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BREM OO AAE TRV ) YHEENICERI TS A, EIY O Tk kRN Do
THRICE S,

INSDEEBENTNE, TAVF—DFv YT & LT, 7V ) YRE, GHREBOLEH
SEAZ /=N ETVYEZTIRRAZDTHNENI I LIRS, COBREDOEHIT, LIh-T,
HERBEOAN T ANF —CHEIN ), CONEPLRTYE=THEHTH S, HAUKEY
DOLANF - EBBEONBREL A VF—TEH 725D (Fv Y T—ELTOHEK) I, TVE
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E, RELTXOOTRBNIED D %

CHRTVETARICREENRARETHI2EVIBEHOEO. THbE, # 2/ —VOBA.
i3, (LGRIKEDP N4 IPFHRERZDICHL, TYE=TOEAREGHKOBE (&
WHE) 2EREKEK-TELTONENETH 5,

LAMF— - F % T —ORFEF—RIC, OEREPEID (TYE=TIiFlatmTiEI—33.4
TTHALT 5o %7, BETIA85atmEETRALT 5, ) (0 HERIFAVF— BTFAF—
FE BEAELYOOLONEERING) WX+ GRE - B Y27 A GhtkkER
BOFHICLOESML, ) ®FLEENY FY Y MBEE OHESNT 7272 YR
EWZDNTTIE DN S,

L L, COMUCTOVTS, TYE=THE, MCELTORIUANTE, * 8/ —r e+t
HE TS B,

TAAE— k)T —E LT, RAMICHE, K, KAOBEEEARCREFEIED,
KEBRLUTKZLHBL, Z20F v ) T—ELTTVE=TEHHAT I E VI FEBEZ OGN
Lo TVEZT —ZELKOBRE, BT VEZTABRBICLALLY Y0 - 2V VOBRIITX
NTH5 (FiDEscher BAESKD -

E, TYE=THORBAZFAL LBIR YR T L3RRI TN 5B, ThHid,

Niclz - 6 NHs +#ZNiclz: - 2NHs + 4 NHs
50,

Caclz * 6 NHs +#ZCaclz - NHs +5 NHs
EVWORIEFIATALOT, FBIRETIE175C, 1 atmD T TRIWE1KgED 25 0
Kcal DREFRVBTRETH b, HHOYELIEELSAKLOTHMLTERNIFBENTE, KB
B ba SHTHEA D B,

PETT v2==T7 OEBICHO>VTOEHMHE, TAA0F— - F v T LTORYE, REF
B~ OF B Sshchs, SR, BHELTORRWRBFIARLEEAA, =¥ o R0
BRMANOIEH, ZOM, KETA VY — - YRXFLDEIE, HH LWVGKRET VE=T EBL
KBTI T5IEbTELD,

SRBKEMPIIRAT— v 2 YVALUNREEREZOTAKEDF v+ | 7T —IZiF720IZCVREAE b,
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TYE=TIC, bo &, GELTHLIWDOTIRAED S I,
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(4) HE3I2HEHAHMRSA

(a) THBEHROXMBEERICE D XERE J

SF¥MEHER K H OB R

1. B

HETABLANF —2RBEELTCOI0EBEHE LV OLOMETH S, ThbDEY
LB REREBICE > TEHES N A VF—1E3 X 102 J /ELHiEEShTWE, Th
197 0FEDOAHREDIALE —HERBOK 1 0 Fichicd, Lirl, COBIMEICEE
(KRB ANF—~DIG0.1 BT EL0, ABEPSHEM OISR OWELBEHAHN L, EHYDRE
hEEEb5  ATHAR ZEICERLE &, TALF— - SREEIRRR S UL GRE
THRIZREE DT 5155, B, T3, COATRAROEERCH O, REFOME
BB, ZNDORN, BROBERKOASBICL I KERETHS. DRIEH,

Hz O—H: ++02 , AG® =2.46 ev

LERDING, TORBEZRT 5708, St OLEBA) RORHS, HASHTT D
T3, RADPHRELTOILBHEEMBIEIZORD 1 DTH S, HERHEELADES
LBEHICKESBRUKREREI®D I EBbh - T,

2. OB LR

FRELERETS &, BEFHFOBTREZFIHESN, BEFFICEANTE S, &
OBF, EAIBRINEEOMENG (BRI 2RETs Z ehulisks, B, R#
BRI NCETFIMEFHFOBFLIONNY F¥ry v 7RI 2 VF DGO DBLA
MLV, BICHBEFHOEAIEEFOEREN LD, NV F¥y vy THRTEFREMIBKE
CBRILEEND D B, H->TI DI BEF, EAIBAECLKBICHATES, L, CO
HEE (HEO 1FLSVOHMAT) ZUTHRBALTOIRBIEHEHEBS 0D, Pt
RuQ: 54T AL 10~ 1,00 04 SORMEERSERT S I Lsbh o, EBEOD
ERIIMIICRT L D707 7 XK EMELERYEANCRET 2 BEHAIOTH S,
RAFZFEELT, TiO (BILF£Y) MR FEPt, RuO: STEREEM L/OBMEE AL
bk Th, KEBEENMEEMELKERERESHBE I Enbpo o (2L, BEDLIHE
FHRIT0.0 2HBEE) o SOICHBYMEMZS L, BRHEIBRIABEIND EHITKER
ERERD, KIEZGOBAEHN10~100 04 (AEYHOBRICIKET 3) LLbmEd 3
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Fig.}. . Schematic illustration of experimental setup for photocitalytic reactions and
their analysis.

TEBhhoT, UTFHEHITE,

3. FBYLKORMERIGICK S KERE
3—1 NKkEFAREBIUORER - #1403 ¥ FEAKOER

ct+om, 0 FBE Xy 1c0: @, AGT= + 63K ol
C+i: 0/ X

Hz +COB), AG*=+92K]/mol
WK, AR, £ANVY Y FEORRBKERIE L, KEMBREET 5, < ORRITH

RN ZRIEE LTHSN, 800 COBRICLTHDTRILT 308, B4 DHE
T BERTEMBMNICETT 2 & CAILE#END 5.

3—2 Twua—nwkkhroOERERKERE

CH3OH+Hz O—=3H:2+CO2 -4, AG°=9.0 K] mol
C2H5 OH+H20—>2 Hz2 +CH4+ + CQ2---6), AG®

=-33.9K] mol
Toaa—RIF RO, BITUSKRERET S, KEREOBTFHHEL
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REKBDIFERO2E/AFHEEBEFH (0L, NV FEryy PREDZ I AMF %
DHRICODVT) EEHELESE, RuO: PPt EZHE LTI O XBHTIK, COE
FRHFIREICEL, 40~50%%8Z 3,

3—3 XAWREHL KD ODKERE
Rokic#n, BB, BEREREOFRYMNSEIN, KEBxLL, KEERET S, &
DORIBIE 7 VA —REFILE > TRTETFTDE D iIckban s,

REEY Ot

6COz2 + 6H20 CeHi2 Os + 602-716), AG° =287 0 KJ/mol

D CoHiz Os + 6H: 0P8 X600, + 120, -1, AG®=-32K]/mol
12H20 — 602+12H2--08), AG°=2 8 3 8K]J/mol
ORiIEHICL ZRBEMEAZH S5 DL, DRI 2 ORI 4E KT, 6), (7
RE1TE, HRKOABICIEE, MYDRARTKIRILS N, BEHSRE L, KRR
HABRKACEES B, CO&SNHRRORAREN TS L {47 2%, %
BRI A > TR & RIS S5 EAKRATD HF T EATE B, £1ICTiO2/ Ptos

Table |. Hydrogen production from water and various biomasses
using TiUZ/Pt photocatalyst.

] (o) |t} | QY. at 380 nm
biomass neutral * | 51 NaH 51 NaOH gther Products
I.MATURAL PRODUCTS lcﬂz) 2CD
glucose N30 0 - 8.5 ) CH,CEO,C H_0H,
ethanal 5080 520 g B £, 4 CHCHO, CH,COO0K
iil{:l:;e 2t 200 s € g G0, {Ts) 00
Tignin 12 7 0.6 <)
pyruvie acid 323 208 2.40) c,u o8
glycine 220 <) 1.6 - 1,
I. FOOD
sweet potato 38 378 2.8 O{JOH.(ms)ZCO
fatty oil 72 212 1.6 CZHS
TL GRASS AND KOOD _
<}
cherry wood 148 1.1 CZH5,G!30H,(CH3)ZCO
white Dutch claver 54 142 - 1.1 CH4,CHSOH.CZ\<1£H,NH3
golden-rod 12 55 0.4 CH30H,NH3
water hyvacinth 5 - 130 0.9 HHy c
rice plant 23 175 1.3 29
V. GREEN ALGAE 'AND
SERWEED
chlorella 73 270 2.0 Nl*l3
seaveed{Wakame) 74 166 1.2 My
laver 0 332 3.3 S
V.DEAD ANIMAL AND
EXCREMEN
cackroach ) 85 0.6 My
human urine 18 228 1.7 KH ’,I(CH },C0
310,00
cow dung 12 198

a) 10 h irradiation by a 500 W Xe lamp
b) Q.Y. (%) in a neutral aqueous solution
c) not determined
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BAFE B2 D432 2DKRRBEERT, 1N 2 COFEERRANITRT,
ERTAC03b L ETLLRIBIZKORREIC/IE->TED, MEBROREIID
1o Tnd, Ff, TOFEICED, Bltvt=—n, RKYzFLY, FMorDLkii
ARUCCOVCATES FEDBLUBEMNOKERENTETHS T b -1,

Sun

I ®

2 H
- ]
i
Cartohydrate)| | [S)] N
? , 1 é H
1
]
3 H,0
1
. , | 0,
. \\‘“/D
®
;i) PHOTOCAT.
H,0
REACTIONS

PHOTOSYNTHESIS

Fig.Z2 . Combination of the photocatalytic reactions with photosynthesis of green plants.
Solar energy is stored in the photosynthetic products which are decomposed to
produce hydrogen in the photocatalytic reaction. The whole system is semi-
artificial in the sense that the photosynthetic products are indispensable.

4 THREIEIBKEREEZORE

PIE, FEULTTIO MBI X B KFRREICOVTRNA, TiO2 (Eg=3.0 ev)
RESEULRIBICHATEBOVRAND 5, THETHEREL (, RECH EREORRY
REUBBETH 2. ChEBRT 10D, RABE2OYEE /Pt MEOEEEZH LI,
F21Cx 8/ —nEKRPSOKERECHEALLAEZR T, COFMISRLAELIICHBRTD
IO DKRRENA OGNS, EXICCASOEBEHRIZEELOSONE B0, ZOHFMH, RE
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Table 2. Hydrogen production from water-€thanal mixture
by using various platinized semiconductors.

H2 production rate (pmol1/10h)
semiconductor ==
neutral alkaline
Sic 120 420
SiC (> 430nm) 68 290
GaP 42 23
Si 49 —_—
CdSe 17¢ 130Q
Ccas 8300 12500
I*Iv::Se2 380 170
M052 360 1160
MoTe2 110 96
Fe30 4 9z 180
Fe293. 30 1?0
Wes 10 -~
CdTe 102 24
w52 92 530
wSe2 480 25
GaAs 48 740
InP 26 25
500 W Xe lamp, . platinized photocatalyst:300mg,

ethanol:water =1:1.
DREEM O EHIES, QAERETAFATE, QLET, OPEH L, ORE, O
7SR BER ICHIT T, S5IBANNETH B,
COXIIEHMBHTARTE 2L &, JDT, A &7 REBEE KU1 1ok BB 555 K
AHELIEBIED D, I COFMBRIER, B  OERARKE~FIAT 3 2 Lotk 5, Bl
AL ENO—RAPOEET NI~V EOHRMMBEDOS 3 EBMEARTE NI, YEARES
TEANE—DBEEDPOERN DB, SO0, BhEREE, RBAREEOL D S, &
HIBILEMNINMLDORETHS I,
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(b) %M APRICLDAEHE

GBS ~
ErapAa o+~ H ¥

1. #
BAGEWICLTEAREELD SBBITEENKEREABICHCENTED, JOK

BERIZHMEORETHY, TAVF—FThHb, KEROBHLBERAICL > TREOART

BBFELANFE AP L TERET 2HMCHEDEENRECEAONICREETHORET

H B, KEROMENERO— DI KRADKRTH S, KHIZKDPD OEACFEHIKREREIC

DNWTZDEZREBERBIUCHERIC2VWTERNT 5,
ETHTHIAFENKREEL IRARY AT A2FEAX BT ML UICHETKP O AkEE

HETAIEICERLTITEFOHEEIRD 2DICAREN S,
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COMSUMPTION OF PRIMARY ENERGY

REEOFNEHEZRH L, REEARZLLAIBEZ LA L5, KBV RBEN2 fE
KRNVESEII2~3CLEAT S EEDN, BUABICRTZOLRETIASL, XSOBMBIC
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®Q 22K 3, —HIPILFENERBESHA TRV ZPOBFAE D, BEFE KB 12
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TOALEMEICEL SRR etc OERERANIBTAHO BB L vk e 52 5
ERFH TN Z8EHOEHICE EBALKREARE TS, CORBIE=1o
FF—€IlEALTVA e Falr—E0ERICL 3 LEZ NS, ChLDKER
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3—3 NABBEBEOETAYRT AL BKERE
AR TR OB O E BB I- & DKRAEE ICH ST B 70 diid & SISk RERKRE
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—F, ChOBEADTFLARLVTODETNMEYR T ACX B HKEREIZH TH
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Comparison of hydrogen production rates in phstosynihetic green and blue—~green elgee,

0.42/mg dey we

2 The studies cited include experiments With closed flask and inerit ges continuous flow
e systens,
&
Organisms Method Mﬁ:ﬁm‘ ymales of H, Produced per hour Reference
Green Alpae
Ankistrodesmus braunli clased flask system, A wilnutes - l.l/mg ehd  Bishep et al., 1977 (46)
Chlorells protothecoides closed flask system, A minutas ws 16.4/mg chl  Bishop et al., 1977 (46)
Toelastrum groEoESum closed {lask system, A minites o 26.6/mg ¢l Bishop et ., 1977 (46)
Selenastrum sp. clesed flask system, A mirtes o §1.8/mg ehl  Dishop et al., 1977 (46)
Ycenedesinus obliouus closed flask system, A minutes oo 20i2/mg chl  DBishop et al., 1977 (46)
irchneriella Tunaris closed flask system, A minutes oa 31.2/mg cN  Bishop €t al., 1977 (46)
Ankistrodesmus braunii closed {lask system, M hours s 0.89[mh chl  Stuart and Gaffron, 1972 (63)
amydomonas reinhardtii  closed flask system, M hours 0.23/mg dey wt  17.0 /mg chl Healey, 1970 (52)  —
hamydomonas reinhardtii  closed flask system, M hours ~e 3.2/mg chl  Stuart and Catfron, 1972 (63)
Chlorella Tusca closed flask system, M hours e 0.49/mg chi  Stuart and Gaffron, 1972 (63)
Chlorella vulgarls closed flask system, M hours . - 11.0;pg el Pow and Krasna, 1979 (59)
Thiocellz sp. deased flask system, M hours 6.16/mg dry we  11.0,,/mg chl MHealey, 1970 (52)
Scenedesmus obli closed flask system, M hours 0.22/mg dry wt  15.0 /mg chl Healey, 1970 (52)
Tcenedesmus oshguus closed flask system, M howes - 10.2/mg chl Pow and Krasns, 1979 (39)
Blue-green algae (cyancbacteria}
Anabaena flos-aquae closed flask system, A minutes 0. 17/mg dry wt Jones and Bishop, 1976 (34)
Anabaena cylindeica closed flask system, GC hours 8.7{mg ent  Bothe et al., 1977 (48)
Knabaena cylindrica closed flask system, GC hours | 0.17/mg dey we 11  fog e Daday €t al., 1977 (50)
Anabacha cylindrica closed flask system, GC hours 0.10/mg dry wt  6.7,,/mg chi Lambert and Smith, 1977 (35)
othrix scopulorum closed flask system, GC houes 0.130pg dry wt 8.7 /mg chi Lambert and Smith, 1977 (55)
Nostoc muscorum closed flask system, GC hours 0,03 /mg dey wt oo Spiller &t al., 1978 (60)
Oscillatoria brevis closed {lask system, GC hours 0.17/mg dey wt it /mg chi  Lambert and Semith, 1977 (35)
Oscillatoria sp. Miaml BG 7  clased flask system, GC days 0.18/mg dry wy  230/mg okl Mivsul and Kumazawa, 1977 (16)
Oscillatoris sp. Miami BG7 clased {lask system, GC days 0,29/mg dry wt  260/mg e Kuwnazawa and Mitsw, 1980 (39)
Oscllatoria sp. Miaml BG7 clesed flask system, GC days 0.38/mg dey we Phiips and Mitsui, 1980
. {ms. peeparation)
Anabaena ¢ylindrica inert gas contiruous sparging system, GC days l.4/mg dry we 320/mg o4 Weissman and Benemann, 1977 (63)
Rrabaens cylindrica Inert gas continuous sparging system, GC days 0.58/mg dry wt Jeffries et al., 1978 (53)
Mastigocladus Tuninesus inert gas continuous spurging system, GC days 0.20 # - Miyameto et &l., 1979 (37)

e Abbreviations useds M, manometry; A, amperometry; GC, gas chromatography.
Converted with {oliswing factorst 67 for dry weight to chicrophyll and 6.7 for pev to &y wt.

(b7 Mitsui, A)
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Examples of Hydrogen Photoproduction Rates

in Photosynthetic Bacteria

(Modified from Kumazawa & Mitsu,1979)

H2 produced

u moles/mg Electron Light-
Species protein/hr Donor Intensity References
Rhodos piril lum 1.7% malate 10,800 lux  Stiffler & Gest
rubrum 2 (1954)
1.68 malate 135 W/m2 Schick (1971)
0.9 malate 4 W/m Gogotov & Zorin
.  (1972)
1.8% lactate 300 W/m Zirrer & Bachofen
' (1979)
Rhodopseudomonas i2% lactate or 10,800 lux  Hillmer & Gest
capsulata” pyruvate (1977}
Rhodopseudomonas 4.8 malate 6,500 lux  Wall & Gest
capsulata (mutant) , 2 (1979)
Rhodopseudomonas 0.78 glucose 29 W/m Gogotov et al.
palustris (1978) —
R hodopseudomonas 0.54 glucose 8,000 fux  Macler et al.
sphaeroides (mutant) (1979)
Chromatium D 1.2* thiosulfate 506,000 lux  Arnon et al.
(1961)
Thiocapsa 1.84 pyruvate 20 \X//m2 Gogotov (1978)

roseopersicina

*

Converted to protein basis with following factors: 2 for dry weight to protein, 13 for

cells to protein and 0.16 for nitrogen to protein.
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H2 evolution by blue green algae and photosynthetic bacteria

Specis Hy production rate

Reaction condition

Electron donor

N-source Reference

30°C, pH 7.0 - 7.3

Photosynthetic 1500 wl/l.r.m/day lactate . glutamate Hans Zurrer
bacteria cell conc, /mg dw/ml vessel 11 cross sect., lactic acid R. Bachofen
4¥12cm waste 1979
Rhodospirillum light 30u/em (containing
Iubrum contimous 80 days lactate)
’ 600~700ml/1,.r.m/day 80days ,
(cell conc.4mg dw/ml) ” ” N, v
Blugreen algae
Anabena 1-10 days 140m1/ 26-29 C pH 7.5£0.5 H0 N, K, Miyamoto
cylindrica 1l.r.m/day vessel 45 1 P.C.,Hallenbeck
after 10days solar 100-300cal/cm?,day J.R.Benemann
50ml/1. reom/ day contimious 40days 1979
Mastigocladus 3100ml/24days/l.rem 33=47 C pH 7.0-7.3 H20 N2 K.Miyamoto
laminosus 10.8ml/hr/1 vessel 1 5cm P,C.Hallenbeck
500-600cal/cm* day J.R,Benemann
contimious 24days 1979
Oscillatoria SP 1.3 1/1,r.m/6days 32 pH 7.5 HZO N2 A, Mitsu
Miami BG7 4000 1/6days/3mL vessel 1 Kumazawa
closed black gystem 1980

contimious
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Fig. 5 Photoefectrochemical cell apparatus o photoproduction
0§ hydrogen with quinone-hydroquinone system.
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quinone system under day- quinone sgystem under day-
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Table L. Hydrogen evelutivn hy selected algal strains.
Total H, gas Rate of H. evoluiion
Sarain evelved during (rmoles/hy /mg of cells}
enlture (amoles/ in Air > CO; ian Argon FCQ,
. 331 hr/twbe) (95: 5 1350 5)
‘No.15* < 2.1 nd¥ nd.
53-3% <21 a.d. a.d,
56-1% < 2.1 n.d. o.d.
12-1 < 2.1 nd. 72.8
161-1 2.1 0.062 104.1
H-141-N-3 40.1 0.24 2.9
N-7363 3432 3.4 140
T <21 n.d. il ]
7482 14.7 nd. 75.6
7573 2.1 0.73 10.1
7584 2.1 nd. 35.8
7602 18.4 0.18 3.2
;‘;,",-f,:’,‘;f,”, n7.a© 11 382.2

The experimental corditions are described in Materials ond
Methods .

a; Scenedesnus species

b: Not detectable.

¢) Evolved for 179hr.
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