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Microbial hydrogen production:
Dark Anaerobic Fermentation and Photo-biological Process
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Hydrogen (Hz) as a clean, and renewable energy carrier will be served an important role in the future energy economy.
Several biological H, production processes are known and currently under development, ranging from direct bio-photolysis of
water by green algae, indirect bio-photolysis by cyanobacteria including the separated two stage photolysis using the
combination of green algae and photosynthetic microorganisms or green algae alone, dark anaerobic fermentation by
fermentative bacteria, photo-fermentation by purple bacteria, and water gas shift reaction by photosynthetic or fermentative
bacteria. In this paper, biological H. production processes, that are being explored in fundamental and applied research, are

reviewed.
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g3 A Y. o| & Chromatium 43+ Rhodospirillum rubrum T3
7} o] gle 29 A formateE 49} o] Akl ek A E B s}
o FaE EASY, Yol EAT vx A4 @ gFELo} o]
o] AgE wikzANA FARE EA A F4E F95}o
FartaE HAGTL B HJTK, 14). W] Bo)] e 5
24N 7122 FY FFo) b 24N SN AR O E
Brtolywl, 7|8 £/ 2 UL 1FY E4A 0 o8 ¢
AR 7\ 3] g,

B 32 NE v AE) A BAFE FLAN BHE
2 ¥l S TRE 74 Jlee] BAR HARY Fa2
BHAE, FL28 B2 5L AYRL, 4 7129 543
ATl FESoF & B 5 LA S8 BAY WE

71&8t At
Z|l=9 EF ¥ WY

FoE AAEHE PSS A4 B84 AT (photosynthetic
bacteria)(15), ¥ 7|4 AT  (non-photosynthetic  anaerobic
bacteria)(3,16), 27 (algae)(1) 5.5 FE AT FFANFL
Rhodospirillaceae(17), Chromatiaceae R ChlorobiaceaeZ -8
Hr, o]& 4z} B4 Hl-H-F AT (purple non-sulfur bacteria),
XA #-3A4 (purple sulfur bacteria), =4 &334 7 (green
sulfur bacteria) 0 2 A H T F7|A AT A7) (strict
anaerobes)$} 54 & 7] (facultative anaerobes) M| 7 0.8 TR H
o Z2F = 25 (green algae)9} ‘F2F (blue-green algae) &
TEHY X2 FE T4 cyanobacteriag} 1 £ 1, 1R 5
XA T F 25 Anabaena £0) 9 THIS).

BEHE &2 AN P B, 40)E, 1eE B0 B2

A. Direct hiophotolysis
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2 nAEY o w7 Ed wet of A Zleo] ¢
A doH ole qZE Ve R oFd £ ALY e
of g A77t stk o] FAME O =27 (green
algae)7} A WFFUS o3 EERRE FAS dAE
W} $28 AASHE 91 B 2

bio-photolysis) @ BH4Y 8ol s BL Halstel 4ag
FAsLT, FA B7] F oldsteAaE nAStd AEA A
FEAZ IA Wl FET F F7) ¢E Te 39 28
L Bz 1 E RS SN Ve
(indirect bio-photolysis or two stage photolysis) @ F7]8S
71A=Z o)gdte] Wo] EAjehe F713E wid AN &
Aol 9F B3A W (photo-fermentation) = @ F
o] EAsHA e XA F7] vBEA s fF7]=c] 2
st 449 4712HS Y ¥7] 2E (dark fermentation)
Bl Bsts HEA 2 VINE BELE FEI,
1 54

=

P =
FAaE

o

fr

TE FEERYH 45 s FA 9 (in viro) 5
A ® B VA diEEL: vk A bk
(microbial gas shift reaction)ol] 23+ =4 AN V|7 FE

& 4+ UThFig. 1).

Bt ©@ ot

Fatdol o8t XY 2 i FA44
(direct bio-photolysis)
nAE g 4 WA AFe oW 1800dH] THH
uAAERAEY A AFHNLH, 2F (algae)dt AT
(bacteria) ©]-&3t 7]|2AF7E FAHT YAk AFA
AN F&3 5A e} vAEAA S LA A
Az AgA ] WE FolM F7t YAEE in viro (ZA

O,
H
H,0 swies Photosystems  reweeer = Ferredoxin =~ reneem Hydrogenase === -~ H,
B. Heterocystous nitrogen —fixing cyanobacteria
Recycl
o, coy ecycle o, H,
4 H 4 NADPH H
HyO  emvieen = Dhotosystems =erseses > [CHy0J  weeeem > [CH,O,  wereees » TFerredoxin sessses » Niirogenase
Vegetative cell Heterocyst

C. Indirect hiaphotolysis : Non-hetercrystous nitrogen — fixing cyanobacteria

) oy Recycle ca, H
4 H 4 NADPH H
HyO  rooveer = DPhotosystems  =err=n - [CHyOl,  reeve = [CHyOl,  rooveer »  Ferredoxrin ===+ + Nitrogenase or hydrogenase
A
st stage 2nd stage ’

(photosynthesis)

D. Photofermentation : Photosynthetic bacteria

Ferredorin ~ «resees +  Nitrogenase eessse
:
: Bacterial i
ATP e photosystem " - ATP
E. Dark fermentations
[CHyOL, wrevene > Ferredoxin  s»eren »  Hydrogenase s+ve -

F. Microhial shift reaction : Photosynthetic bacteria
CO+H,O reeeme - H,+CO,

(Hydrogen photosynthesis)

Photosystem 1 === - ATP

Figure L 412312 280 i@ $444,
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) g4 AT o}&7) 1886 JacksonI} Ellems (20)7}
3o A7 HMolN|2RE) Anabaena cylindricaZ 573}
AL, O|ZHE Fat AAE RS 49 F 2R
FEE PEA A Fart Aol LEAA HUh
Gaffron & Rubin(21)2 194213 =% F 9] U= Scenedesmus
obliquusZ 58] F3Ao) ofs] Fa4 IS Hx2 BRustg
Y. =27 (green algae)=  Chlamydomonas  reinhardtii
Chlorella fusca, Scenedesmus obliquus, Ulva lactuca’?} ‘23
(blue green algae, cyanobacteria)q:= Anabaena cylindrica, A.
variabilis, Synechococcus elongatus, Synechocystis sp., Nostoc
muscorum?} FAE YA

AEoly =FE AAU FHA FEol sl A
o Athel BAAE vt=vd, oln AiE B2RE I
Aste, A5 37 F9 olitgdis
o HEAW FHHAW, FaMIe Zvjs)

dA e gedh a8y 2FE oltEEs
Al FAAE FAE FLT £ JTH).
FHo2 FEI 3= WH(Fig oA HAxe EREE
photosystem (PS) 1IS} PS 1S )2 AxWA A AL
¢l ferredoxin (FD)2- £33l 444 &AQ hydrogenase 2
FEY. 83 ZF 2 cyanobacteriao] ZEA St FAAAk
B 1) 7193 (reversible) H& classical hydrogenase, ii)
uptake hydrogenase iii) nitrogenase7} o™ T30 wel 9
e 257 EAEAY BT A Bejdit o]
F&o0l28 gidle 1EA ZEFZ Ni, Fe, Mo,
Feo| & wel o8 Ferl don, &4 2
Zt. o] A 54 F9 A% cyanobacteriadl Tk
nitrogenaseol] g Atw F4AAY BAHSY
Bol A7HI JeY, gutdgor A4E gRYolz
ATE FAY ALA EAHA e 2 AE

2 BUsd $47ka2 YT, o Hoh
B7tegHoln, 4 3 B 4 ATPE A}&3he o)
W} Ee Wl

7} A 21 hydrogenase?] ThA}AVI A9} B w3}l
Al 29} o4 Awse MEER Feoln, BARH)
ol =W, RFAd WEt.  Uptake
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Reversible hydrogenase= ZF 2 cyanobacteria® 283}
SR NE0 AV ARE B42H A, GHA
A A7 FAEHL Aok

Oz
light /
() HHO - — PS I — PS I — FD — Hydrogenase — H,

A3 Fol -7 2N
hydrogenase7} %
dR s, oled

Aol

¢

w3l

Ab2eo w9 st A4 AL Welsty] wEo)tt
Hg RS SE3] ke AdEAHoEE kA
1A FHeEtlZ v A fladEle Ves Ax
ot Eg A E ARAHQ A7 Wyol HXA
23t gloy met BEAAELHS AW o2 Ghirardi
522 atadl] WEEA ¢4 hydrogenase 7S} of& ¥
Greenbaum 5(23)2 #3541 A]2=H 1 (photo-system 1, PS I

Chlamydomonas reinhardiii B4 Ho|FE
LA Melis 52402 5259 F34 A=de 37
| THEo] AIZMA o E Aol Fol wIFOEH
FAaAe] Tt EE A EEH d&H Tl
= B4 A& PS 119 PS 19] tE 3EE B4 ZF,
o= & Zafeh Aba 3o A8k, PS 12 o|4tset
Yo Fojshe FUAE ANAY F4E TS
F2 #AA= r|golth 1dAlANAME C reinhardtiiz}d
7 FoN BER AHEOE ONHBAE AFEAZ B
e AE BAZAGN BREE FoH F4T
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o] ATt o]} e AAWA AHRAZ hydrogenase= T
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HIFTES A4S ¢ AT FHHD). B0
MM HHHE FFAY &L AN e F
=19 10-20% o]’de] HE&E wol= FJUAE
tedz HgHog ZrhelA e waszH] F5e
e WE F53le M4 (antenna)y} WS o]
223 (reaction center) AT} R L}X| Al Wolr] W]
7b AYAA E7) qEolth 53] BFds 2904
F Wg gRE o|83lx E3x 94A 2
23 A4S S5 Aste FFAY nAE
antenna®] & EAvhA Wz
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(indirect bio-photolysis or two stage photolysis)

TN S EYte Ve, nAE 258
= heterocystE = AA31F cyanobacteriad] 2] 3|
A g},

7 2 &
ALE oPtBEaE F1 A AUAE o) gdhe] B
¥ E &
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S ofoex b
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oz

light
H,0 - PSII — PS I — Fd — (CH,0)
1
CO; recycle
1

(CH20) — FD— Nitrogenase — H,
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o] BFo| &3} cyanobacteriaw 4HAE WAYEI o]k
e AE 13 M ZEW Y vegetative celltt AL 14 (FE
= A&7t gle Ave $4ALA)E S heterocysts7} 7]
+ AXdo g3 2z FREHUT ¢4 A2 9] A
A BE AF 7o) nitrogenase®} 247} heterocysto] ]3|
TEH7 Wi AR FERI 2% AsY PO
hydrogenase®] AtA WA dig $uEe g 283
nitrogenase= AALE B4 Fo vegetative celld] A o]Ats}
BHA2E 2FEY AE"E fUIEERY FgEen,
ferredoxin (FD)o} A} ALA = &gt FAaMLHE o4
st 202 ANEHE RVEY Foll A3 FaAAY
57t 9% o, nitrogenase® TAALF W7 ol A
A} MR E dF LHEle E4AF &80] B d4HG
@ o] ©@yolrt

20t 21N ety MM

o] 7l&& i F AR FEEW AA, =F
cyanobacteria$} Zg& B UAE 3 FFHE T ug
Z704 HgAFozN FAF BASHA e AG EA4,
B ARE EFE T 4 olde) nlAES ol
294 V|EE FREY A WHe 19AA e A
%8 WY (open pond)ol X ZFE WYt &7 F o
AotgAh 1Yo R gstES A8, 290 & - J
71%79] WEZRA hydrogenaseE: FEAH F4E LA
e ot AN Fo 2FE UA] 1WAR £88
A Al A RS Fadtd ZdAP 3 gEkE
Aok & AHoA A & Ay FHA Y ;44
oldl sjgate 7ot
, 284l 2R 2RE FHEste A EFHe 28,1
IE ZFE 7194 oages 143§ 4718
Hae, 29 Ao e T4 vHF Aod 2L BFA
HAZ3e Ve FARAL 580 B2 VR 4
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F1BERY ABHHOT $iE AUIE v4E
WS Bog &+ (photosynthetic) F3HA v EF} WS
22 &# %& (non-photosynthetic) P|AWEZ EHH,
FAS A Fow 7] 2ANAM FIIEERH $£4E
Aalsls 7] LEAnAEL Eschericia coli, Porphyriduim
curentum,  Klebsiella
Desulfovibrio vulgaris, Clostridium butyricum, Cl. pasteurianum,
Methanobacterium sp., Rhizobium leguminosarum, Azotobacter
vineladdii, Enterobacter aerogeneso] €U o] #F5L &
7Y T Fad FAC 4E fF714HS AAe, e
714 ol 83E #a o FEA ©@5EE 9 xylan, pectin,
mannitol, sorbitol, glycerol, cellobiose, sucrose 5% E3]3c}

o e o

pneumoniae,  Alcaligincs  eutrophus,

Clostridium butyricum, Cl. pasteurianum, Cl. aceticum, CL
kluyveri 2 Enterobacter aerogenes<= 7} & 4#A §7]
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a4 FEEolR A, A o]EL o] &F F2AM
of #3t A7t L3 AAHT Y57

Clostridium % 7t Embdem Meyerhoff 722 (EMP)Z
€8 B 22 E acetate, lactate, butyrate, propionate, succinate
ke, Aixdo] FHI 2ANME F7143 FA4)
¥+ (butanol, isopropanol) & &vj (acetone)x= AT 4=
WA ARE ZethFg. 3). Wa Fol AAgE dit
=9 W= pH, &%, ¥718, 27] 714 F9 wjizdd
uet 2ed § ok 2Ed A3 FaMA ARE
Clostridium&2} 2+-& Ad) #7144 73

P

rxo¥0 ml
o orr mhl

Enterobactor, E.

coli, Bacillus<d} 28 B4 ErAAwe 447 gz
AdE7E AFE F7 UAEAY  pyruvate 2 g

ferredoxino] vj7)3l= NADP)H AH3lwh2-# hydrogenaseo)
o8 4zt ST g v, SAHAENAY ATe
pyruvateol| 4| formateZ 713 cytochrome c$} hydrogenaseol]
S8} $27h BYSE oz 22T, Txvozy 4
&9 o] acetate 3 butyrate7t AL ASE zHzh w4

o2 FAEE o3 2tk

CeH;20s + 6H,0 — 2CH;COO™ + 2H + 2C0, + 4H,

CeH1,0¢ — CH5(CHy), COO™ + H' + 2C0; + 2H,

& Hr7idae o3 FA248AE 2 mol acetic acid9t T
Alell #Ad] 4 mol F£42F AFAsth o)l TEY 1 molag i
B AAE e 12 mol 44 = 9 33%9] Add] 23}

CeH,,04
glucose
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se, AzAozm A4 B dHA  Clostridiumo]|L}
Enterobacter &-& ¥ 1-2 mol 47} HAE= 2oz B

T E g th(Table 1). 28} ¢] 71EL F£4 AN £571 W
27 Wi 73 &l weE 24 e JEE AW
o

Table 1. v] 4 5o 23} 244k

. . H, yield
Microorganism (mol Hy/ml glucose)
Clostridium butyricum SC-El 1.3~22
Bacillus licheniformis 15
Enterobacter aerogenes HU-101 0.5~0.65
Enterobacter aerogenes AY-2 1.1
Enterobacter aerogenes HO-39 0.9
Microflora (Clostridium sp.) 1.52
Microflora (Clostridium sp.) 0.85
FELE U 4 e B TEEE B E43
e AN fF71ES o]-83ste] of 30T-55THA
= wgas BAd S0E LR Rl Tx
cZRE AT F dE Fh F/NE AR FF
w2t 29, BE acetic, butyric, succinic acidsE A
JEHOE o 2487 $4£F VAT o)PT Fax
me VB 2E fY AHNH SHoE R4
£ eE, $204, WYY UEE 248 4 dov, Az
A7E FAFFHOZ $42 UF 2HT & E Bh
o APE 5 vABE HEE AR doh E7ATEE
2NAD*

2NADH2—<>2Fd (red) 2H,
2Fd (ox)

C 2ADP

2ATP

2CH,COCOOH
pyruvate

v

2CH,CH(OH)COOH
lactic acid

2NA§12\

2H2<—< 2Fd (0x) 2NAD*
2Fd (red)
2CO0,
2CH,COSCoA » 2CH,COOH
acetyl-CoA /\ acetic acid
2ADP
2ATP
CH,COCH,COSCoA

acetoacetyl-CoA

2NADH,
INAD*

CH3CH2CH2CH20H<7T CH3CH2CH2CH2COSCoA 7—T> CH,CH,CH,COOH
butanol butyryl-CoA butyric acid

2NAD* 2NADH,

ADP  ATP

Figure 3. Clostridium butyricum®] @7 hAF 32 2 AAHE.
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FE4 ATRE 2o Po) Qe ZANAE BE} Qo
HEE §718€ 122 sel W2 7E go] Fas
AT 5 glov A 4RSS we A% ool
HE A4 F9 f2 Bt

7] AT FHAN AAHE 5712 el e 9
ALE AA2 Agded BAAY AR o}y 48
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°
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wEHA °U1(25) Z7l°ﬂ °

=

l~> WE

o

A FEA
Ae 2N olitstga s
electron donor= 0]%9‘)}1:}—‘5 A o)t}

19359 #9A A FAMRF A, Chromatin %
Rhodospirillum rubrum?} 4Z7 28 Ae]o) A formate S
&g otstg AR Fastd F4E BTG, £
EAY A= $4F BAHAEY ok Ao s Y
Yol oleo] ZASA & A nirogenasert A
A rE BUAA F4E PASECDD BRI,
Gest & Kamen(26)% 1949'd ZA) u|f-3Al|to] FFA4 =
AAM= 45 DA —% ‘-3‘3(311?} o]F mAYE
= w2 713e F9A4 Eolgte #Fo] gle =
7 Fo] Qe =AM @3}‘: Fad AR 98
goollzt 7149 FRHAE 4L von, )FY FF
g 1fY gaAd gHNE S )Fe

= Ad $H& 71 A7 ALHAT

WEAQ 42 F3A ATS Rhodospirillum rubrum,
Rhodopseudomonas sphaeroides, Chromatium okenii, Thiocystis

Chromatium vmosumO]
EREERRE AR

i 2 roh ofd rlo

m{m rq

hij
A b o oy

1

ngx

5L wE HE AL WY R

Violacea, = Thiosarcina  rosea,  Thiospirillum  sanguineum,

Thiocapsa  roseoperisicina, ~ Lamprocystis  roseoperisicina,
Thiodictyon elegans, Thiopedia rosea, Amobobacter pendess,
Chlorobium
Prosthecochloris Pelodictyon  clathratiforme,
Chathrochloris sulfurica 5°] $)2.% o]= Rhodospirillaceae,
Chromatiaceae, Chlorobiaceae®] 33} (family)2 EHFHt}l o]
% Rhodospirillaceae = -7 purple non-sulfur bacteria (-4
v 34 ek Egln, bacteriochlorophyll (BChlyo] =3
o Wg ot WA AG JA] ool da nAHE Bk
AruAsld) AAs= FHE A+ nitrogenaseo| ], AL,
HRMoL F2F ol& (NH) 59 dadlo] TAA

& e P H)E F2 HIZ B95e] Fartag
Bohed BAS A ©F #1800} 28 BAaR,
AR FLEre ed. o A3 4T Fegte o
4% 3%, A%E 2249 ¥F L 5299 72
THEE AU FANEE e, v g wet
a3 A 249 Zolg vedth f71ERA FAME £

Ectothiorhodospira mobilic, limicola,

aestuariac,

m&"

o

5!

o
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e g2 ¥ AAFAAE 5L EEY FAAUNEE
el 7]"olH, glutamates oA AAUOR ALE
2. 3 ui§3AeE 7
Rhodopseudomonas capsulatus'= lactate®} succinate £ 5-&]
S & Qe A 4 NG N2%E F4AE AGAF L
o, #7182 FAME B 229 AEEo] oF 10-20%
oA @oh27). AT ALANA AL B B
AATOZ AETA FFA 71=o] dojui, ojn E)3}
= bacteriochlorophyll (BChl) a T+ bof] 2]8] U8 &3l %
&4 AL1E FYP FFoE F IFE oF 800 nm o]l
N 5L FAEE Jeho] 52/ 9 154 EH g2 E o|&
o AT Blnd Ze BRFLOZ 9300 HFoZE TA
=o] o, B8 A EolH, Zold o F4 3= &9
A A& A &3t EE (fission)o] &3 FA ¢t HF-
o 25L& HEY g% 25AE vEhdTh Ty o]E2
DNA 9] GC&ekol| A 46-73% 9] FH Y3 BXE JEY & &5
o #Foz FAE AL ERTFYYE E78a fAAFE
T ek fA8 S A e dF 02 FAAHY Ak Ao
AT FARFA T FARNFZA A 02 FAE,
2 457kl Aedty YRe AejdhAd ztol el o)
lo] FHE 4 gt} FAFIATL =2 /Y SHIE
Al 2A JAFAHAZ HSE o] 831 AdlEr]4<l
wa), A G-I TE 32 FA 259U UAE
7M€ Ao| dntAoltt. mpeba] A H)-F-G A7 -2 HaS ol
A& Holn, g #EL Fr1Z2AMnFe HSE
AA| 2 Abg}-o] &o] 7HEEt AR tf R29 FF2 BlnF ¥
HSAAME 1 AF&o] Asdth. FAFZA T 5
FEA AL AL 37) F olitslgAa g 538ty g§asE
22 £4& $5ta, o830 A0 A 9
3HATP 413} o} &8 HoS7h 8713 2ol A 3
SAA RGN HE A F FdE S TFE ol E

N & lo 4f O fu
Wmllﬂoﬁ.
(o3

1

H° —1? i 2 o

rob off oL fo i d
Ko
_l
2i

o g3 88 T o] Qb whg A o2 A E 4 ok
2CO; + H,S + 2H,0 — 2(CH20) + H,SO4
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