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TABLE l
lDEAL Y:ELD AND ENERGY RECOVERY FROM Gし UCOSE

Mat●■a h●eting vJ●●

[k」/moll

′0● OVery

[“ ]

Methane 3 2646
"Ethanol 2 1 345・

HydЮ g●● χ

11“

171( 61

228〔 81

1 28∝

☆
l estlmaled the dis● Ilauom ener, at 40%

of the product

ALhough elhant・ l Fementalon(eqladon l)ヽ knOm to have b」 conVer● On efrcに ney

(97%es!imated f om the ideal enulal"鯰 cove,),tlle real eFlciencl fans 10 around 50・ .if

tle consider the dislillation energy(Table l)  ThiSis the non improvable emcicney

qH1200→ 2C,H`OH+2CO.                (Eq l)

In colltrast● nce,diogen ttmentatbn(Eq 2)does nOt requlr a d“ n atbn step.the

real enciencyヽ ″ill ideally be comparable to ethanol Fementation  Moreoveヽ it may becomc

more erecave than etha lol Fermenlatlon lfwe tl市

“
いc,drogen h a Fud offt a cdL

C`HPQ+2H20 → 4H2+2C H,C00H+2Cq              (Eq 2)

As ttated aboNe,we can expect a hiま er ener8y COnver● On emdency For hydrogen

femenlat10n by impЮving the yidd of bydrOsen ln tlliS P"r.I win pre∝nt a Theme for

increasing the yield ofhydЮ gen

2 PATHWA■ OF HYDROCEN PRODUCT10N
2■ r″″.P藁,ぃグ4"ηr"P"`“=b"

Many patll■ays h～eb∝n mgge"ed For、 drOgen PЮ dllclon by bacteia A llong lhese
ullee repttTntative pathways are shown in Fi8uに 1
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Figure l T■ ee wavs ofthe hydrogen pathway

One`● e Fomate pahway chalattensuc ofthe mixed ac● reme llatbn,bactena such as
Esc力″た力″

`ο
′′  The pathwOぃ も pЮpo■ed from stoichiometric considentions、 such asthe

molar amount of Fomate at pH around 7 is eq“ 1 lo the molar amount of CO,and H,al PH

below 6

HC00H → H2+CO= (じ q 3)

This path″ay is cio、 ly related witll acelate produclon.thereFore.れ may become an
impOmnt pathllay forthe impЮ vemellt ofhydrogen yield through acelate remenlation

Ｈり
回

The Fcond is the direct production pathway charactenstic Of the κetone‐ bula lol

rennenlalon by bTteda such as αο,″″″″δ
“
″ 7tン″ :n th`pathwり ,hydrorn`

produced directly without Fomate production  This pathway.however may be unifled with

NADH pathぃay Ыκau∞ the mass balance of NADH(Nicointtnide Adenine Dinucleotide
leduced foim)shoWSthe sameに sult with NADH patb″ ay

The third Pathway is■ e NADH Pathway which wぉ PЮpOsed from a concepi that
C=oslri´″″ |″″ 7t“″re oxidi7es residual NADH io NAD・ by producing H,during bo,r.le

femenbbOn

In Jle butyrate ret tlenlation,2 mol of H2 and 2 mol ofNADH are ploduced ideany from

l mol ofgiucosc Reoxidation ofNADH Produces H,

CH,COCOOH+H:0→ CH,COOH+HC00H (Eq 4)

〈Eq 5)NADH+H→ NAD・ +H,
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qH,0。 +2NAD・ → CH,(CH2)2C00H+2C02+2NADH+2H・    (Eq 6)

2NADH+2H → 2NAD+2H,                       (Eqフ )

C`HPQ →CH,(CH2)2C00H+2H2+2C02               (Eq 8)
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For  hyd・ o8en production  mugh  the  NADH  Path、 vay,  the memblane‐ bound
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Figure 21 Mcchanism oF hydiogen production oFNADH pathway

The reactions PЮ dllcin3 H,from NADH are express“ as two ele.tЮ chemical reaction

eql ations as foliowsi

NADH+H・ →  NAD+2H+2e  島
.NA。‐-0320V

2H +2c →H2               Eど 、AF‐0414V

NADH+H ‐ NAD.+H,      跳
｀
NAO‐
~0094V

(Eq 9)

(Eq 10)

(Eq ll)

Redox po“nthis oFthe,reac6ons a e apressed bv fllllcJOnS Of PHぉ folぬws

NAD:
E‐ E。 +(RT″ F)In([NAD・ ][H・ 1′NADH])
‐L+(2303Rつ 2F)(pH)+(2 303RT2F)log([NAD]′ NADH〕 )
‐‐0113‐ 0 0296 pH+0 0296 1og(DAD]′ NADH])

(Eq 12)
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(Eq 13)

Hr
E‐ (RT″ F)In([H]ウp.2)
‐‐O OS92 pH_002,6 1og(pH2)

These Flations are shown in Figur 3
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Figl re 3:Cultutt pH vs redox pOtential

ifH2 is produced inside the cell,△ E。'is nesative the Cibbs's Flee energy chm8e
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3 ANAEROBIC OR FACULTATIVE ANAEROBIC BACTERIA

md出 踊 11=淵 祟 霊 凛 lie胤1羅 1急 :::躁 :lll鷺」組 濡 附 酬 :話置 :
bacteria lo detemine For which bκ teria an improved hydro3en yield is possible
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“Thele■e two patll"oys degrading glucose to p夕 :uvatelie the Embden‐ MeyerhoflEM)

Pathwal ar d the Entne■ DoudoronED)path″ ay By the EM Pathway.2 molo(NADH are
prOdllced whne l mol each or NADH and NADPH(Nicotinanide Adenine Dinucleojde
Pl osphate κduced fom)ヽ prodred,● e ED pathw● as fonows

EM path■ay:

C.HpO`+2NAD・ +2ADP→ 2CH,COC00H+2NADH+H +2ATP(E9 14)
ED palhway

C.H口0`+NAD・ +NADH→ 2CH,COCOOH+NADH+NADPH+2H(E9 15)

Ulhzed pathw● difFes by bactertum thou8h NADP s、℃n as NAD isthe coenzyme
panicipating in the reduction‐ oxida!ion ,cκ tion of orsaliC Subゞ ance and also ha the

"nctural 
κ,mblance lt is.“ 掟fo祀 ,not too much to● ay thal the glycotytic PathN_of

the bacteria pЮ ducing hydrogen by NADH pathw,istle EM Pathway(Figt re 4)

S ■●,バ方o

2NAD・
2NADH

(aerObiC) (anaCrOb“ )

6HJЭ  →
8NAD・
8NADH

2FAD
2FAD施

2NADH
2NA'

6C02く_
Protluc“

10NADH
10N AD・

230■
2FAD

/η
602  12H20

F18ure 4:Aerobic and anacЮ bic de8radalion ofglucose
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As Ten in!he above,NAD worksぉ the coen,me in glucose melabolsm therefoκ
NADH h‐ lo be reoxidi2ed to NAD lo suppon continued 81ucose oxidation  AnaerobiC
bacterin such s Clostldia reoxidi“ s NADH by producing Orea liC acids like lactate acetate

and blltyrateさ wen as alcOhOs hke ethanol bulanol alld butanediol.from pruvate Many

bacleria have multiple melabonc Pathways and change the pathⅢ ay in accordance wilh

melabolite availability and′o,pH in the culture liquid   Thettfott in general it is ve,
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Facullative anaeiobic bacteria sllch as E77●っらα
`′

″イ́
``α
20 1d Bα cl=lus species prOduce

oBanic acids and alcollols nom pyrulate and NADH tllder anaerobic conditions in a wav

simnar to anaeЮ bic battelia  Howe■ en the Fatullative anaerobes possess the paulwavs fOr

aerobic melabo‖ sm,such as the TCA cycle and electron transpOn wsicm(eVen under
anacЮ bic condition)、 and quickty resPond〔 O the pre∞ nce ofoxygen to oxidize NADH viathe
by el∝tron transporl system  NADH are also produced in ule TcA cycle s scenin Figure 4

1n the presere ofoxygen,,drorn prOduc60n ttops

NADH+H・ +ν202 → NAD+H20 〈E9 16)

ATPヽ produced efFecliК ly,the eに clron tan● pOn sy●em under aeroblc∞nd■ions

CH,COC00H+4NAD+FAD+3H20+ADP            (Fq 17)
→ 4NADH +4H+FADH2 +3C02+ATP

nle∝fOt,r we can ulli7ethe NADH pЮ duced in the TCA cycie as a murce of″ drogen
production,the yield sllould incrett   Moκ over, me・ aboli!es from glucose should become
only H2 ald C02,ule trcatment oF■ aste ttater,ulererOre,wi‖ be lightened

4 HOW TOiⅦ ODIFY THE TCA CYCLE

Vヽhy does● e TCA cycle¬ てrks oJy under acrobic conditions and not under maerobic
conditions We nced io utili2e the TCA cycle as a NADH supplier and to increase H2 yield

4■ αOお■Fra`I"り Oα
"g′
グ rC4“ し

The TCA cyde stans frOm atrate snulesも ,ace,「 COA ald OXabre● に as scen h
F18u祀 5  This reaction, howeler. llas a ne3atiVe flec enetty chtte(△G。 '‐ ‐32 3 kJ),
therefore,oxaloacetate muЫ  leact ve,quickly■ th ace,「CoA ald be kept nearly O
concelltation nomany

Dettung the Free enett chmge of dle cycic afler citrate to succirate synthesis△ q,。f
the reactiOns ac an O or verv ne8alive Valucs, thereFore, it must easily proceed to sllceinate

wn●esis HoweveL△GO.of reactions from stccinate lo l珈 arate and frolll malale to
oxJoacctate inc:ine extremely tO positive value, ie, +36 0 kJ and +29 7 U respectlvety

Since the equilibrl‐ cOnsla lt ror● cse Кactions becomes vety small,such as 4 90x10'and

622x10`、 rettctiVely these leactions therefoに easily slop runnin3'a● ight anOunt of
prOducts Ther cactions run■ th NAD orFAD(FlNin Adenine Dinucl∞ tide)・ hown■
follow針

Malate+AND・ → Oxaloacetate+NADH+H
Sllccinate+FAD→ Fumarete+FADH2

(Eq 18)

(Eq 19)
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TABLE 2
REⅨЭX PCITENT[Aし

Redox com∞ und 疇 lmVl

2/H′0
NO° /Nσ

」bⅢ u no●

Fu●lar● to/sucoinato

Oxo oocetate/ma ate -17`

FAD/FADH -221

NAD/NADH
Hツじ -41を

S ELECTRON TRANSPORT CHAIN AllD INHIBIT10N

ElectЮns of FAIIH,ald NADH are tra spolled uJ。 1`h the Electron tttnspOrt ehain to

oxygen Although aerobic or facultative maerobic bacte■ a hale the dection trrnsPo口 ch面 n

but dittre lt micЮ organisms in general have difFerent en,me Systems ln the mitocondhal

electron transpOrl,stemぉ

“

own in Figure 6,FADH2 transpOrts elections at a direlent

tr・ nspO“

“

te■th NADH since FAD has a higllerredox potellt● lthan NAD

豫

… 図 回 国

Figure 61 EleciЮn tranSpOn cMin a ld inhibito惨
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Reminding that the concentra!ion of oxaloacetate musl be kepi ncarly o for the synthesis oF

citrate, ntalate‐ to‐oXaloacetate rcaction m″  n n perpetually even if the concentration ratio

[NADH]′ NAD・ ]ヽ appЮXimateけ l at anaerobic condhion

TCA●●d●

Figtlre`I TCA cycle with Cibbs s free ener8y

422′″α P強
"″
α′グ F4D

In contrast lo malate to oxaloacetateに
“
tlon,succinate to‐ flltnarate reaction is血

reaction which FAD i3kes patt in,a ld not only the equilibrium constantis vtt sman but al,

the stalldtt redox potentials of FumaraterSuccinate and FAD′ FADH,Te vaγ  hi3h as seenin
Tablc 2 and Fi3uc'  Consequently,if● c concentation of FADH,becomes a little high by

acctunulation concentratio■ of fulllante becomes unsuitably sma1l to keep ule TCA cycle,for

oample.ule cOncen● ation ratio of[Fuma ete]′ [SuCtimtl b∝omes approximate y 10'al

〔FAD]′[FADH,〕 二l  Therefore, FADH, must be reoxidized immediately and the

concentation lation Of[FAD]′ [FADH,]muSl be kept extremely hi8h Living organisms
Fem to mlve:is probLm by uSng very high redox potntia subslance,ie oxygen,s the
electron∝ ceptOr of FADH, In Ouler wOrds the concelltration ralio[FAD〕 ′[FADH,〕 mu゛
be● es″ itch ofrevolution oF■にTCA,cle
FЮm the above conside ation,it hs hК ome cleartratthe Oxidation oF FADH2!he most

impOnant problem to keep■ e TCA cycte

―

ll●        
…
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Tisも a ve,hcky fatt lor usは ause r we can oxidze FADH2,oxy8en and● Parat,
NADH by H2production,then TCA cycle musl run continuousty  Such condition we may

reaia,inhЫ ung lle NADH a.t● e Ste oF lhe dectron transpon chttn ttder aerobt
condition and cultre pH loぃ crtllm 6

The over a1l roction equation、 ″ill be like rollows and we r ay expect a hydrogen yieil of 10

C.HIメ2+10NAD+2FAD+4ADP+6H,0
→ 〕ONADH+10H+2FADH2+6C02+4ATP

2FADH2+02+4ADP → 2FAD+ 2H20+4ATP

10NADH+10H → 10NAD+10H2

C`H20.+8ADP+02+4H20 → 10H,+6Cq+8ATP

6 RESULTS OF THOUCHT EXPERIIⅥ ENT

Then what M‖ happen r NADH dellvdr。 3enaF eomplex(NADH aα
～
e ite)ヽ

inib■ed and TCA cycに ヽ ‖ゞl runnin8 We can 3uess probabに resuLs,thOu8ht
experiment s foHows

l)BeCau、 Ofhigher ATP produdivi● .glucOse consumption rate wiu be sIOw

2)Bccautt Ofhigher ATP produc!ivity,cen mぉ s yteld¨

“

belTge
3)0ぉ prOducin8 rate Wnlincreasc owing tO hi8her H,and CO,Prodrtivi,
4)CO,yield from gluco“ becomes larger

5)H,yield f Om glucosc、 ■‖ be la 8eヽ if NADH dehydrOgerase do noi concem H2
product on

6)Vdume ratる of H,to Cq wnlchange h the pЮ d“ed gas

7)Amoullt of Hquid products wni decК se in comparison with the amounl o1 81ucose

consumP!]on

FЮm the above restlts.Ж  can prette red expe“ ments andjudr Whether the lmprovement

ofhydrogen,ddも pOSiЫ e by thc hhlblon Or not

7 CONCLUSION

A ∝heme improving hydrosen yteld was propo,d for the hydЮ gen pЮ dllction by
tmenhtlon md ille impЮ vement sing fatunative anacrobic bactena is thOwn to be
eX,Кlable to get the mttimum yield  Blt actual experiments■ e still under preparalion

Alulough we have to wait the decision of feasibility in fl mt ex"rinents,11ls need to P,

ettrts lo 6nd“ rains l∝ king● e NADH dehyurogenase complex in the wnd or mlltant
strains


