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Abstract AGn, =Energy available for growth and
maintenance purposes.

Fermentation of sugars for hydrogen production has
received increasing interest as a “green fuel” essc Mo =Gibbs energy dissipation rate for growth
Models describing products formation from sugar independent maintenance purposes.
fermentation has been the focus, applied to gereral
anaerobic digestion models. Such models haeaHe
therefore been in continuous development. Beginnin@
from fixed stoichiometry values as in ADM1 [1] (the ~A
most common platform in anaerobic digestion model
until variable stoichiometry with thermodynamic
control [2, 3]. This article briefly describes atf® to Diff 5y = Diffusivity coefficient.
model hydrogen production in acidogenic reactos an
the most reasonable model for product formatiomfro AGr, aq=Energy requirement for active transport of an
sugar fermentation. Present models used to simulate acid through the membrane.
bio-hydrogen production fail to predict the behawvio
of most such processes and it is concluded thatishi 1. | ntroduction
because the models do not include significant
hydrogen consumption mechanisms. Conceptu8ugar fermentation using mixed cultures in batch,
model modifications required to solve this problentontinuous flow stirred tank reactors (CSTR) and,
are presented and discussed. lately, up-flow anaerobic sludge bed (UASB) reagtor

. ] have been used to study hydrogen production
Key words: Fermentation, modeling hydrogen potential, yields and rates. Hydrogen production in
production, hydrogen consumption, homoacetogenesis  patch experiment have been successfully carried out

by several investigators [4, 5], were about 50-6af%%o

Nomenclature the gas produced is hydrogen. In batch experiments
the observed Hyield correlates with the organic acid

=Extracellular concentration of free acids.
=Intracellular concentration of free acids.

=Biomass.

R = Ideal gas constant. production (Figure 1). Similar results are alsoortgd
T =Absolute temperature (K). in continuous flow processes, but here the resuts
less consistent. CSTR experiments were therefsre al
AG =Change in Gibbs free energy. carried out in our laboratory and the results
consistently show that the hydrogen yield dropthas
AGP =Standard change in Gibbs free energy. culture matures, after a strong initial productirase
(Figure 2). It appears that the observed vyield slrop
VA, =Stoichiometrical coefficient i for product A when a more concentrated biomass develops (which is
, required to achieve high production rates and al tot
G" =Concentration of species Al. conversion of the carbon source, especially foih hig
. concentration feeds). Literature data [6] suppbis t
0s =Biomass substrate uptake-rate. conclusion: The hydrogen production in an ideal
max . . CSTR (with suspended, low concentration biomass)
Js =Biomass maximal substrate uptake-rate

correlates with the acid production; while hydrogen
eeyield in UASB (much more concentrated biomass) is
only about 34 % of the total equivalent of organic
acids. It is therefore concluded thaj I8 consumed
AGaap =Overall Gibbs energy dissipation forand that the mechanisms for, Honsumption are
growth. favoured vyhgn the b!omass form dgnse aggregates
such as biofilm and in granules typical for UASB
reactors.

AGys =Dissipated fraction of catabolic Gibbs fr
energyAGcatab



Figure 1: Hydrogen production in batch experiments;ig 2: Hydrogen production in a CSTR (35 C), where

the total hydrogen production correlates development of a biofilm layer was observed
with the organic acid produced. and the production of organic acid is closely
constant.
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The reactions involved in the hydrogen consumptiop M odelling hydrogen production in an

may vary depending on several parameters, incIudir};%aerObiC chemostat reactor
substrate composition and pH, but it must be ameiss

of “electron sinks mechanisms”. We have observed @ qrogen production in anaerobic reactors has been
consumption rate of 2 mmoIZHh/g-_X (where g-X = .modelled coupled to the formation of mixed
gram biomass measured as volatile suspended solig$)antation products obtained from  sugar
n a.m'XEdh culturhed (35C) W'BhOUt n;ethanogenlc fermentation. Most of these models describe the
activity, where the consumed.Hand CQ was fo meniation — of carbohydrates  using fixed

supplied i_n head space (2:1). This is a_high hyeinog stoichiometry values [1, 8-10]. However modelling
consumption rate that can not be ignored Whetg¥I

) . , roducts formation by fixed stoichiometry has been
simulating such processes. Hydrogen consumption by,q\,ccessful because of the dependency of hydrogen
hydrogenotrophic methanogenic and acetogen

b i has b vel din the fi Broduction on several variables, such as pH, hyafrog
acteria has been extensively treated in the 1Ue2a ., ia| pressure, organic load and kind of feed.

related to syntrophic relationship in biogas preess pr,q,ct formation has also been modelled using
focused on methane production [7]. Hydrogen

S . variable stoichiometry with the hydrogen partial
consumption in fermentative reactors for hydrogeBressure and pH as key parameters and their effacts

production has not yet reported, analyzed or medell 4, thermodynamic _ feasibility of biochemical

Even though low hydrogen yields in bio'hydro.ger}eactions [11-13]. We consider that the last sigaift
reactors have frequently been observed. This vance has been carried out by Rodriguez et al. [2
therefore the topic of our research presented here. 3], modelling product formation from sugar

. fermentation with thermodynamic control. Mainly the
The pathways of reduced equivalent of glucose ; ) .
. oo model assumes the mixed culture as a single virtual
fermentation and/or hydrogen assimilation needeo b_. .
. i ; . microorganism able to carry out the most common

studied more in order to determine the mechanisms : . .
: ermentative pathways with optimum energy

electron or proton transfer between cells in dgnse

' : .Fxploitation from the metabolic network that is
packed microbial aggregates. An accurate mechanisfj . . . .

. : roposed. Their modelling procedure is described
model of bacteria consuming hydrogen or electro S low
equivalents in acidogenic reactors can then be
developed and included in a complete process modgl

such as the ADM1, for process simulation. Thischeti

briefly describes efforts of modelling hydrogenThe model core is based on the theoretical degmmipt
production in acidogenic reactors and the MmOt the catabolic network (e.g. Figure 3) found fe t
realistic model for product formation from sugarjjterature [14, 15]. Substrates are converted to
hydrogen production fail since significant hydrogenteactions. This biochemical network gives as altesu
consumption mechanisms are not included. The aim gfatrix ofi components (substrates and products)jand
the present study is to present and evaluate caraep processes  (biochemical-chemical-physicochemical
has associated a coefficient (stoichiometrical @pko
that mass balances are satisfied for each prothss.

1 Stoichiometry: biochemical pathways



matrix can be defined in a single virtualFor an individual enzymatic reaction of the
microorganism or model as a group ofstoichiometry given by
microorganisms with different catabolic capabittie

Figure 3: Biochemical network of glucose izvi A =0 ®)
fermentation [16].
. The Gibbs energy change is calculated as:
ucose
_ AG = AG° +RI[T D]nHCiw (4)
Clyceraldehyde 3-P w—pp Dihydroxyacetona -1 i
MDP ... e
;}\rgp_:____' BAADH The application of such “boundaries_” in anagrobif:
e models has not been properly applied, resulting in

NADH + He hAD
LA

Pyruvite )y Lactate

o L heDHe

wdh, e e

Acetate g———— Acetyl-CoA b ———p Ethanol
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unrealistic catabolic transformation predictiongiagt
thermodynamic laws when reactions proceed with a
AG > 0, as in ADM1. Kleerebezem and Van
Loosdrecht [18] discuss the application in ADM1aof
solution (eq. 5) that could be easily applied itie
kinetics equations. Reactions withA& > 0 are just
possible in syntrophic relationships as establish
between acetogenic and hydrogenotrophic
methanogenic bacteria.

ifAG < 0,theng, = g™ [{1-expAG/ RIT)},elseq =0
(5)

NADH 1 Hr
ATP ADP l.“‘NAD‘NADH H* NAD*  MADH+H MAD*
A T S The same thermodynamic principle has been applied
by Rodriguez et al. [2,3], not just in setting
thermodynamic thresholds for a given reaction to
determine if it is possible or not, but also todice
which metabolic pathway will be used by the cell

The driving force of biochemical reactions occugrin UNder & given environmental condition. This is done
in the intracellular space depend on the Gibbs fréSing pH and hydrogen partial pressure as the main

energy changeAG) resulting from each reaction askey parameters to determine the substrate conversio
follows: rate, gs, as follow:

Butyrata 4 “e " ButyrylCod : » e » Butanol

2.2 Thermodynamic boundaries and reaction
control

A+B=C+D (1) g, = 9™ [J1 - expG,. )], ifAG < 0 (6)
[C]C[D]d Here the termAGgs refers to the dissipated energy
AG =AG°+ RO []]n—b 2) derived from the catabolic free energyGqscan then
[A]a[B] be regarded as the actual driving force for the
catabolic reaction.
Only a AG < 0 makes a reaction possible. As
observed from equation 2, the energy releasdetely, it has also been suggested to use Gibles fre
depends on the concentration of reactants and produenergy for the estimation of biomass specific growt
in the intracellular space. Modelling transportqess rate (1) in anaerobic digestion models [19] ,
is, therefore, fundamental in the net energy prodnc demonstrated by different authors [20-22] as follow
calculation. Many anaerobic biological conversions
proceed very close to thermodynamic equilibrium. _ 1
Therefore the Gibbs free energy changes gives a - -AG
useful way to predict if these reactions are pdssib anab
not and also to predict which are more favourabld a A di to th i 1.7 inal
therefore more likely to occur (note that we are¢ no ccording 1o these equations (e_q. ),__a_ singie
: ) . . microorganism with a set of catabolic capabilitiesn
talking about rate of reactions). Still, thermodyna

v ave not been appied to generalzed anaerffE001Se 8 N st (Gueose) Couep e
models until recently by Rodriguez and collaborator? y P

[3]. The method for analyzing the thermodynamiCconcentration makes thermodynamically possible. The

feasibility of a specific metabolic pathway wassfir extension qf the energy reqllsed b_y this reactions
L ) define the kinetics by which this reaction occsiace
proposed by Mavrovouniotis et al. [17] as follow:

it is coupled to the maximal specific substrate

[]qs mem/,u - rnG) (7)



conversion rate '§*. Energy from these reactionsAlso generation of energy as ATP
becomes available (as ATP) for growth. Biomasdyiel
may, therefore, also be predicted roughly becatise o > (ADP+Pi+energy => (ATR,)

the relation between Gibbs energy dissipation and (11)
growth efficiency and rate. This is the most , _

appropriate approach that has yet been applied to 2 ADP+Pi +energy =3, (ATRy ) (12)
some extend in ADM1 for modelling products

fermentation. ATP = ATR,, + ATRy (13)

2.3 Transport process 2.4 Microbial groups or a single virtual micro-

Intracellular concentration of acids, protons (pH)°rganism?
substrates and products are important in calcgati he matrix of biochemical reactions used b
the AG of catabolic reactions as discussed abov’% dri t al 123 . . Iy
Modelling transport phenomena trough the membrang o guez €t —al [2,3], assuming a single
is also related to the generation or consumption Jpicroorganisms  that hold —all  the metabolic

, . capabilities, makes modelling relatively simple. In
energy as ATP and W'I.I add t(.) the metabolic energyeslity however, diverse rgicrobial é;/roupsp hold
production from catabolic reactions. ' '

different metabolic capabilities. The assumption of

The concentration of protons {Hdepends on these M€ single virtual microorga}r)ism appear satisfactor
transport process and also the equilibrium betwedff M0del steady state conditions. This approach may
undissociated and dissociated form of an acid. fail when modelling transient conditions, or loregrh
changes that may select the most able microorganism
Two ways of transport can be identified, free difin  (While the others are out competed).
and active transport. In both cases the drivingdas
governed by the concentration gradient between t
intracellular and extracellular space. This “driyin
force” is accompanied by a transport resistant tasm
we can observe from the equations below. In acti
transport, production or consumption of energy i%/‘;
associated through the generation or consumption
proton motive force across the cell membrane. S
transport of undissociated acids against . .
concentration gradient will consume energy Whi|§'_ Hydrpgen consumption processes in
energy is produced with a favourable concentratiodCidogenic reactors.
gradient. Energy requirement from transport (AJ,P
summed to energy need for maintenance (TP Mixed cultures are currently use for bio-hydrogen

define the total energy expend for the cell (ATRProduction, mainly because they can metabolise a
hydrolysis). wide range of feed stocks, no sterilization

requirements and because of adaptive capacity to
The transport process and energy generation warying conditions, making mixed cultures attragtiv
consumption equations are detailed below (Eq.8-13).for bioenergy production [23]. Acidogenic reactors

with mixed cultures also, however, have the cafgbil

of metabolise the following reaction:

fModelling fermentation based one single virtual

microorganism, giving the same weight to each
metabolic conversion, is also problematic when
Javdrogen consumption needs to be accounted for.
delling of different bacterial groups is necegsar

a complete model to also account for the
gpmoacetogens, as discuss below.

The free diffusion of an acid into the cell: 4H, +2C0O, - C,H,0, +2H,0,AG® = -95KJ (14)

Vit = Diff sy HCpy e = Coapr i) X (8) The presence of homoacetogens (eq. 14) should be
expected in any anaerobic culture because thethare

Active transport of an undissociated acid molecule: most versatile physiological group of bacteriaicslyy
anaerobe, fast growing and some are spore-forming

CaHe organisms [24] that resist heat treatment ofterliegp
AGq ay = RO n—— to eliminate methanogens. Homoacetogenesis was not
A 9) included in ADM1 [1] because it is less relevant in

traditional methane production, for which ADM1 was
Formation/consumption of ATP by active transport adeveloped, than in hydrogen producing fermentars, f

follow a variety of reasons, including: a) high threshold
(520-950 ppm) at mesophilic conditions compared
. c with sulphate reducers and methanogens, b) because
ATPy _ZJ.:FATP . of complex, but unknown, competition phenomena

(10) between  methanogenic and  homoacetogenic



organisms for BHland CQ. In absence of competition 5. Refer ences
from methanogens for hydrogen, homoacetogens will
proliferate, as observed repeatedly in our laboyato  [1] Batstone D.J., Keller J., Angelidaki I., Kalyuzyi

S., Pavlostathis S.G., Rozzi A., Sanders W.,
Together with molecular hydrogen consumption by  sjegrist H. and Vavilin V. 2002. Anaerobic
homoacetogenic bacteria we suggest that the digestion Model No.1; IWA task group on
mechanisms by which electrons from acetic and modelling of anaerobic digestion procesd&¥A

butyric fermentation are “consumed” should be
modelled. Decarboxylation of pyruvate to acetylACo

involve the transfer of 2 electrons to Ggdo form
Fedeq a direct electron donor for proton(Heduction

in the generation of molecular,HHowever, reactions

involving H, and NADH, generation compete for g
thus the reduction of NADto NADH, will diminish

publishing, London, 77pp.

Rodriguez J., Kleerebezem R., Lema J.M,
Loosdrecht M.C.M. 2005. Modeling product
formation in  anaerobic mixed culture
fermentation.Biotechnology and bioengineering,
93(3):592-606.

the H, yield. NADH; it is the main electron carrier

involved in biomass synthesis and the source ¢8] Rodriguez J., Lema J.M., Loosdrecht M.C.M. and
electron to reduced organic acids. Several authors Kleerebezem R. 2006. Variable stoichiometry
have discussed that pH is the main factor coupitieg with thermodynamic control in ADM1Water
oxidation of FeLg with NAD or H" to form NADH, or Science and Technology, 54(4):101-110.

H, [15]. This electron carriers competition is notliwe

understood, and can, therefore, not yet be acdyraté4] Lee Y. J., Miyahara T. and Noike T. 2002. Effec
predicted. This topic will be further investigaté of pH on microbial hydrogen fermentation.
order to be able to run realistic simulations ie th ~ Journal  Chemistry ~,  Technology and
future based on mathematical implementation of the Biotechnology, 77:694-698.

proposed conceptual model. .
[5] Van Ginkel S., Sung S. and Lay J.J. 2001.

Biohydrogen production as a function of pH and
substrate concentratiorenvironmental Science.
Technology, 35:4726-4730.

3. 1. Modelling hydrogen consumption.

H, and electrons (“potential hydrogen” electrons)
consumption in acidogenic reactors in the absefce o
methanogenic bacteria has been demonstratél Gavala H., Skiadas I. and Ahring B. 2006.
experimentally in our laboratory, data not yet Biological hydrogen production in suspended and
published[25-26]. Evidence for this is also found in ~ attached growth anaerobic reactor systems.
data in the literature [6], but it has not yet been Intérnational Journal of Hydrogen Energy, 31:
discussed or accounted for in the literature. Medel 1164 —1175.

describing directly hydrogen production are few][27 _. )
As discussed above, the main focus has been li:'L'gure 4: Proposed conceptual model

describing  products  formation  from  sugar -
fermentation (that is actually not the same). A . ... Ay AN -2
conceptual model of how hydrogen consumption can R M coz/ H
be accounted for in a general fermentation model is \ P e o, T
shown in Figure 5. The mechanisms by which . - F s | 200, + 4H; SN
electrons from acetic and butyric fermentation are l l _
“‘consumed” are modelled together with molecular /' /o dsew 2aew Homocetogenesi

hydrogen consumption by homoacetogenic bacteria. ;| /

1Ghcose Cataholism

4. Conclusions

48

H Biomass i & —ine
. . . Vo DM 200, S
The importance of hydrogen consumption in hydrogen o e
producing reactors is documented based on! : — [ 2 Fomats cos

experimental observations. Hydrogen consumption is,

however, not accounted for in published models®
presently used to simulate hydrogen production in * *
fermentation processes. It is proposed to use a ! prtmts
thermodynamic approach and a detailed biochemical . ™ |
description of the possible reactions involved to N, | .
account for homoacetogenic hydrogen consumption. T M
This approach has recently been used to simulate
hydrogen production, a general model framework that
can be expanded to account for consumption also. A
conceptual model for this is proposed.
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