2
hoORIFEIEFEALIN TRV, FERECX
KBTS ERISEN & 2 A H A D —
DCH 5,

N F AE3hsE e, M13hkd & IziEk
HCHELEI N TV B[] BAIURE 2 EE N,
FKHVSA A ZADHPETIERIHE U RIRRICH 5o Tz,
&< S IEOFAIREBA T, AE,OESZTLY
s LT, B8 nar 7, 7hAETwREN BH
L UTHEA, S THED, LRI TN DIBE
EYPED—DoToH B, CHOHIREDS B, ¥ 7|
A=  TRCIBERICEEED R L I K&
50m7r & {KEHEOBECEEF T 20T, BREG TRV
X\ A REIRE U RIS § 2 AlREIHIIERIC
BVWEERS. ,

a2V FEIRR LIORT L3Iy = b=V E RS
L. PIEVBEBIHIARSA TSI LRSI T
W32l EELIHREBARRECHAEALTVWS

19 —



KRFETRAF—LZF A Vol.24, No.1

Enterobacter aerogenes I3, ¥ = b —)\VEIEEIZ{E
R UTKERBERITS Eircind, FVva—&21EIC
UZz & & DKRIED 1.0 [mol-Hy/mol-substrate] T
O L. = b=V LR L kEE R
958l iz KFEFREFES 36 mmol l-culture® b
TEIRRITHL ML 2 TEO JVF—RIBII R
IKFFAEIRDE L EEEO—D L EZ Shd,

protein
1%

a 3] B a
1 2> TORREEAEER

CNET. E aerogenes D/KEFLETE., LT
VO LRZERWSICREDITONTE =D %
KREIZFEAT 25, HKEHTKRBERITI LD
R MR TEKKREED=DICNE 2B L E
ABh3d, AT, B DEEE T CORMKRREE:
% LS IKRET cokBE Ot R Et L
DTHET S,

2. RBOKFRRE

REAC L DKRERETIMEWEL. I hVa—2kY
DY¥SEERBMORT D LIz kD, KRGS L
T 3. RFBARIEONEGEEL UTit. EM (Embden-
Meyerhoh) #£8%, ED (Entner-Doudoroff) $28%, PP
(Pentose Phosphate) $588D 3 DOFREDH b, LU
EoTDZRIWVF—ETHBATP (Adencsine Tri-
phosphate) &4 LT\ %, Enterobacter RIDYLEY
&, BRI BRI T CIXEICEMERRS ¢ )V —

RN UBL KFRFEEICBIS T ZNADH [Nicotin- -

amide Adenine Dinucleotide, reduced form) & £/ >
R, ATPERD L SI2ENSO4RT 2,

CoH,;0p+ 2NAD*+ 2ADP + 2Pi —>
2CH,COCOOH + 2NADH + 2H'+ 2ATP (1)

EVESBREE SICEIE LT MOPID L SITRERDOR
BEEYIZ 26T 20

IERRX

A
CH,COCOOH+NADH+H' —
CH;CHOHCOOH + NAD* )
G
CH.COCOOH + H;0 + NAD* >
CH;COOH+CO,+ NADH+H" (3)
“TH )V
CH;COCOOH + NADH + H* —>
CH;CH,0H + 2CO, + NAD* @
DI, EYNISIRET CNADHE BT 3
EOICRBEDZER LTS5, 5t pH HHEL &
. N7 PIMBADEED pH 2AEICHE R
RBICREDEHIZ, —HONADHZRD &L S ICRinE

BOKERRETZLEDNTNS[6]o

-7kF&
NADH+H" - NAD' +2H' + 2e ®
2H' +2 —> H, ©®
NADH+H' - NAD' +H, )

3. ERA&

ERICHEALENI 5 Y 7k, Enterobacter
aerogenes st.E.820056 THH4lo F# 1ITRU-HiEE
WL T U - RSB 2 L T =, 38°Co
EIEAE CHRR Ui s S 1TRFRHA R IR Uo ORI
FERE 1 ml2R 1IOR U AR 35 mlichl
A\ RURTA I AY—T— TR U S — 2R
BIKROREREHIE Ul o HEaT L RSB s,
R0 M7 7¢8FHELTE. Ultron PS-80H) T4
WL, RSV R IIE Uk, BRERIICES

#1 BEEWRER
AR NS
BRGY _ [el] [N
Glucose 15.0 —
Mannitol - 15.0 (7.5)*
Peptone 20 5.0
Citrate-H,0 1.0 1.0
(NH),SO, 2.0 2.0
MgSO, 02 0.2
Na,HPO, 14.0 1.0
KH,PO, 6.0 15

* —ERDSBRCILT.5e1DEE T o 7=




KB RNVF— AT A Vol.24, No.1

ERAWTHRE U, 7= b oRREE, RaE
YrEROHLEE, 2 1 OREIET 1.8 1 oisEuE Ay
TiTo70

4. SEERGER

X 2 3B RGBT kR ROEIRE/LO
KERUE=dDTH S, ZORPS, ARSI R
3i2oh, KEREBRUCTS70MELX LTENSK
FEREFEHEL R TN bbb, AlEENZ
TNRNT IV a2 & I ER B 2 IR T Ak
FReRE LD, RERMI THEEETS L NaCRERE
1% T SFREE. 2% T4 RFTE. 3% T 6
eI RRBEDSRE . KRREE CITEZEL
o Eh. REEE 1% CIIKRBED 20 THRTL
Ty 2%, 3% CIL30RFEREE L TH KRR E 25

140

4 16

[
[
(=]

14

—
=]
=]

1.2
1.0

2]
[=]

+ 0.8

[=2]
[=]

0.6

0.4

Volume of hydrogen [mmol/I}
Yield of hydrogen [mol/mol]

0.2

0 T S TR L 0.0

0 5 10 15 20 25 30 35 40 45
Cultivation [ h ]

% NaCl 1% m NaCl 2% : NaCl 3% e NaCl 0%

2 BRABEETCOKERRERS

BHIER X

BeL T\, BBEBETEOY = b—VOHEEE R
T3¢, FHIZ82.83 mmoldH o= = b—VIS, E
B 1% CIZ20R T T RTHBEI WD, 3% Tk
& T 3672 mmoISHBEIN= R CHol= K
HOFUIRKCROINZBIED VAT 1 v I HRT
(7] SEHIHE & SEAUHME - IIERIC L < —BLTHD,
TRFRFELE DURFEIGEL KRFERE, KRRBEROHEE
ICIIRIHTE 2,

V=" Pmaxx exp{-exp|[Hmaxx e/Pmaxx (L—t+1)]} (8

( Vok#ESE4R [mmol] h
Pmax BFOKHFELR [mmol]

e :2.71828 '

Bmax BAIKZEFEFE [mmolh]
LokFEREE CIZET 28 b

U ¢HEERRE [h] J

FATRT LS IZ, RIBREIEL B L. KERE
B REEE, BEXTORNREL BERTRRE KK
T MIVHBRRO CONBERLBEIRoEN &
EEE1%E 3%IIDNT, KERER THROERESE 2
HE Y = b—)VRYE D THET 2 L, ZhvEh 146,
156.9 [mg-dry cell/mmol-mamnitol] CIT& A &£ D 572
Mol ZOZ LIPS, Nall iEvY = b—VOBDA
HIHEEEX. FOWR. BOMMBEEIELRD,
KEREFC R BB RoEELI SN D,

CNSDFERDPS, HAPERBESERICAATS S
LI AP DBUSD &Y Tl DS, ISFEL = BARIC
HELTWBHADREXZEE THL, KEBEICK
ERPEREHIIRNEEIDTHED.

£2 KB MIF I NaCEE O E

NaCl SEHHE I A 35 T-HHE
BE | KRRAER | AFREEE g HEHERE | BINRE | KRERER | KERDEE | 6RH | IR
%] fmmoll] | [mmol/G-h)] | [mol/mol] | [mmold] [g/1] [mmoll] | fmmol/@-h)] | [h] | [mol/mol]
0 122 149 15 82 — 127 15.0 56 155
1 107 92 13 82 120 110 10.0 56 1.3
2 91 48 - - - 98 4.4 7.3 -
3 67 35 10 67 1.07 72 3.1 90 | 127




KRBT RNAF—T AT A Vol.24, No.1

100

oo
=)

jord
=

B
S

]
=]

Concentration[mmol/l]

=

Cultivation [ h ]

~—#—Mannitol -—&— Succinate --&-Lactate
~X— Acetate —®—Butanediol ~#—Ethanol

X3 NaClEFEFCOY = Vi

QHO QHO ((IHZOH
H?OH HOFH HO]CH
HOpH HOPH HOpH
H|COH H?OH HQOH
HQOH H('ZOH HCOH
CH,OH CH,OH CH,0H
D-Glucose D-Mannose D-Mannitol

B4 D-ZNVa—xz, D=2 /—2R, Do = h—)VD
aE

X3id. 1%ERET COBERICHITZMEI D~ b
TS 7R UER D~ = )L L RBIEYIDE
EERUI=HDTHB. CORPLADDLI, Tk
REEYIARR. . VB =¥ ) ), TF>
A —ITCHolo BiZe> = =)V, D-ZNVa—2X,
D-= 2/ —ROHEESERL T 5, VIIVa—ROMR
BERIIBU2ABRIE T, 2ENVOENV YU ERE 2F
JVONADHD S M E W3, EIVE VB E NADHI, . 1%
WEYEROBRE THEICRIG L, AR VL ORBEY
PHERT B8, ROENADHIKZESZRETZ LT
NADIZHffMtEh 2,

U= bUICH O & TN A=Y ) —A &
D HKRRTD 2050 FATCEDEIND =0, fi#
PERICBITB9ONNIRAD LS 1I2RBDTE RV
CEISND,

R X

Cet,06 + NAD" —> CoH,,0 + NADH+H" (9)
CeH,,0; + 2NAD* =

2CH,COCOOH + 2NADH + 2H* (10)
CeH1406 +3NAD" —>

2CH,COCOOH + 3NADH + 3H" (11)

MR EEED, S, RAQ~DREITRT
RS BHEATEL. < = bR L b 4
BUEEIVE S BE S NADHE, REPEYERICEER
INW=NADHELAPBDT, KRoENADHIZLTK
BRECHEDNIZL LT, SHRTROKER AT
[k ERBEZHBT LT ZORDELVDIES
PHETED, XBIXZDERERL TS, HEIZK
B7kFRE L EROKRBOVEDIERIC L Bo T
WBZ s, o= hVOMERIGIZIE. 3 moldD
NADHA S LT3 Z L DHES MR o=

100

Volume [mmol]
> [«2] o
(=] (= o

3]
o

0 5 10 15 20 25

A Cultivation [h ]
~O~measured H2 @ calculated H2 —&~— mannitol

X5 < = b;—IUREBOEICKHKRFERY
SERME & DL

KUTRUELSIC, KEEBBIIERFE LTRT
R %D gh INZ TWVEe 2 AT %D Y VIS B
BEENTWBD, 32 TDH IV BILE aerogenes
DIEPETIGEE 3, 7N BINZ RV kER
BRSNS REHTH B, LI L. E aerogenes
DK FCORBREETIIERED EN L SVDETH
2 HIWNIERROLDIKRFLEICRET 00
ESMTONTUIEE S D TR,




KB RNE— AT A Vol.24, No.1

#3 NaCli% FeokBERERECBIIET

A7 b EEOFIR
RTZNEE BROKRBEE TKFRIH

[gN] [mmol/( h) ] [ mol/mol |

0.7 . 0.7 0.2

20 - 28 0.5

5.0 9.2 1.3

6.7 8.5 1.2

133 7.5 1.2

20.0 7.6 1.3

26.7 75 14

22T, AIREEI%ICBIT BT UHEE KRR
EEMORIR AR E—RIIRLEONRITH
2o KEIHEL, DL = P VDT RTERAX R
ELRELUTEELEETH 20507 L ERETIIR
WhS, RT LAV TE D LKRBERIDRN &
ZEBCRL TS, —H BRAKEREEEIIRT T
CHEED 5.0 gl THRAEERTRU, KERNEHG.0g10
ORI —EOMERETRTO LRI R RS ERE
Bz, ZORRICOWTIRERETHEREZAHEL, &
BORRRFONEDH So

MEiZR 7 b > BOEAORMRIC YO L S5 ITHET
IDFRIERER LB DTH D BREDE D

WU > TR DS <RBD5 10 gN MUETIIHE

FICHMERTH DL ER Do R3L ZORPS, BRI
& 5l UEHNIFATH D LD bh ok,

N
o

3
o

[
(=}

Cell growth [ mg/mmol-mannitol ]
5]
o

(=]
o

10 20 30
Concentration of peptone [ g/l ]

6 NaCll% FTOAT ¥ L BREE & ORIR

Oy TEREBICHEAT 2BAICIZERFE MRS
NIRRT EDPoRDT, TROHMRER2 ¢
% IRY—TEREL, AKEID T INTHRBFD L TR

BrFEam L

LB =5l e Ao~ > = M=V bic

MZ T, NaCl EE1%TERET oz ZOKERE
RRERTNCR U, ZOR. Wik o~ 5 7THl
2 UHI Y = h—)ViEREIZ12.2 mmoll (2.22g1)
T TU= bVEIED R D DRP o Ll KE
el 7.9 mmol leulture! hle, = h—)V
ZRWE Y EOREKE 9.2 mmol leulture® bk DB
Fhyd, SEEEART h OB R DR SIEHIR DR
XTholo Tk, KEIKIFZL4ETRL, ¥=b—
WEAWERLEFRUTH ok Lo, 2 70k
2V bVSNC T VRV RR, RS BHEREDS
FHTWDD, 0> = b—VEADRIADIKEFE DI
R, REREICESZ DPBIVRWEBDbNhS, 272,
MG R TIVE LR BN DM DH B
WEHIRLTH Y, BRERE~ORENSEIE
oidkEbhd. '

18

1 1.4
= 18 | -
< | [=]
E 14 + L2 £
[=}
= 1zt {10 §
% g
_s 10 + {08 &
& 8 loe B
o g
@ 6 Qa
g 404 3
E] 4 ]
3 2

> g 4 0.2

0 0.0

0 5 10 16
Cultivation [h ]

X7 NaCll%EE T cay 7aERICHA LRkD
TKRERFEAIRIL

5. E®

COEERDP S THIEEI LWKEREERT O
Yok, FIT BN AR5 LIEED
BRIINF—HESNDD, BEORKEEADBRHR
HEEICRERHA T, ERMAOREIERIZ145
kg/m?, L= b OEHBRILBERD 8%LHES
hTn3[2e KEDENREEE68.3 kealmol, 7KF
IRNF—EBR TRV IS 2RMERORE
BEECO%E T2 L, IV TREHERE 1 km®H=b e
BNV TR, YU VR, BUKRE BRE
REHRIIFRAD LS WEHHEI NS, [ARDEIEZY b
YEPWESENERAIO—RARHEBE L THHEIIDONT
HITNERUIR U,




KFZRNAVF—IZF A Vol.24, No.1

F4 OUTLY PR EEEEOLSEY L L 20
IKBEER L XNV —EEROLE

Kelp Sugarcane  Unit

Yield of product 145 169* [ton/ha]
Yield of product 14,540 16,900 [ton/km?]
Hexose 1,163 2,535 [ton/km?]
H, yield 229,061 415,088 [Nm*km?
Power 304,603 671,208 [kWh/km?

* “Renewable Energy”, ed. Johansson et al.,
Earthscan Pub. Ltd., 1993, p.847.

1 km*OFFEHFE» SB SN BRI X—RITH
F 0% R, EHNFFEI00EFEE LT DB L
REBWZ EHOPok, ZNIEBEDSOAETRIV
F—ANOEWIEPEN =T, 58, Clstridium
butyricum D X 5 IRKBWEDEVWIZ F1) 7 &2{$H
T30, ZONTF) 7LD ESITINERDEN ST T
FPEBREEIHRT ILBELIHDESS Bl DI,
RS % SUANRE A ¥ L RBAZRIA LTS —
BOTINF—[EIRE XK 208D H 5,

FERES, N1 A R KB RNV F—DE 2 5% %
WEES NI TH D, Y M IFETH2%E RED
SNBI LS, ALTOPIXEE H XD
ARBEIIRIA U TRENRRDR L 2R 2 08D
HBELD. TNVFUBRIIKEM T, MEREnXE
7= VAR E REXS B AEHRR OO, 71 VA,
dh, V2 Va—A bR A—T v, By
DEEEIZFEDNTE D, i, ZIV¥UEBL—3 VI,
FhRZ OfDEER & UTHWS h 2k YAHiE

[=1%
6. R

M EO#ERD S, O TEEBICAW-KEREEICE L
TRDE DR EPEAS IR0tz
1. NaCHEE B D &, KEREE, KEREHE
[&, KEREF CORE, KEREE TR, K
FPE, = FVHBERO Y OEEHNaClH
BT OkFERE L D EL RS,
2. WKz EEERWICH AT 5 2 Lid@EY Tty
D L -BAICAHE LU TCWIHANRY 218

BrFEsR

EThhid, KEBREICKEREELEZ 70\,

3. INa—20OfEHERTIL 2 mol ONADHAEIS L
TWBDIZHAR, > = b—IVOSBEHTIES
molONADHASEEE Uy, Z D7z DITKRINEDE
{725

4. 2V TEEBICHEAT I L FICRBREFEEMI R
Fhidzsinds, EFREFT 51 M EbhidFHs
TH2,

5. Ay 7iCgEh 3y = FVUNOBS DK E
FEDIR, FEEEICS X 2BV,
W7 VX U BERELRITNEL, PIVXCEE
IZ X DDA BB R LI BE 52 5
C g,

6. E aerogenes & DI HINEDOBVWWI T 7R
HREEINR T IHEHRBI NI,

T. RBREEEAY CRETXSIZAAL, 5—BD
TRIVF 2R 2 BRI N

7. BE

1) {ksEN, “BRTRIVF—FIEE ”, 737—4t, pp.12, 25,
123 (1993).

2) Sanbonsuga, Y. “Studies of the growth of forced
Laminaria” , Bull. Hokkaido. Reg. Fish. Res. Lab., 49,
10-13 (1984).

3) BEEMES | B TEAEE “Enterobacter aerogenes®D¥E
kR L RIFEEIC DO\ T 67, 29-34, (1989).

4) Tanisho, S, and Y. Ishiwata: Int. J. Hydrogen Energy,
“Continuous hydrogen production from molasses by the
bacterium Enterobacter aerogenes”, 19, 807-812 (1994).

5) HAEZRE  £EF—¥ 7y s 1, BRIGFERA,
p.878 (1981).

6) Tanisho, S, et al.: Biochim. Biophys. Acta, “Hydrogen
evolution of Enterobacter aerogenes depending on
culture pH”, 973, 1-6 (1989).

T} Lay, J.J., et al. Wat. Res., “The influences of pH and
moisture content on the methane production in high-
solids sludge digestion”, 31, 1518-1524 (1997).

8) Tanisho, S.. “Hydrogen production by facultative
anaerobe Enterobacter aerogenes’, in BioHydrogen,
pp.273-279, ed. Zaborsky et al., Plenum Press (1998).




