Hydrogen production through
biocatalyzed electrolysis

René Alexander Rozendal



Promotor:

Prof.dr.ir. C.J.N. Buisman

Hoogleraar Biologische Kringlooptechnologie
Sectie Milieutechnologie

Co-promotor:
Dr.ir. H.V.M. Hamelers
Universitair Docent bij de sectie Milieutechnologie

Promotiecommissie:

Prof.dr. B.E. Logan Pennsylvania State University, USA
Dr. R. Mulder Paques bv, Balk

Prof.dr.ir. A.J.M. Stams Wageningen Universiteit
Prof.dr.ing. M. Wessling Universiteit Twente

Dit onderzoek is uitgevoerd binnen de onderzoekschool SENSE (Socio-
Economic and Natural Sciences of the Environment).



Hydrogen production through
biocatalyzed electrolysis

René Alexander Rozendal

Proefschrift

ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit,
Prof.dr. M.J. Kropff,
in het openbaar te verdedigen
op woensdag 24 oktober 2007
des namiddags te vier uur

in het Auditorium van
Hogeschool Van Hall Larenstein
te Leeuwarden



Rozendal, R.A., 2007.
Hydrogen production through biocatalyzed electrolysis.

PhD thesis Wageningen University, Wageningen, the Netherlands — with
references — with summary in Dutch.

ISBN 978-90-8504-731-5



“Imagination is more important than knowledge. For knowledge is
limited to all we now know and understand, while imagination embraces
the entire world, and all there ever will be to know and understand.”

Albert Einstein

Opgedragen aan Agnes Catharina Rozendal-Sjamaar
(12/05/1917 - 04/08/2000)






Abstract

Rozendal, R.A, 2007. Hydrogen production through biocatalyzed
electrolysis. PhD thesis Wageningen University, Wageningen, The
Netherlands.

Up till now, many wastewaters were unsuitable for biological hydrogen
production due to the slightly endothermic nature of many of the involved
reactions. This PhD thesis describes the first steps in the development of a
novel technology for hydrogen production that is capable of overcoming this
thermodynamic barrier. This bioelectrochemical technology, referred to as
biocatalyzed electrolysis, was invented and developed within this PhD
project. Biocatalyzed electrolysis is capable of overcoming thermodynamic
barriers through the application of electrochemically active microorganisms
in combination with a small input of electrical energy. Electrochemically
active microorganisms are capable of using an electrode as an electron
acceptor for the oxidation of organic matter. This turns the electrode into a
bioanode. Biocatalyzed electrolysis couples this bioanode to a conventional
proton reducing cathode by means of a power supply. Consequently, the
organic matter is electrolyzed and hydrogen is generated. The theoretically
required applied voltage for biocatalyzed electrolysis of organic material is
about 0.12 V, which equals a theoretical energy requirement of about 0.26
kWh/Nm3 Hz. Microbial metabolic losses and other potential losses (e.g.,
ohmic loss and electrode overpotentials) will increase this energy
requirement under practical conditions, but the energy requirement of
biocatalyzed electrolysis is expected to remain far below that of commercial
water electrolysis (4.4 to 5.4 kWh/Nm3 Hy).

The scope of this thesis is to investigate the feasibility of hydrogen
production through biocatalyzed electrolysis of organic material. The
principle of the biocatalyzed electrolysis concept is proven and it is shown
that biocatalyzed electrolysis is a promising technology for hydrogen
production from wastewater with a wide range of possible applications in
wastewater treatment, transportation, and industry. It is expected that
volumetric hydrogen production rates can be improved to over 10 Nms3
H>/m3 reactor volume/day at an energy input of below 1 KWh/Nm3 H2 by
improving the performance of the critical biocatalyzed electrolysis system
components (bioanode, membrane, and cathode). However, to get to a
mature hydrogen production technology, it is also important to realize a
cost-effective scale-up that considers ohmic losses and material costs.

Keywords: Biocatalyzed electrolysis, BEAMR, microbial fuel cell, MFC,
electrochemically active microorganisms, bioanode, ion exchange
membrane, biocathode, hydrogen, wastewater, fermentation
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Preface

In the first half of 2003 | was doing my MSc graduation work at Paques
bv, a Dutch company specialized in the field of industrial wastewater
treatment. At that time, Cees Buisman was Technology Manager at Paques
bv and was soon to start as a professor at the Sub-Department of
Environmental Technology of Wageningen University. In an afternoon
lunch walk I asked him whether he was going to initiate new PhD projects in
Wageningen that he thought | would find interesting to apply for. Then he
told me about microbial fuel cells and I was inspired.

In the weeks after this conversation, | collected and studied all the
microbial fuel cell literature that was available at the time. The topic was in
my mind all the time and on one night, just before falling asleep, I
experienced a true “Eureka!” moment. | jumped out of bed and made a few
process schemes of biocatalyzed electrolysis. Clearly, this “Eureka!” moment
has changed my life as after a little more than 4 years | have now finished
my PhD thesis on biocatalyzed electrolysis.
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General Introduction

This PhD thesis describes the first steps in the development of a
promising new technology for hydrogen production from wastewaters.
This bioelectrochemical technology, referred to as biocatalyzed electrolysis,
was invented and developed within this PhD project.

Up till now, many wastewaters were unsuitable for biological hydrogen
production due to the slightly endothermic nature of many of the involved
reactions. Biocatalyzed electrolysis, however, is capable of overcoming this
thermodynamic barrier through the application of electrochemically active
microorganisms in combination with a small input of electrical energy. By
doing this, biocatalyzed electrolysis can significantly increase hydrogen
production from wastewaters compared to the current “state of the art”
technologies, such as dark fermentation. Furthermore, the innovative
design makes a much wider variety of wastewaters than before suitable for
hydrogen production. Therefore, biocatalyzed electrolysis can be regarded
as a potential breakthrough technology in the field of biological hydrogen
production from wastewaters.

This chapter introduces the technology by first discussing the
background of hydrogen production from wastewaters from the viewpoint
of the global need for novel renewable energy processes. Secondly, this
chapter discusses the “state of the art” technologies that are currently
available for hydrogen production from wastewaters. Finally, this chapter
describes the basic principles of biocatalyzed electrolysis.



Chapter 1

1.1 Background

1.1.1 Global warming & crude oil scarcity

In 2007 the UN'’s Intergovernmental Panel on Climate Change (IPCC)
presented their fourth assessment report (1), which speaks about a very
high confidence (>90%) that the globally averaged net effect of human
activities since pre-industrial times has been one of global warming.
According to the report this global warming effect has been caused by a
human induced, dramatic increase of atmospheric concentrations of
greenhouse gasses, such as carbon dioxide, methane, and nitrous oxide
(Figure 1.1). For a large part, this increase has been the result of the
exploitation and combustion of fossil fuels (coal, oil, and natural gas).

The IPCC report states that the increase of atmospheric greenhouse gas
concentrations has caused a worldwide temperature increase of 0.56 to 0.92
°C in the last 100 years, which resulted in a sea level rise of about 17 cm due
to the thermal expansion of sea water and the melting of ice over land (e.g.,
glaciers). Moreover, the IPCC report predicts that before the end of the 21st
century the worldwide temperatures will increase with another 1.1 to 6.4 °C
(with respect to 1990) and the sea level will rise with another 18 to 59 cm
(with respect to 1990). Even if the atmospheric greenhouse gas
concentrations would stabilize, temperature increase and sea level rise will
continue for centuries as a result of the timescales associated with climate
change. Furthermore, stabilization of the greenhouse gas concentrations
seems highly improbable at the moment as current projections estimate that
the total world primary energy demand will expand by almost 60% in 2030
of which fossil fuels will still account for 80-85% (2).

Other predicted side-effects of the increasing atmospheric greenhouse
gas concentrations and global warming include the increasing frequency of
extreme weather events (e.g., storms, floods), changes in amount and
pattern of precipitation, acidification of the oceans, dramatic changes of
ecosystems, expansion of tropical diseases, and change of global agricultural
patterns. Although the severity of many of these side-effects is uncertain, the
threat alone already urges for an increase of political attention.
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Figure 1.1. Historic increase of the global atmospheric concentrations of the
three most important greenhouse gasses from ice core and modern data (from
(1), reprinted with permission of the IPCC).
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Besides global warming, also the growing oil scarcity and security of
supply are important issues related to fossil fuel consumption (3). Fossil
fuels show an uneven distribution across the world, which is especially true
for crude oil. Most of the remaining crude oil reserves are concentrated in
the Middle East region. Furthermore, oil production is expected to peak in
the near future as a result of depletion of the easily extractable oil reserves,
the rapid increase of demand from newly industrialized countries (e.g.,
China, India), and underinvestment in the development of new production
capacity.

Due to the uneven distribution of fossil fuels and crude oil scarcity, the
crude oil market price is subject to large unpredictable fluctuations. For
example, the International Energy Agency in their world energy outlook
2004 predicted that 2003 “high” crude oil price (in real year-2000 dollars)
of 27 $/barrel would soon fall back to about 22 $/barrel in 2006, remain
more or less constant until 2010, and then steadily increase to a price of
about 29 $/barrel in 2030. History has shown, however, that this prediction
was far from the truth. In the period 2004-2006 a decrease in oil supply due
to growing turbulence in the Middle east (e.g., war in Iraq, lIranian nuclear
energy program, the crisis between Israel and Lebanon) and many other
reasons (e.g., hurricane Katrina (New Orleans), strikes in Venezuela),
caused the crude oil price to increase to market prices far above 70 $/barrel
in 2006. Furthermore, as the prices of other fossil fuels (e.g., natural gas)
are linked to the crude oil price, these enormous fluctuations also influenced
other energy prices and consequently the world economy as a whole.

1.1.2 Renewable energy

The increasing awareness of the possible anthropogenic effect on climate
change in combination with the instabilities in the fossil fuel market are
leading to an increasing political drive to reduce greenhouse gas emissions
and to stimulate renewable energy. In 1997, the first international steps in
this direction were made in the Kyoto Protocol. This protocol, signed by
more than 160 countries and covering over 55% of the global greenhouse gas
emissions, obligates the participating industrialized countries to reduce

their greenhouse gas emissions by 5% (with respect to 1990) in the period
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2008 to 2012. Unfortunately, the Kyoto Protocol was not ratified by the
United States, the world’s largest emitter of greenhouse gases. Still, the
Kyoto Protocol has created a worldwide awareness and many new
developments in the field of renewable energy have taken place since then.
For example, in March 2007 the European Union committed itself to a 20%
renewable energy target and a minimum target of 10% for transport biofuels
by 2020.

Although these measures are important steps in the right direction,
much more of these steps will be required before society is completely based
on renewable energy. On the long term solar energy is the ideal energy
source in such a society, as it is earth’s primary input of energy and available

in large excess (Figure 1.2).
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Figure 1.2. Annual solar energy compared to the annual world consumption of

energy and global reserves of non-renewable energy resources (from (4),
reprinted with permission of Cambridge University Press).
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The sun radiates more than 170000 TW to our planet (5), whereas the
total world energy consumption in 2001 was around 13.5 TW and is
expected to increase to between 27 and 40.8 TW in the year 2050 (6). This
means that the total amount of solar energy reaching the earth in one hour
is in the same order as the total world energy consumption in one year (6).

However, a society that is completely based on solar energy is not
considered to be a realistic option on a short term due to technological and
economic obstacles. Therefore, other renewable energy technologies are
being developed in parallel to solar energy. About 2000 TW of the
170000 TW solar radiation flux is continuously transformed into wind
power, 100 TW is continuously stored as biomass through photosynthesis
(7), and 6 TW is continuously transformed into hydropower through the
water cycle (Figure 1.2). Nowadays, these indirect forms of solar energy are
exploited to some extent for electricity production through wind turbines,
biomass gasification/combustion and hydroelectric dams. Although these
indirect forms of solar energy can be exploited for electricity production on a
much larger scale in the future, a renewable society will also require large
amounts of renewably produced chemicals and fuels.

Biomass is the most preferred renewable resource for chemical and fuel
production as it already consists of renewable energy stored in chemical
bonds. Nowadays, many conversion processes are being developed or have
already been developed for chemical and fuel production from relatively
concentrated biomass streams, such as wood and agricultural (by)products
(8-12). However, not many conversion processes currently exist for chemical
and fuel production from diluted aqueous biomass streams, such as
industrial, agricultural and municipal wastewaters. Still, wastewaters form a
large potential resource for renewable chemical and fuel production as they
contain large amounts of dissolved organic compounds (13).

Wastewaters are traditionally treated aerobically, which consumes a lot
of energy. However, if chemical and fuel production technologies are used
for wastewater treatment, a net amount of energy can be produced.
Wastewaters typically have a negative market value, which benefits the
economy of chemical and fuel production from wastewaters. Furthermore,

as wastewater treatment is typically regulated by law, the complete logistics
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around wastewater collection is often already arranged. However,
wastewaters often consist of a complex mixture of dissolved organic
compounds. Wastewater utilization for fuel and chemical production,
therefore, will require flexible and robust technology. In this perspective
biological treatment is the ideal candidate as biological conversions in
natural ecosystems also commonly occur in dilute aqueous environments.
Two biological technologies are of particular interest for this purpose: (i)
methanogenic anaerobic digestion, and (ii) biological hydrogen production.
Both technologies have their own interesting features, but have in common
that they make use of a gas/liquid phase separation to remove the product

from the wastewater.

1.1.3 Wastewater treatment — biogas or hydrogen?

Methanogenic anaerobic digestion is a mature technology with
thousands of full scale references across the world. For example, Paques bv,
the world market leader in anaerobic wastewater treatment, has installed
over 600 of their proprietary Biopaq® installations, treating over 9 million
kg of COD per day (14). This results in a yearly production of over 1.15
billion m3 of methane which equals the natural gas demand of 1.4 million
people equivalents. The biogas (CH4+/CO2 mixture) produced through
anaerobic digestion is usually used as a fuel source for electricity and heat
production or flared on site. Further, it is currently also investigated
whether the injection of biogas (after CO> removal) into the natural gas grid
is feasible.

Biological hydrogen production, on the other hand, is much less
developed than methanogenic anaerobic digestion. No full scale installations
currently exist and many technological hurdles still have to be overcome
before biological hydrogen production can be regarded as a mature
wastewater treatment technology. Still, hydrogen might proof to be a more
interesting product than biogas in many cases as hydrogen is both
interesting as chemical and fuel. Even in today’s society there exists a large
demand for hydrogen gas for applications such as fossil fuel upgrading in
the petrochemical industry and fat saturation in the food industry. For this

reason, hydrogen represents a much higher added value than methane from
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biogas. On a COD basis hydrogen is about 7 times more valuable than
methane (0.75 $/kg H2-COD vs. 0.11 $/kg CH4-COD - calculated from (15)).
This means that the amount of hydrogen that can be produced from a
certain amount of wastewater is about 7 times as valuable as the amount of
methane that can be produced from the same amount of wastewater.

Furthermore, hydrogen has also got some interesting characteristics as a
fuel. Hydrogen can be converted directly into electrical energy using fuel cell
technology (e.g., in a fuel cell powered passenger cars), which is emission-
free with water as the only byproduct. Fossil fuels, on the other hand, are
typically combusted (e.g., in passenger cars with internal combustion
engines), which emits large amounts of NOyx, SOy, and particulate matter
that can negatively affect air quality in urban regions (16).

Another interesting property of hydrogen is that it can be produced from
almost any kind of renewable energy. Whereas biogas can only be produced
renewably from biomass, hydrogen can be produced from renewable
electricity through water electrolysis, directly from solar energy through
photoelectrolysis, from dry biomass through gasification, and from
wastewater through biological conversion. All these hydrogen production
technologies can work complementary to each other, which creates much
more flexibility in the supply of hydrogen than there is in the supply of
biogas. Furthermore, in a transition period from fossil to renewable fuels,
hydrogen could temporarily even be produced from fossil fuels in a carbon
dioxide neutral way if the produced carbon dioxide is separated from
hydrogen and stored underground or in the ocean, i.e., carbon dioxide
capture and storage (CCS). In that case the hydrogen distribution
infrastructure can already be developed before truly renewable hydrogen
production technologies become available. Furthermore, on the long term,
hydrogen might even provide a way to produce fuels with a carbon dioxide
negative effect, i.e., when hydrogen is produced from biomass in
combination with CCS there is a net consumption of carbon dioxide so that

atmospheric greenhouse gas concentrations can be reduced.

-10 -
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1.1.4 Objective

Whether hydrogen will ever become the fuel of the future remains
uncertain and will depend on many political, societal, and technological
issues. However, even without becoming the fuel of the future, there will
always be a large future demand for renewably produced hydrogen (e.qg., for
industrial use). Hydrogen production from dissolved organic compounds in
wastewater, therefore, is an interesting route to explore. For this reason, this
PhD thesis investigates the principles and perspectives of biocatalyzed
electrolysis as a new technology for biological hydrogen production from
wastewater. Before discussing this new technology, however, we first discuss
the technologies that are currently considered to be “state of the art” for

biological hydrogen production from wastewaters.

1.2 Fermentative hydrogen production

1.2.1 Dark fermentation & thermodynamic limit

The most promising of the currently known biological hydrogen
production technologies from wastewaters is dark fermentation, which is
characterized by high production rates of up to about 30 Nm3 H>/ms3 reactor
volume/day (17). Dark fermentation, also referred to as heterotrophic
hydrogen production, is carried out by a wide variety of microorganisms,
such as Clostridiaceae and Enterobacteriaceae (17,18). In nature, hydrogen
production is a way for these microorganisms to dispose of excess reducing
equivalents that are produced under anaerobic conditions (e.g., in the form
of reduced ferredoxin and NADH) (17,19). Carbohydrate-rich feedstocks are
regarded to be the most suitable feedstock for dark fermentation (18,19). For
this reason, glucose is most often studied as a model substrate for dark
fermentation. Complete conversion of glucose to hydrogen gas theoretically
yields 12 mol Hz/mol glucose:

CeH1206 + 12 H.O - 12 H> + 6 HCO3s + 6 H*
AGO = +3 kJ/mol (1)
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Unfortunately, the Gibbs free energy of this reaction is only negative for
very low hydrogen partial pressures. Therefore, this reaction is unfavorable
to sustain microbial life under hydrogen accumulating conditions as there is
not enough Gibbs free energy available for ATP generation (20). From a
biochemical and thermodynamic point of view, the reaction that optimizes
ATP generation under hydrogen accumulating conditions is the generation
of 4 mol Hz/mol glucose with 2 mol acetate/mol glucose as a byproduct
(20):

CsH1206 + 4 H,0 — 4 Hy + 2 CH3COO- + 2 HCO3 + 4 H*
AGO = -206 kJ/mol (2)

The metabolic pathway for achieving this optimal yield starts with the
production of pyruvate from glucose through glycolysis (Figure 1.3). The
conversion of glucose through glycolysis yields two pyruvate, 2 NADH, and 2
ATP (21). Subsequently, pyruvate is oxidized to acetyl-CoA, either catalyzed
by pyruvate:ferredoxin oxidoreductase to form reduced ferredoxin (Fdreq)
and carbon dioxide (Clostridiaceae), or catalyzed by pyruvate:formate lyase
to form formate (Enterobacteriaceae) (21,22). Acetyl-CoA can be converted
to acetate with additional ATP generation (21,23), which doubles the ATP
formation from 2 mol ATP/mol glucose (from glycolysis) to 4 mol ATP/mol
glucose.

However, before acetate formation can occur all produced reducing
equivalents (NADH, Fdrd, and formate) first have to be disposed of
properly. As both the Fdred/Fdox (E9=-0.420 V) and formate/HCO3 (EO'=-
0.406 V) redox couples have a standard redox potential that is similar to
that of proton reduction (E®=-420 V) (13,21), Fdrea and formate can be
readily converted to hydrogen gas at partial hydrogen pressures typically
occurring in hydrogen producing reactors (0<<pH2<1 bar; Figure 1.4). The
reoxidation of NADH, on the other hand, is much less straightforward under

hydrogen accumulating conditions.
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Figure 1.3. Overview of possible metabolic pathways during dark fermentation
of glucose.

Butanol

The redox couple NADH/NAD (E%=-0.320 V) has a standard redox
potential that is significantly higher than that of proton reduction
(E9’=-0.420 V). This means that NADH can only be converted to hydrogen
gas at low hydrogen partial pressures and/or high intracellular NADH/NAD
ratios. Microbial intracellular NADH/NAD ratios are typically in the order of
0.1 to 10 (24-27), which means that the hydrogen partial pressure needs to
be below 5 to 426 Pa respectively before NADH can be oxidized to form
hydrogen gas (Figure 1.4).

If the hydrogen partial pressure is below these values, NADH can indeed
be oxidized by the enzyme NADH:ferredoxin oxidoreduxtase. The oxidation
of NADH by the enzyme NADH:ferredoxin oxidoreduxtase produces Fdyed
that subsequently can be converted to hydrogen gas as described above. This
increases the hydrogen yield to 4 mol H2/mol glucose. Furthermore, as all of
the reducing equivalents are now properly disposed of, acetyl-CoA can be
converted to acetate with additional ATP generation.
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Figure 1.4. The redox potential at pH 7 (E’) of the redox couple NADH/NAD (at
aratioof 0.1, 1 (=E?"), and 10) and the standard redox potential at pH 7 (E®") of
the redox couples formate/HCO3; and Fdr.q/Fdox, plotted against the hydrogen
partial pressures below which these redox couples can be oxidized to produce
hydrogen.

However, if the hydrogen partial pressures are insufficiently low to
sustain an efficient NADH oxidation rate, alternative metabolic pathways
are activated for NADH oxidation (18,23). In that case microorganisms start
to oxidize NADH by producing more reduced fermentation byproducts
instead of acetate, such as butyrate, lactate, ethanol, and butanol (Figure
1.3). These alternative metabolic pathways can also effectively consume the
excess reducing equivalents in the form of NADH, but generate less than the
4 ATP/mol glucose that are generated when acetate is the end product.
Furthermore, no additional hydrogen is produced, which limits the
hydrogen yield to a maximum of 2 mol H2/mol glucose.

In literature many strategies have been described for lowering the
hydrogen partial pressure to prevent the production of these more reduced
fermentation byproducts. Some of these strategies include inert gas
sparging, stream stripping, and continuous hydrogen removal through
hydrogen selective membranes (23). Alternative strategies have focused on
blocking the metabolic pathways towards the alternative fermentation end
products so that intracellular NADH levels increase and more hydrogen is
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produced (23). Although all of these strategies to increase hydrogen yields
have been successful to some extent, the overall effect is relatively small as
they only aim at the additional 2 mol H2/mol glucose coming from NADH
oxidation. This increases the hydrogen yield to a maximum of 4 mol Hz/mol
glucose, while stoichiometrically 12 mol H2/mol glucose can be produced.

Due to the biochemical and thermodynamic reasons explained above,
dark fermentations in practice only yield a maximum of about 2.5 mol
H2/mol glucose under mesophilic conditions (13,18) and up to 4 mol Hz/mol
glucose under thermophilic conditions (28). To achieve economic feasibility
of hydrogen production from wastewaters, however, hydrogen yields will
have to increase dramatically to about 10 mol H2/mol glucose (29).

1.2.2 Second stage processes

As discussed in the previous paragraph, a well performing dark
fermentation will produce acetate as the main byproduct, but other more
reduced fermentation byproducts are also formed. Theoretically, at
sufficiently low hydrogen partial pressures even acetate can be converted to
hydrogen gas by means of dark fermentations. In that case acetate

conversion would yield 4 mol H2/mol acetate:

CH3COO" + 4 H0 — 2 HCOg + H* + 4H,
AG0 = +104.6 kJ/mol  (3)

However, in order for this reaction to yield a minimum of -20 kJ of Gibbs
free energy, i.e.,, the minimum amount of Gibbs free energy for ATP
synthesis (30), the hydrogen partial pressure needs to be below 1 Pa (298.15
K, pH 7, [CH3COO-]=[HCO3]=10 mM). Such a low hydrogen partial
pressure is impossible to establish in practical hydrogen producing
fermentations, but does occur in nature in acetate-oxidizing methanogenic
cocultures (30-32). In these cocultures the hydrogen partial pressure is kept
very low through the mechanism of interspecies hydrogen transfer (30,33).
It is not surprising, therefore, that many research groups have been looking
at anaerobic digestion to methane as an interesting second stage technology

to convert the byproducts of dark fermentation (15,18).
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However, if hydrogen and not methane is the product of choice, second
stage hydrogen production technologies are required that are capable to deal
with the endothermic nature of the byproduct conversion reactions at
practical hydrogen partial pressures. For this purpose researchers have been
looking at photoheterotrophic fermentations (18,34-36). Photoheterotrophic
fermentations use the input of sunlight to deal with the endothermic nature
of the byproduct conversion reactions. These fermentations typically apply
pure cultures from the genera Rhodopseudomonas, Rhodobacter, and
Rhodospirillum (37-39), but also mixed culture fermentations have recently
been described (40). Furthermore, photoheterotrophic fermentations have
been described for many types of substrates, including typical fermentation
byproducts like lactate, acetate, and butyrate (37,40). Unfortunately, there
are several drawbacks that so far have severely limited the practical
application of photoheterotrophic fermentations. (i) The nitrogenase
enzyme, which catalyzes hydrogen production in photoheterotrophic
bacteria, is strongly inhibited by the presence of ammonia. This limits the
application of photoheterotrophic fermentations to ammonium free
wastewaters (36). (ii) As the process is dependent on sunlight there will be
no production at night. (iii) The solar energy conversion efficiencies (i.e.,
solar energy — hydrogen energy) of photoheterotrophic fermentations
under practical conditions are low as they are typically far below 10% (36).
(iv) Photoheterotrophic fermentations require enormous reactor surface

areas due to the low surface intensity of solar radiation (22).

1.3 Biocatalyzed electrolysis

1.3.1 Basic characteristics of biocatalyzed electrolysis

Because it is doubtful whether dark fermentations and
photoheterotrophic fermentations will ever become economically feasible
(22), there exists a demand for alternative processes for hydrogen
production from wastewaters. Such a new process should ideally combine
the following characteristics: (i) amongst others it should be capable of
converting dissolved organic compounds that are regarded to be dark

fermentation byproducts, (ii) it should be capable of dealing with the
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endothermic nature of the conversion reactions of many dissolved organic
compounds to hydrogen in a more practical way than using sunlight (as used
in photoheterotrophic fermentations), (iii) it should be robust and flexible,
as it will be designed for hydrogen production from wastewaters, (iv) it
should ideally be based on mesophilic mixed cultures that grow into the
process through natural selection and are capable of converting a wide range
of organic substrates.

All these characteristics are combined in biocatalyzed electrolysis, i.e.,
the technology that is described in this PhD thesis. Biocatalyzed electrolysis
is indeed capable of dealing with the endothermic nature of the conversion
reactions of many dissolved organic compounds to hydrogen. It establishes
the required energy input by means of electrical energy instead of sunlight.
Essential to the working principle of biocatalyzed electrolysis systems is the
application of mixed consortia of electrochemically active microorganisms.
Electrochemically active microorganisms are capable of exocellular electron
transfer, i.e., electron transfer from the inside to the outside of the cell. This
enables them to grow on an electrode surface while using the electrode as an
electron acceptor for the oxidation of dissolved organic compounds (e.g., in
wastewater). As the electrochemically active microorganisms release the
electrons at a high energy level, a low electrode potential is established at
the electrode, which can be utilized for hydrogen production in the
biocatalyzed electrolysis process. To understand the principle of
biocatalyzed electrolysis, therefore, it is necessary to understand the basic
principles of exocellular electron transfer by electrochemically active

microorganisms.

1.3.2 Exocellular electron transfer by electrochemically
active microorganisms

Exocellular electron transfer is an important mechanism in anaerobic
microbial communities to sustain microbial metabolism when electron
donors are physically separated from electron acceptors (33). This situation
commonly occurs in environments that contain large amounts of oxidized
forms of iron and manganese, i.e., Fe(l11) and Mn(1V). Fe(l11)- and Mn(1V)-

minerals form an interesting electron acceptor in anaerobic environments,
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but they are poorly soluble in most natural environments (e.g., near neutral
pH conditions). To be able to utilize these insoluble electron acceptors
microorganisms have evolved several mechanisms through which electrons
can be directed towards these exocellular electron acceptors (41). These
strategies can be subdivided into two main categories: (i) exocellular
electron transfer mediated by soluble electron shuttles (redox mediators),
and (ii) exocellular electron transfer through direct contact with insoluble

electron acceptors (mediator-less electron transfer) (Figure 1.5).

Organic
Material

Organic
Material

Figure 1.5. Exocellular electron transfer mechanisms to insoluble electron
acceptors: (A) exocellular electron transfer mediated by soluble electron
shuttles (ES), and (B) exocellular electron transfer through direct contact with
insoluble electron acceptors (mediator-less electron transfer).

The first of these categories, i.e., exocellular electron transfer mediated
by soluble electron shuttles, involves the redox cycling of the electron
shuttles in between the microorganisms and insoluble electron acceptors.
During this redox cycling the electron shuttles are continuously reduced by
the microorganism and re-oxidized again by the insoluble electron acceptor.
The electron shuttles involved in this process can be naturally present
redox-active organic compounds, such as humic acids (42-44), but are also
often produced by the microorganisms themselves, such as quinones (45-
48). Furthermore, this exocellular electron transfer mechanisms in Fe(ll1)-
and Mn(lV)-respiring microbial communities can also be artificially
enhanced by adding artificial electron shuttles, such as thionine, iron
chelates, and neutral red (49-52).
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As electron shuttles also interact with electrode surfaces, microbial
communities that respire according to this exocellular electron transfer
mechanism are electrochemically active. This has formed the basis of the
first generation of microbial fuel cells (MFCs; Paragraph 1.3.4).
Unfortunately, in open environments such as MFCs that are continuously
supplied with wastewater, electron shuttles are not retained in the system.
This limits the applicability of this first generation of MFCs, as continuous
addition of artificial electron shuttles is costly and imposes environmental
risks due to the toxic nature of most artificial electron shuttles.

Renewed interest in MFC technology, however, emerged when
researchers at the end of the last century realized the implication of the
second category of exocellular electron transfer to insoluble electron
accepters, i.e., exocellular electron transfer through direct contact. In most
other types of microorganisms the non-conductive cell wall of intact
microbial cells prevents the contact of insoluble electron-acceptors with the
redox proteins present in these cells. However, some Fe(lll)- and Mn(l1V)-
respiring microorganisms have managed to overcome this problem by using
membrane-bound redox proteins. These membrane-bound redox proteins
include inner-membrane, periplasmic, and outer-membrane redox proteins
(i.e., cytochromes), which allow for the transfer of electrons from the inside
to the outside of the microorganism (41).

It was hypothesized that if insoluble Fe(l11)- and Mn(IV)-minerals can
be in direct electrochemical contact with the microbial metabolism, it should
also be possible with an electrode surface. This hypothesis was tested and
confirmed by Kim and co-workers in an experiment with the gram-negative
metal-reducing bacterium Shewanella oneidensis growing on lactate in the
presence of an electrode at a controlled potential (53). In the experiment
Kim and co-workers confirmed that Shewanella oneidensis cells were
indeed electrochemically active and could use the electrode as an electron
acceptor. The activity seemed to be caused by a direct physical contact
between the microorganism and the electrode, which was confirmed with
electron microscopy. Furthermore, Kim and co-workers were able to

generate electricity from lactate in an MFC setup (54).
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In the same period other researchers discovered that the voltage gradient
across the water-sediment interface occurring in many marine
environments could be used for electricity generation (55-58). In the top few
millimeters to centimeters of these sediments a voltage drop of up to 0.75 V
can exist due to the anaerobic activity of sediment-dwelling microorganisms
(57). These microorganisms anaerobically convert the organic material
(0.1-10% by weight) in the sediment that is naturally present as a results of
decaying plankton (58). During long-term in situ experiments with
underwater fuel cells a pronounced enrichment of microorganisms was
observed on the anode of the fuel cell (56,58). A large fraction of this
enrichment was found to belong to a single cluster of bacteria in the family
of Geobacteraceae, a group of anaerobic bacteria known to be able to couple
the oxidation of organic material to the reduction of insoluble
Fe(l11)-minerals (55). A control electrode that was not electrically connected
to a cathode and was placed in the same sediment over the same length of
time did not show this enrichment. MFC and controlled potential
experiments with pure culture members of the Geobacteraceae family
(Geobacter sulfurreducens, Geobacter metallireducens, Desulfuromonas
acetooxidans) indeed confirmed the mediator-less electron transfer ability
of these Fe(l11)-reducing bacteria (55,59).

Since these discoveries many more species of microorganisms have been
identified that are electrochemically active through the mechanism of direct
contact (60-65). Furthermore, several studies have recently reported that
many of these electrochemically active species are capable of producing
electrically conductive pili or nanowires, which enable direct electron
transfer to electrode surfaces over longer distances (66,67). This is an
interesting phenomenon as it implies that multilayered biofilms can grow on
electrode surfaces that still rely on electron transfer through direct contact
(63).

Because of its advantages compared to electron shuttle mediated
exocellular electron transfer, exocellular electron transfer through direct
contact became the basis of most present-day MFC systems.
Electrochemically active microorganisms that are capable of exocellular
electron transfer through direct contact are nowadays also referred to as
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anodophilic microorganisms (13,68), electrigens (50), or exoelectrogens
(63). Basically, these electrochemically active microorganisms are the
catalysts of the electrode that enable the electrochemical reactions to
proceed. This is very much like the function of precious metal catalysts in
non-biological electrochemical systems (e.g., platinum in hydrogen fuel
cells). However, unlike precious metal catalysts, electrochemically active
microorganisms are able to regenerate themselves, which is an important
advantage in potentially poisoning environments like wastewaters.
Electrodes covered with electrochemically active microorganisms are
referred to as biological electrodes or bioelectrodes. These biological
electrodes behave similar to conventional chemical electrodes and can be

understood through the same thermodynamic principles.

1.3.3 Thermodynamics & fundamentals of
bioelectrochemical conversions

Bioelectrochemical reactions can be evaluated in terms of Gibbs free
energy, which is a measure of the maximal work that can be derived from a
reaction or the minimum work that has to be delivered to drive a reaction

(69,70). The Gibbs free energy of a reaction is calculated as:
AG, = AG’ +RT In (IT) 4)

with AG((J) the Gibbs free energy of a reaction at specific conditions,
AG9(J) the Gibbs free energy of a reaction at standard conditions (298.15 K,
1 bar, 1 M concentration for all species), R the universal gas constant (8.3145
J/mol/K), T(K) the absolute temperature, and I1(-) the reaction quotient.

For areaction va A+ 18 B — wc C + w D, the reaction quotient is defined as:

Vc aVp

_ a'C a'D
VanQVs

aA aB

IT ()

with a; the activity of a specific product or reactant i and v the reaction

coefficient of a specific product or reactant. In dilute systems calculations
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can be conveniently simplified by replacing the activities in the reaction

quotient IT with concentrations (7/):

[c]<[D]
" Ar el ©

The standard Gibbs free energy of a reaction can be calculated from
tabulated Gibbs free energies of formation for organic compounds in water,
which are available from several sources (20,72-74).

For bioelectrochemical conversion processes, it is convenient to evaluate
the reaction in terms of the electromotive force (emf) of a reaction, which is
expressed in Volts (V) instead of Joules (J). The emf of a reaction is related
to the Gibbs free energy of a reaction, according to:

- AGr = QE = nFEemf (7)

emf

with Q(C) the charge transferred in the reaction, Eemi(V) the emf of a
reaction at specific conditions, n(mol) the number of electrons per reaction,

and F Faraday’s constant (96485.3 C/mol). Rearranging Equation 7 yields:

AG
=_— T 8
emf n F ( )

If all reactions are evaluated at standard conditions, i.e., /=1, then

AG’
Ee?mf == :
nk

9)

with E%mt (V) the emf of a reaction at standard conditions.
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Combining Equation 4, 8, and 9 yields the following expressing for the emf:

RT
Eemf = Ee?mf _F ln(H) (10)

Galvanic processes have a positive value for the emf, whereas electrolytic
processes have a negative value for the emf. Two types of bioelectrochemical
conversion technologies are currently being studied in great detail: (i) MFC
technology for electricity production (Paragraph 1.3.4; Table 1.1), and (ii)
biocatalyzed electrolysis (Paragraph 1.3.5; Table 1.1) for hydrogen
production. MFC technology is a galvanic process in which a biological
anode that oxidizes organic material (e.g., acetate) is coupled to a cathode
that reduces oxygen. Biocatalyzed electrolysis, on the other hand, is an
electrolytic process in which a biological anode that oxidizes organic
material (e.g., acetate) is coupled to a cathode that produces hydrogen.

Table 1.1. Electromotive force of bioelectrochemical processes: MFC and
biocatalyzed electrolysis ([HCO3]=[CH3COO-]=5 mM, pH 7, 298.15 K, p0,=0.2
bar, pH.>=1 bar).

Bioelectrochemical process  Overall Reaction Eemt (V)
MFC CH3COO- +2 O, — 2 HCO3 + H* 1.101
Biocatalyzed Electrolysis CH3COO- +4 H,O — 2 HCO3 + H* + 4 H; -0.118

Another way to look at bioelectrochemical systems is to evaluate them in
terms of the potentials of the half cell reactions, i.e., the separate anode and
cathode potentials. According to the IUPAC convention, standard electrode
potentials (at 298.15 K, 1 bar, 1 M concentration for all species) are reported
as a reduction potential, i.e., the reaction is written as consuming electrons
(69). For example, if acetate is oxidized by electrochemically active

microorganisms at the anode, the reaction is still written as:

2 HCOs + 9 H* + 8 & — CH;COO™ + 4 H,0 (11)
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The calculation of a theoretical electrode potential at specific conditions
is similar to that of the electromotive force and proceeds according to the

following equation:

E=E iy In(IT) (12)

with E(V) the theoretical electrode potential at specific conditions and E°(V)
the electrode potential at standard conditions, i.e., the standard potential.
Standard potentials in literature are reported relative to the normal
hydrogen electrode (NHE), which is defined to be zero at standard
conditions (i.e., 298 K, pH2 =1 bar, [H*] =1 M).

For an anode that oxidizes acetate the theoretical electrode potential at

specific conditions (Ean) can be calculated according to (Table 1.2):

e g RT | (_ICH.COO] )
8F  ([HCO, T [H'T

Table 1.2. Standard potentials E° from (69) and theoretical potentials at pH 7
for typical conditions in bioelectrochemical systems Epn7. Epnz Was calculated
using Equation 12. All potentials are reported against NHE.

Electrode Reaction E° (V) Conditions Epnz (V)

Anode 2HCO3 +9H*+8e — 0.1872  [HCOs]=5mM -0.296b
CH3COO- + 4 H,0 [CH3COO-]1=5 mM

Cathode O;+4H*+4e —2H,0 1.229  p0,=0.2 0.805bd
0;+2H,0+4e —>40H 0401 p0,=0.2 0.805bd
Fe(CN)e> +e-— Fe(CN)e*  0.361  [Fe(CN)e>]=[ Fe(CN)e*] 0.361
2H*+2e > H; 0 pH2 =1bar -0.414ce
2H,0+2e —»20H +H, -0.828 pH;=1bar -0.414¢ce

a. Calculated from Gibbs free energy data (20).

b. Note that the theoretical potential for the oxygen reduction reaction is the same when
protons are consumed or when hydroxide is produced.

¢. Note that the theoretical potential for the hydrogen production reaction is the same
when protons are consumed or when hydroxide is produced.

d. Note that an MFC with an acetate oxidizing anode (HCOs=5 mM, CH3COO-=5 mM, pH
7) and an oxygen reducing cathode (pO2=0.2, pH 7) has a cell emf of 0.805 - -0.296 =
1.101V (Table 1.1).

e. Note that a biocatalyzed electrolysis cell with an acetate oxidizing anode (HCO3z=5 mM,
CH3COO=5 mM, pH 7) and a hydrogen producing cathode (pH2=1, pH 7) has a cell emf
of -0.414 - -0.296 =-0.118 V (Table 1.1).
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For a cathode that reduces oxygen the theoretical electrode potential at

specific conditions (Ecat_o02) can be calculated according to (Table 1.2):

O+ 4 H*+4e —2Hy0 (14)
RT 1

Ecat702 - Ecoa’[_OZ_H+ - 4F ln( pOZ[H +]4j (15)

Or:

02+2H0+4e — 4 0H- (16)
RT [OH]*

Ecat_02 = E:athZﬁOH_ - 4F ln( po j (17)

2

For a cathode that produces hydrogen the theoretical electrode potential

at specific conditions (Ecat_H2) can be calculated according to (Table 1.2):

2H*+2e > H> (18)
RT pH
Ecat_H2 = EcoatinfH* o 2F In ([H +]22j (19)
Or:
2HO0+2e —-H2+2O0OH- (20)
RT B
Bu 2 =Bl 0w~ 0 (PHLIOHT) @

The electromotive force of the cell can be calculated from the separate anode

and cathode potential according to:

-E —-E (22)

emf cat an

When the pH in the anode and cathode are equal, the result of Equation 22
equals that of Equation 10.
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The electromotive force represents a theoretical value for the cell voltage.
The actual value for the cell voltage under practical conditions, however, will
usually be lower due to various potential losses. An example is the potential
loss that results from the microbial metabolic activity. This potential loss
results from the fact that the electrochemically active microorganisms
require energy themselves for growth and maintenance purposes.
Consequently, the electrochemically active microorganisms will take some of
the energy of the organic substrates and will release the electrons on a
slightly lower energy level. Experiments have shown that a well-performing
biological anode will release its electrons around -0.2 to -0.25 V. In the case
of an acetate oxidizing anode (Epn7 -0.296 V; Table 1.2) this means that
about 0.05-0.10 V of the theoretical potential is lost to microbial metabolic
activity (Figure 1.6). As a result of this loss the theoretical voltage of MFCs
decreases and the theoretically required applied voltage of biocatalyzed

electrolysis increases.

Biocatalyzed Electrolysis: |
-8-2 -0.15t0 -0.21 V I H*/H,
:O. 3 Acetic Acid/CO, (-0.296 V) <:>| = (-0.414 V)
' ¥ Biological Anode Potential +
-0.2 =(-02t0-025V) I T
-0.1
S —
*’_5‘ 0.0 |
> 01 Microbial metabolic activity: I
= 0.2 0.05t0 0.10 V I
5 0.3 —
C
£ 05 =T
T 06 Microbial Fuel Cell: I
0.7 1.01to 1.06 V |
08 0,/H,0
0'9 l (0.805 Volt)
1.0 Bio-Anode | Cathode

Figure 1.6. The effect of microbial metabolic activity on the theoretical voltage
of MFCs and the theoretically required applied voltage of biocatalyzed
electrolysis.

Besides the potential loss that results from microbial metabolic activity,
also other potential losses (i.e., overpotentials) can be expected under
practical operating conditions, including ohmic losses, activation losses, and
concentration losses (75-77). These potential losses increase with increasing
current densities and can have significant negative effects on the

performance of the bioelectrochemical process. Decreasing these potential
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losses, therefore, is one of the most important goals of the research in the

field of bioelectrochemical conversion technologies.

1.3.4 Microbial fuel cells

Fuel cell technology already dates back from the time that Sir William
Grove (1811-1896) built his first “gas voltaic battery” in 1839, a chemical
hydrogen/oxygen fuel cell (75,76). The MFC, however, is more recent, but
already from as early as 1911 recordings can be found on microbial electricity
production (78). Compared to combustion technology, fuel cell technology
has the advantage that it does not use heat as an intermediate form of
energy for electricity production. When heat is used as an intermediate form
of energy in an electricity production process (e.g., fossil fuel combustion),
the process is limited by Carnot’s theorem. This theorem states that the
theoretical maximum conversion efficiency of heat to work is determined by
the absolute temperature Thigh(K) of the process (i.e., the process) and the
absolute temperature Tiow(K) of the cold sink (i.e., the environment): nideal =
1 - Tiow/Thigh. As heat- and corrosion-resisting properties of construction
materials of combustion processes (e.g., furnaces) are limited to a certain
maximum temperature, this implies that the overall yield of combustion
processes is usually not higher than 35-45%.

However, Carnot’s theorem does not apply for electrochemical electricity
production as there is no intermediate heat step involved. For
electrochemical electricity production the maximum efficiency is given by
the ratio of the Gibbs free energy and enthalpy of a reaction (nidea =
AG/AH). This means that theoretically the efficiency of an electrochemical
electricity production can even exceed 100% (i.e., if heat is extracted from
the environment during reaction).

MFC technology, therefore, is an interesting technology to explore for
electricity production from wastewaters as it can theoretically increase the
efficiency of electricity production from wastewaters significantly compared
to traditional technologies (e.g., anaerobic digestion). MFC technology
further offers the advantage that electricity can be produced in a single
process step, whereas traditional electricity production from wastewater

involves at least three process steps, i.e., (i) biogas production in an
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anaerobic biological reactor, (ii) gas cleaning (i.e., H2S removal), and (iii)
biogas combustion in a gas motor.

Developing MFC technology, however, implies that microbial metabolic
conversion routes somehow have to be “electrically connected” to an
electrode. In the first generation of microbial fuels cells this “electrical
connection” was established through the application of soluble electron
shuttles (Paragraph 1.3.2). Unfortunately, practical limitations of the
application of these soluble electron shuttles for large scale electricity
production from  wastewaters (e.g., cost, toxicity) prevented
commercialization of this type of MFCs. However, from 1999 a renewed
interest in MFC technology emerged when Kim and co-workers (53,54) and
later also others (55-59) demonstrated that exocellular electron transfer was
also possible without soluble electron shuttles, i.e., mediator-less electron
transfer (Paragraph 1.3.2). Since this rediscovery of MFC technology, more
and more research groups have started to work on MFC technology.
Although MFC technology is not yet commercialized, much progress has
been made in the last decade and it is generally agreed upon that MFC
technology holds great promise as a future electricity production technology
from wastewaters.

An MFC is a galvanic cell that connects the oxidation of organic material
at a biological anode to the reduction of an electron acceptor at a cathode.
To establish electricity production, this electron acceptor needs to be
reduced at a higher electrode potential than that of the biological anode. For
sustainable electricity production from wastewater the ideal terminal
electron acceptor is oxygen from air as it is available in large excess (77,79).
However, as oxygen reducing cathodes for MFCs are still under
development, ferricyanide has often been used as an electron acceptor for
research purposes to simulate a well-performing, oxygen reducing cathode
(Table 1.2). The maximum MFC voltage (emf) of an MFC with an oxygen
reducing cathode is theoretically in the order of 1.1 V (Table 1.1). Due to
various potential losses, however, the practical MFC voltage is typically
below 0.8 V under open circuit conditions and below 0.6 V under operating
conditions (77). For a large part, these potential losses are suffered at the
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oxygen reducing cathode as electrochemical oxygen reactions generally
show slow kinetics (80).

In its standard configuration, an MFC consists of two chambers, i.e., one
for the biological anode and one for the cathode (Figure 1.7). The anode is
typically made of graphite, which is available in many forms, such as
graphite felts, graphite paper, granular graphite, and graphite foam. The
oxygen reducing cathode typically consists of platinum-catalyzed graphite.
In a standard MFC configuration a cation exchange membrane separates the
MFC chambers. This cation exchange membrane facilitates the transport of
ions (preferably protons) through the membrane in order to maintain
electroneutrality in the system, but does not allow for the transport of
electrons. In order to reach the cathode, therefore, electrons have to go

through an electrical circuit from which electrical power can be extracted.
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Figure 1.7. Schematic representation of a standard MFC configuration. At the
anode dissolved organic compounds from wastewater are oxidized by
electrochemically active microorganisms. These electrochemically active
microorganisms transfer the electrons from the oxidation of the dissolved
organic compounds to the anode through the mechanism of exocellular
electron transfer. Subsequently, the electrons are transported to the cathode
via an electrical circuit, where they are consumed in the oxygen reduction
reaction. Electroneutrality is maintained in the system by the transport of
cations (ideally protons) from the anode to the cathode through the cation
exchange membrane. The Gibbs free energy of the overall reaction is negative,
which means that electrical energy can be extracted from the electrical circuit.
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Most of the MFC research in the last years has focused on two aspects:
(1) reducing the costs of the MFC system, both in terms of material use and
operation, and (ii) on improving the power output of the MFC system.

To reduce material cost, many studies aimed at finding alternatives for
platinum as the catalyst for the oxygen reduction at the cathode (81-85).
Other researchers have looked at the possibilities of membrane-less
operation of MFCs in order to save the costs of the cation exchange
membrane (86,87). To reduce operation costs, some studies have
investigated single chamber operation of MFCs (88,89). In a single chamber
MFC the oxygen reducing cathode is directly exposed to air so that no
electrical energy needs to be invested for the aeration.

Also in terms of power output many improvements were made. These
improvements predominantly have been the result of a better understanding
of the MFC system. Most progress was made by reducing the ohmic
resistance of the system (e.g., by reducing electrode spacing) and by better
choice of anode and cathode materials. Early systems based on mediator-
less electron transfer did not produce more than 0.1-1 mW/m2 of anode
surface area, but within a decade power output increased to more than 1000
mW/m2 of anode surface area (63). As a result of this progress, MFC
technology has evolved from a microbial curiosity to a promising wastewater
treatment technology. To achieve the status of a mature wastewater
treatment technology, however, more progress is required in the field of cost
reduction and power increase. Furthermore, MFCs have to be benchmarked
against conventional wastewater treatment systems in terms of efficiencies
and volumetric loading rates (kg COD/m3 reactor volume/day). Nowadays,
MFCs have already approached the volumetric loading rates of aerobic
systems (77), but they have the potential to improve towards the volumetric
loading rates of high rate anaerobic systems. At these volumetric loading
rates power output is expected to increase to about 1 kW/m3 reactor volume
(90).
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1.3.5 Biocatalyzed electrolysis

The electrical energy harvested in MFCs can be used for hydrogen
production by coupling MFCs to water electrolysis. This coupling was
demonstrated by Kreysa et al. in a setup that coupled 10 electron shuttle
(HNQ) mediated MFCs to a water electrolyzer (91). Although hydrogen
production was indeed observed, the energy efficiency based on Gibbs free
energy calculations (added substrate and produced hydrogen) was
calculated to be only 11%. One of the reasons that this efficiency was
observed to be so low is the fact that this configuration involved two
electrochemical oxygen reactions, i.e., oxygen reduction in the MFCs and
oxygen production in the water electrolyzer. Electrochemical oxygen
reactions generally have slow kinetics and therefore suffer from large
potential losses (80). From an energetic point of view, therefore, it would be
much wiser to eliminate the electrochemical oxygen reactions by directly
coupling the oxidation of organic material to the reduction of protons to
form hydrogen gas. This is exactly what is done in biocatalyzed electrolysis.

Biocatalyzed electrolysis is a novel hydrogen production process and was
developed within this PhD project (92,93). In parallel to this development
and independent of our work, Bruce Logan and co-workers developed the
same technology and refer to it as the bioelectrochemically assisted
microbial reactor process or BEAMR-process (94,95). Biocatalyzed
electrolysis is an electrolytic process that electrically connects the oxidation
of organic material at a biological anode to the reduction of protons at the
cathode so that hydrogen gas is formed. The conversion of organic material
to hydrogen is thus split up into two half reactions: (i) the conversion of
organic material into bicarbonate, protons, and electrons, and (ii) the

conversion of protons and electrons to hydrogen gas. E.g., for acetate:

Anode: CH3COO - +4 H,O — 2HCOs+9H*+8e- (23)
Cathode: 8H+*+8e- — 4 Hy (24)
Overall: CH3COO-+4 HO — 2HCO3z + H*+ 4 H> (25)
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The theoretical cell voltage (emf) of biocatalyzed electrolysis of organic
material is about -0.12 V (Table 1.1). The negative value of this theoretical
cell voltage indicates that electrical energy needs to be supplied to the
system to drive the biocatalyzed electrolysis reactions. This supply of
electrical energy is accomplished by including a power supply into the
electrical circuit. Essentially, dissolved organic material is thus electrolyzed
into bicarbonate and hydrogen gas during the process with the
electrochemically active microorganisms acting as the catalyst; hence the
name biocatalyzed electrolysis. Overall, biocatalyzed electrolysis carries out
the same endothermic conversion reactions as photoheterotrophic
fermentations (Paragraph 1.2.2), but establishes the required energy input
by means of an input of electrical energy instead of sunlight.

A typical biocatalyzed electrolysis configuration will be very much like
that of MFCs (Figure 1.7), i.e., two chambers separated by a cation exchange
membrane. Compared to MFCs, however, there are two important
alterations required to start the biocatalyzed electrolysis reactions:
(i) oxygen needs to be kept away from the cathode so that it is completely
anaerobic, and (ii) a power supply needs to be included into the electrical
circuit so that the required electrical energy can be supplied (Figure 1.8).

The theoretically required applied voltage of biocatalyzed electrolysis of
about 0.12 V equals a theoretical energy requirement of about 0.26
kWh/Nms3 Hy. This is low compared to the 4.4 to 5.4 kWh/Nm3 H; required
for commercial water electrolyzers (96). Undoubtedly, microbial metabolic
losses (Figure 1.6) and other potential losses (e.g., ohmic loss and electrode
overpotentials) will also increase the energy requirement of biocatalyzed
electrolysis under practical conditions, but it is expected that the future
energy requirement will remain below 1 kWh/Nm3 Hz. This low energy
requirement is an important advantage of biocatalyzed electrolysis
compared to water electrolysis, as the electricity price is a significant part of
the price of hydrogen that is produced through water electrolysis (96).

Also compared to other biological hydrogen production processes
biocatalyzed electrolysis has some important advantages. Various studies
have shown that biological anodes can easily be operated under non-sterile
conditions as electrochemically active consortia can be naturally selected
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from a wide range of inocula. Moreover, these consortia are capable of
converting a wide range of substrates (e.g., sugars, fatty acids, proteins) at
high efficiencies (68,97-100). Other biological hydrogen production
processes often suffer from low efficiencies when operated under non-sterile
conditions and are more restricted with respect to the kinds of substrates
they can convert (e.g., dark fermentation). Furthermore, the biocatalyzed
electrolysis process does not suffer from product inhibition like dark and
photoheterotrophic fermentations and the hydrogen can theoretically be
produced as a pure gas in the cathode chamber instead of a
hydrogen/carbon dioxide mixture in conventional hydrogen producing
bioreactors. So besides acting as an efficient second stage process to dark
fermentation, biocatalyzed electrolysis could potentially even replace dark

fermentation in many cases (e.g., for complex wastewaters).
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Figure 1.8. Schematic representation of a standard biocatalyzed electrolysis
configuration. At the anode dissolved organic compounds from wastewater are
oxidized by electrochemically active microorganisms. These electrochemically
active microorganisms transfer the electrons from the oxidation of the
dissolved organic compounds to the anode through the mechanism of
exocellular electron transfer. Subsequently, the electrons are transported to
the cathode via an electrical circuit, where they are consumed in the hydrogen
production reaction. Electroneutrality is maintained in the system by the
transport of cations (ideally protons) from the anode to the cathode through
the cation exchange membrane. The Gibbs free energy of the overall reaction is
positive, which means that electrical energy needs to be supplied to the
electrical circuit by means of a power supply.
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However, as biocatalyzed electrolysis is a new process, many of these
potential advantages are still to be experimentally confirmed. Biocatalyzed
electrolysis needs to be thoroughly examined and progress needs to be
monitored on the basis of performance indicators such as applied voltage,
process efficiency (e.g., overall efficiency: COD to Hy), energy
requirement (KWh/Nms3 Hy), and volumetric hydrogen production rate
(Nm3 Hz/ms3/day). Further, also the optimal design of a biocatalyzed
electrolysis system needs to be investigated and the use of materials (e.g.,
cathode catalysts) needs to be critically assessed and optimized. Many of
these aspects will be discussed in this PhD thesis.

1.4 Thesis scope & outline

The scope of this thesis is to investigate the feasibility of hydrogen
production through biocatalyzed electrolysis of organic material. As
biocatalyzed electrolysis is a novel technology that was developed within this
PhD project, Chapter 2 describes the “proof of principle” of biocatalyzed
electrolysis by demonstrating the process with acetate as a model substrate.
For biochemical and thermodynamic reasons acetate cannot be converted to
hydrogen through dark fermentation (Paragraph 1.2.1), which makes it an
ideal model substrate for demonstrating biocatalyzed electrolysis.

In contrast to our initial expectations most of the bottlenecks that were
observed in the process were not of a biological nature. The remaining
chapters of this thesis, therefore, have focused on identifying these
bottlenecks and testing alternative configurations. Chapter 3 discusses the
operational problems associated with the application of cation exchange
membranes in bioelectrochemical systems operated on wastewater. In
contrast to what was generally assumed by MFC researchers, cation
exchange membranes in bioelectrochemical systems operated on wastewater
also transport significant amounts of other cation species than protons. As
the cathode reactions of MFCs and biocatalyzed electrolysis consume
protons equimolarly with electrons, the transport of cation species other
than protons causes a significant pH increase in the cathode chamber of

these processes. This pH increase at the cathode creates a pH gradient
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across the membrane, which negatively affects the performance of
bioelectrochemical processes. To prevent these potential losses we have
evaluated the possibilities of using alternative types of ion exchange
membranes in Chapter 4. Unfortunately, these alternative types of ion
exchange membranes were not capable of completely eliminating the pH
increase in the cathode chamber either.

Chapter 5 shows that biocatalyzed electrolysis can also be operated
with one liquid chamber instead of two. Producing hydrogen gas directly in
the gas phase has possible advantages for volume reduction of the process,
so that the volumetric hydrogen production rate can be improved. Single
chamber biocatalyzed electrolysis was tested with both a cation and an anion
exchange membrane in the configuration, which further increased insight
into the ion transport characteristics of these types of ion exchange
membranes. Again, the pH at the cathode increased dramatically during
operation of both single chamber configurations and negatively affected the
performance.

As cathode pH effects were observed in all the experiments of Chapter
3, 4, and 5, these effects seem to be inherent to the use of membranes in
bioelectrochemical systems that are running on wastewater. This hypothesis
was qualitatively investigated in a short Intermezzo by approaching the
problem of the cathode chamber pH increase with the Nernst-Planck flux
equation.

Chapter 6 looks at the possibilities of the application of a microbial
biocathode for hydrogen production. In the initial biocatalyzed experiments
a platinum catalyzed cathode was used, which unfortunately is too expensive
for commercial application. Therefore, it was tested whether hydrogen
production can also be catalyzed by an electrochemically active consortium
on a cathode. A microbial biocathode consists of plain graphite, which can
offer significant cost advantages for the biocatalyzed electrolysis process.

Finally, Chapter 7 discusses the status and future potential of
biocatalyzed electrolysis of wastewater. This is done by summarizing the
insights that were gained in this PhD thesis, by evaluating the possible
applications of biocatalyzed electrolysis, and by critically assessing which
scale-up and research issues need to be addressed before biocatalyzed

-35-




Chapter 1

electrolysis can be referred to as a mature technology for hydrogen

production from wastewaters.
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Principle and Perspectives of
Hydrogen Production through

Biocatalyzed Electrolysis

Biocatalyzed electrolysis is a novel biological hydrogen production
process with the potential to efficiently convert a wide range of dissolved
organic materials in wastewaters. Even substrates formerly regarded to
be unsuitable for hydrogen production due to the endothermic nature of the
involved conversion reactions can be converted with this technology.
Biocatalyzed electrolysis achieves this by utilizing electrochemically active
microorganisms that are capable of generating electrical current from the
oxidation of organic matter. When this biological anode is coupled to a
proton reducing cathode by means of a power supply, hydrogen is
generated. In the biocatalyzed electrolysis experiments presented in this
chapter acetate is used as a model compound. In theory, biocatalyzed
electrolysis of acetate requires applied voltages that can be as low as
0.14 V, while hydrogen production by means of conventional water
electrolysis, in practice, requires applied voltages well above 1.6 V. At an
applied voltage of 0.5 V, the biocatalyzed electrolysis setup used in this
study produces approximately 0.02 Nm3 Hx/ms3 reactor liquid volume/day
from acetate at an overall efficiency of 53+3.5%. This performance was
mainly limited by the current design of the system, diffusional loss of
hydrogen from the cathode to the anode chamber, and high overpotentials
associated with the cathode reaction. In this chapter we show that
optimization of the process will allow future volumetric hydrogen
production rates above 10 Nm3 H>/m3 reactor liquid volume/day at overall
efficiencies exceeding 90% and applied voltages as low as 0.3—0.4 V. In the
future, this will make biocatalyzed electrolysis an attractive technology for

hydrogen production from a wide variety of wastewaters.
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2.1 Introduction

Stimulated by the depletion of fossil fuels and the threat of global
warming, society is widely considering renewably produced hydrogen as an
alternative clean fuel for transportation (1). To deal with future hydrogen
demands independent of fossil fuels, it will be necessary to consider all
available renewable resources for hydrogen production (2). In theory, large
amounts of renewable hydrogen can be produced from dissolved organic
materials in wastewaters using fermentation technology. However, the
efficiency of dark fermentation of carbohydrate-rich wastewater, the most
promising of the currently known technologies, is generally less than 15%
(3). Besides methanogenic consumption of hydrogen (4-6), thermodynamic
limitations are an important reason for this low yield. Due to these
thermodynamic limitations, the majority of the substrate is converted to
byproducts (e.g., acetate, butyrate) instead of hydrogen. According to
Benemann (7), economic feasibility can only be reached if hydrogen yields
on dissolved organic material can approach 60—80%. This is only achievable
if the produced byproducts can be converted to hydrogen as well. Dark
fermentation is not capable of doing this, because the conversions involve
endothermic reactions. Therefore, much research has been directed over the
years towards photofermentations (8-10), which use sunlight to overcome
this thermodynamic barrier. However, the diffuse nature of solar radiation
and the limited conversion efficiencies severely limit the economic feasibility
of these processes due to the enormous reactor surface areas that are
required (11).

Alternatively, biocatalyzed electrolysis (12,13), a recently discovered
technology that is related to the microbial fuel cell (14-22), overcomes this
thermodynamic barrier by means of a small input of electrical energy. This
makes the process independent of the reactor surface area, which benefits
the economic feasibility. Biocatalyzed electrolysis achieves this by utilizing
electrochemically active microorganisms, which convert dissolved organic
material to bicarbonate, protons and electrons. Either by direct contact with
an electrode surface (23,24) or aided by (excreted) redox mediators (21),

these microorganisms release the produced electrons to an electrode
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surface. In this way, a biological anode is created. By coupling this biological
anode to a proton reducing cathode by means of a power supply, a direct
conversion of dissolved organic material to hydrogen is accomplished. The
complete process takes place in an electrochemical cell in which oxidation of
dissolved organic material and proton reduction are separated in two
chambers (Figure 2.1). The separation between these chambers is
established by means of a cation exchange membrane (e.g., Nafion®).
Externally, the anode and the cathode are connected to the power supply
using an electrical circuit. While the power supply drives the released
electrons from the anode to the cathode, an equal number of protons
permeates through the membrane. At the cathode, protons and electrons
combine to form pure hydrogen gas.

Power
Supply

r N

H*
2 HCO3- + 9 H* H+|__‘_> 4 H2

H* <y
CH,COO" + 4 H,0 a 8 H*
H*es

\ Anode H%’ Cathode /

() = Electrochemically active microorganisms

: = Cation exchange membrane

Figure 2.1. Schematic representation of hydrogen production through
biocatalyzed electrolysis of acetate.

Acetate is used as a model compound for the biocatalyzed electrolysis
experiments presented in this study, as acetate cannot be directly converted
to hydrogen through dark fermentation:

CH3COO- + 4 H,0 — 2 HCOg + H* + 4 H, (1)
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Based on Gibbs free energy calculations, hydrogen production from
acetate requires an energy input of 104.6 kJ/mol under standard conditions
(25). Accordingly, in theory, an applied voltage of only 0.14 V is required for
hydrogen production through biocatalyzed electrolysis of acetate. At pH 7,
this corresponds to equilibrium potentials for the oxidation of acetate
(1 mol/L) and proton reduction of -0.28 and -0.42 V (NHE), respectively. In
practice, however, it can be expected that more than 0.14 V will be required
for this reaction to proceed. Firstly, this is caused by the fact that
electrochemically active microorganisms consume part of the available
energy themselves for growth and maintenance purposes. Consequently, the
microorganisms release the electrons at a higher potential than the
equilibrium potential. Secondly, the required applied voltage is also
expected to be affected by other losses in the cell as a consequence of the
ohmic resistance of the electrochemical system and the occurrence of
overpotentials. Nevertheless, at pH 7 anode potentials are found in
literature that are typically around -0.2 V (NHE) or lower under operating
conditions (17,18) and, therefore, it can be expected hydrogen production
through biocatalyzed electrolysis will already be possible at applied voltages
around 0.22 V. In comparison, hydrogen production through water
electrolysis, in practice, operates at applied voltages that are well above 1.6 V
(26-28).

Essentially, dissolved organic material is electrolyzed into carbon
dioxide and hydrogen gas during the process with the electrochemically
active microorganisms acting as the catalyst. Therefore, we call this
technology “biocatalyzed electrolysis” (12). Independent of the work done by
our laboratories, the researchers Liu et al. (13) recently published their
preliminary findings on the same technology and refer to it as
“electrochemically assisted microbial production of hydrogen”. In line with
their work, this chapter aims to further elucidate the working principle, to
pinpoint the possible bottlenecks of biocatalyzed electrolysis, and to
evaluate what this technology implies for the future of hydrogen production

from wastewaters.
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2.2 Materials and methods

2.2.1 Electrochemical cell

Biocatalyzed electrolysis was studied in a two-chambered
electrochemical cell made of poly(methylmethacrylate). The cylindrical
chambers (290 mm inside diameter; length: 50 mm; wall thickness: 5 mm)
had a total volume of 3.3 L each and were separated by a Nafion® 117 cation
selective membrane (surface area: 256 cm2). Both the anode and the cathode
chamber were equipped with an Ag/AgCl reference electrode (+0.2 V vs.
NHE (29)) to be able to measure the separate electrode potentials. The
anode consisted of a disc-shaped piece of graphite felt (diameter: 240 mm;
thickness: 3 mm — FMI Composites Ltd., Galashiels, Scotland); the cathode
of a disc-shaped titanium mesh electrode with a 50 g/m2 platinum coating
(diameter: 240 mm; thickness: 1 mm; specific surface area: 1.7 m2/m2 —
Magneto special anodes bv, Schiedam, The Netherlands). To minimize
ohmic resistance, both electrodes were placed in direct contact with the
membrane. During the experiments 400 cm? of the surface area of both
electrodes was submerged in the respective media and regarded
electrochemically active. The electrodes were connected to a potentiostat
(nAutolablll, Eco Chemie bv, Utrecht, The Netherlands) using an isolated
electrical wire through a gas tight connection in the chamber wall. The
potentiostat was used to control the applied voltage on the total system (as
the power supply) or to control the anode potential during the growth of the
microorganisms after inoculation. Prior to the experiments, the
electrochemical cell was sterilized (1 h) with 6% hydrogen peroxide and

rinsed with autoclaved Milli-Q water.

2.2.2 Medium preparation

The anode chamber was filled with 3 L of autoclaved anode medium
(pH 7) containing (in Milli-Q): 2.22 g/L KCI, 0.61 g/L KH2PO4, 0.96 g/L
KoHPO4, 0.28 g/L NH4CI, 0.1 g/L yeast extract, 0.1 g/L MgSOa4-7H20,
0.01 mg/L CaCl>-2H20, and 1 mL/L of a trace element mixture (30). The
cathode chamber was filled with 3 L of autoclaved cathode medium (pH 7)
containing (in Milli-Q): 2.22 g/L KCI, 0.61 g/L KH2PO4, and 0.96 g/L
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KoHPO4. The described amounts of acetate were added to the anode
medium as an autoclaved concentrated (100 g¢/L) solution of
NaCH3COO-3H20 in Milli-Q.

2.2.3 Electrochemically active microorganisms

The inoculation (3%) of the anode chamber was done with 90 ml of
effluent from an identical electrochemical cell that had been running
biocatalyzed electrolysis of acetate for over 5 months. That cell had
previously been started up with sludge from a full scale UASB reactor
treating sulfate-rich papermill wastewater (31) (Industriewater Eerbeek,
Eerbeek, The Netherlands). The 5 month operation period had resulted in
the natural selection of a consortium of electrochemically active
microorganisms from this sludge.

Immediately after the inoculation, an applied voltage scan was recorded.
After this, the microbial community was grown in the anode chamber by
controlling the anode potential with the potentiostat. The anode potential
was set to -0.1 V (vs. Ag/AgCl) for 3 days and then switched to -0.4 V (vs.
Ag/AgCl) for 2 days. In this period, the current generation increased from
~1 to ~16 mA. Two applied voltage scans were then recorded. To check
whether the microbial community had stabilized, the anode potential was
set to -0.4 V (vs. Ag/AgCl) for 3 more days. During this period, the current
remained stable. After this second growth period, two applied voltage scans
were recorded again. During both growth periods, the pH was regularly

checked and corrected to 7 if necessary.

2.2.4 Experimental procedures

During the applied voltage scans both chambers were flushed
continuously with nitrogen gas. The applied voltage was gradually increased
from O to 0.75 V at a rate of 0.1 V/h. This relatively low rate was chosen to
reduce non-Faradaic currents to a negligible level. After every scan an
equilibration time of 4 h at an applied voltage of O V was taken into account,
preventing non-Faradaic currents from the potential switch back to O V to

influence the next scan. All scans were taken in duplicate, except for the scan
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taken just after inoculation of electrochemically active microorganisms
(single scan).

During the constant applied voltage experiments (0.5 V, in duplicate)
only the anode chamber was continuously flushed with nitrogen to enhance
mixing; the cathode chamber was only flushed intensively prior to the
experiment. The cathode chamber was kept closed during the experiment,
thereby capturing all produced hydrogen in the headspace. To create
equilibrium between the headspace volume and the bulk liquid, the
headspace gas was continuously recycled through the cathode chamber at a
recycle rate of 280 mL/min. Total cathode headspace volume was 275 mL.

During all experiments the temperature of the electrochemical cell was
kept at 303 K. Current and applied voltage recordings were performed by
the potentiostat. All reported potentials are against the NHE reference. An
ion chromatograph (Metrohm 761 Compact IC) equipped with a
conductivity detector and an ion exclusion column (Metrosep Organic Acids
6.1005.200) was used to measure the acetate concentrations. Gas samples
were analyzed with a gas chromatograph (Shimadzu GC-2010) equipped
with a thermal conductivity detector and a molesieve column (Varian
molsieve 5A). Total hydrogen production was determined by measuring the
hydrogen in the headspace and calculating the dissolved hydrogen from
Henry’s law (32). All reported hydrogen volumes refer to hydrogen at 303 K

and 1 bar.

2.2.5 Electrochemical calculations

The theoretically required applied voltage was calculated from the Gibbs
energy according to AG=-nFAE (29). This calculation excludes all potential
losses in a practical biocatalyzed electrolysis system caused by microbial
energy consumption, ohmic resistances in the system, and overpotentials
suffered at the electrodes. Including these potential losses will always lead to
a higher required applied voltage. Consequently, the theoretically required
applied voltage is also the minimally required applied voltage. The
equilibrium cathode potential (proton reduction) at pH 7 was calculated by
converting the potential of the NHE (by definition: 0 V) to its value at pH 7

by means of the Nernst equation (29). The Nernst equation was also used
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for calculating other concentration effects. The equilibrium anode potential
(acetate oxidation) at pH 7 was calculated from the difference between the
theoretically required applied voltage and the equilibrium cathode potential
atpH 7.

2.3 Results and discussion

The start-up of the biocatalyzed electrolysis process (10 mM acetate) was
followed by evaluating the system performance by means of applied voltage
scans (Figure 2.2). Without biocatalysis (open circles) and directly after
inoculation of electrochemically active microorganisms (closed circles) no
significant currents were generated as a result of the applied voltage.
However, enhanced current generation was observed in the scans recorded
after a 5-day (open squares) and after a subsequent 3-day growth period
(closed squares) at controlled anode potential (see Materials and methods).
The similarity of both of these scans indicates that the microbial community
was stable.

From the scans it becomes clear that the presence of a developed culture
of electrochemically active microorganisms is essential for the process;
without biocatalysis no current is generated. The scans recorded after both
growth periods also show that to enhance current generation an increasing
voltage needs to be applied. This increasing voltage represents the
additional energy that needs to be supplied at higher current densities to
compensate for the increasing energy losses associated with the electrode
reactions (i.e., overpotential/polarization) and the ohmic resistance in the
system. The fact that current generation occurred below the theoretically
required applied voltage of 0.16 V (at 10 mM acetate) can be explained from
the continuous nitrogen purging of the cathode compartment during the
scans. This constantly removed the generated hydrogen from the cathode,
favoring new hydrogen formation.

To confirm that the current generation in the applied voltage scans
indeed originated from acetate oxidation, the system was operated for 4 h at
a constant applied voltage of 0.5 V without acetate in the anode medium. In

this case, current generation was negligible (<15 mA/mz2 anode surface) and
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no hydrogen was detected in the cathode headspace. When the same
procedure was repeated with acetate in the anode medium (2 mM), current
generation and hydrogen production were significant. The average
measured current density during this period was 470+74.3 mA/m2 anode
surface (18.8£3.0 mA). After 4 h 0.38+0.034 mmol of acetate was
consumed and 0.80%0.13 mmol (20+£3.2 mL) of hydrogen was produced.
This corresponded to a volumetric hydrogen production rate of

approximately 0.02 Nm3 Hx/m3 reactor liquid volume/day.
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Figure 2.2. Applied voltage scans from O to 0.75 V for biocatalyzed electrolysis
of acetate (10 mM). Current generation was measured in the absence of
electrochemically active microorganisms (duplicate scans — open circles) and
in the presence of electrochemically active microorganisms just after 3%
inoculation (single scan — closed circles), after a 5-day growth period at
controlled anode potential (duplicate scans — open squares) and after a
subsequent 3-day growth period at controlled anode potential (duplicate scans
— closed squares). See Materials and methods for details on the growth
periods. The inset shows the same measurements on an adapted current
density scale. Bars indicate minimum and maximum of the duplicate scans.
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Further examination of these results, gave a clear indication of the
current performance of the system and especially also pinpointed the
bottlenecks that limit this performance. Table 2.1 shows the efficiencies that

were calculated from these measurements.

Table 2.1. Calculated efficienciesa of hydrogen production through
biocatalyzed electrolysis of acetate

% Coulombic efficiency (acetate to e-) 92+6.3
% Cathodic hydrogen efficiency (e~ to Hy) 57+0.1
% Overall hydrogen efficiency (acetate to H>) 53+ 3.5

a. Calculated from duplicate experiments that lasted for 4 h at a constant applied voltage
of 0.5 V. The experiment started with an acetate concentration of 2 mM. 100% efficiency
corresponds to: 1 acetate — 8 e- — 4 Ha.

The Coulombic efficiency (92+6.3%), i.e., the conversion of acetate to
electrons, compares well with that found for biological anodes that have
been applied in microbial fuel cell systems (14,15,20,21) and even seem to be
slightly higher. This is probably due to the fact that no coulombic efficiency
losses are suffered by aerobic microbial conversion of substrate, as is the
case in microbial fuel cells (18). In microbial fuel cells, oxygen can diffuse
from the aerobic cathode chamber to the anaerobic anode chamber through
the cation exchange membrane. In biocatalyzed electrolysis, this problem is
circumvented as the cathode chamber is anaerobic as well. The small
coulombic efficiency loss that is found for the biocatalyzed electrolysis
system is partly caused by the presence of methane-producing bacteria in
the anodic chamber, as confirmed by the presence of trace amounts of
methane in the nitrogen purge flow. Furthermore, as in every microbial
process, a few percent of the organic substrate is expected to be consumed
for growth of the microbial consortium and thus lost for current generation.
Nevertheless, all these losses are negligible compared to the loss of cathodic
hydrogen efficiency, i.e., the conversion of electrons to hydrogen, suffered
during the experiment. The cathodic hydrogen efficiency was found to be
only 57+0.1%. Based on the generated current, 100% cathodic hydrogen
efficiency would have yielded 35+5.6 mL of hydrogen gas. However, only
20 + 3.2 mL was measured. Consequently, approximately 15 mL of hydrogen

was lost during the experiment. This loss is likely caused by diffusion of
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hydrogen from the cathode into the anode chamber through the Nafion® 117
membrane, as is the case with oxygen in microbial fuel cells. Hydrogen that
enters the anode chamber is consumed by microorganisms or removed from
the reactor with the nitrogen purge. Analysis indeed confirmed the presence
of trace amounts of hydrogen in the nitrogen purge flow leaving the anode
compartment. Assuming hydrogen saturation in the Nafion® 117 membrane,
and using the hydrogen diffusion data as determined by other researchers
(33), it was estimated (18) that during the experiment a maximum amount
of hydrogen of between 19 and 26 mL could have diffused to the anode
chamber. This is in the same order as the amount of hydrogen that was
actually lost during the experiment. Although the hydrogen concentration in
the headspace at the end of the experiment was only 6.1+0.9%, the hydrogen
concentration at the membrane can still be close to saturation due the direct
physical contact between the cathode and the membrane. During the
experiment hydrogen bubble formation was clearly observed on the cathode
surface, thus indicating hydrogen saturated conditions in proximity of these
bubbles. Mainly due to the loss in cathodic hydrogen efficiency, the resulting
overall hydrogen efficiency of biocatalyzed electrolysis system tested in this
study was found not to be higher than 53+3.5%.

By analyzing the electrode potentials (Figure 2.3A) and comparing them
with the equilibrium potentials, it was evaluated how the applied voltage of
0.5 V was consumed in the electrochemical cell during the 4 h experiment
(Figure 2.3B). In this way, another bottleneck in the system was revealed. At
an acetate concentration of 2 mM, the theoretically required applied voltage
necessary to start hydrogen production is 0.16 V. The remaining 0.34 V was
thus lost to irreversibilities in the system. From Figure 2.3B it can be clearly
seen that in the current experimental setup, most of this overvoltage is
consumed by the cathode. At the end of the experiment (t=4 h), for example,
more than 0.28 V was lost by the cathode reaction (cathode potential
-0.71V). At the same time, only 0.04 V was lost in the anode reaction (anode
potential -0.22 V) and 0.01 V to the other parts of the electrochemical cell
(e.g., membrane and ohmic loss). So, despite the fact that platinum catalysis
(50 g/m?2) is applied on the cathode, this part of the system still suffers from
the largest potential losses. This is in contradiction to what is commonly
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accepted for conventional polymer electrolyte water electrolysis, where the
proton reduction step is known to be associated with low overvoltages. Even
at a current density exceeding 10000 A/m? the overvoltage for the hydrogen
evolution reaction can be as low as 0.025 V (27). Therefore, much lower
potential losses should be possible at the relatively low current densities
(<10 A/m2) as encountered in bioelectrochemical processes. One
explanation might be the relatively mild conditions (pH 7, 303 K) under
which the experiments have been conducted in this study. From literature

not much is known about hydrogen evolution under those conditions (34).
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Figure 2.3. (A) Measured potential of the anode (closed circles) and cathode
(open circles) during biocatalyzed electrolysis of acetate (2 mM) at an applied
voltage of 0.5 V (duplicate experiments). The average measured current
density during this period was 470+£74.3 mA/m2 anode surface. Bars indicate
minimum and maximum of the duplicate experiments. (B) Subdivision of the
applied voltage (0.5 V) during biocatalyzed electrolysis of acetate (2 mM).
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2.4 Perspectives

The presented analysis of the experimental results has clearly indicated
two important problems in the current biocatalyzed electrolysis setup, i.e.,
the cathodic hydrogen efficiency loss and the cathode potential loss.
Together with the relatively low volumetric hydrogen production rate of
approximately 0.02 Nm3 Hx/m3 reactor liquid volume/day at an applied
voltage of 0.5 V, it is clear that improvements are necessary to come to a
mature hydrogen production technology. However, since this is one of the
first studies describing biocatalyzed electrolysis, there is much room for
improvements.

First of all, optimizations can be made with respect to the design of the
electrochemical cell. The currently used system has a large liquid volume in
relation to the anode surface area, while most of the generated current from
acetate is believed to originate from the microorganisms that are directly
attached to the anode (17). Assuming it is possible to reduce the anode liquid
volume to a small layer around the anode (total compartment length:

~ 5 mm) without influencing the current density and replacing the complete

cathode chamber by a gas diffusion electrode as commonly applied in water
electrolysis (35), the total reactor volume could be reduced to about 3% of its
current size. This would already increase the volumetric hydrogen
production rate to over 0.66 Nm3 Hx/ms3 reactor liquid volume/day.
Furthermore, according to literature data on the performance of
biological anodes in microbial fuel cell studies (21), current densities can be
improved by at least one order of magnitude. However, in order to achieve
this, much attention first needs to be spent towards lowering the above-
mentioned cathode potential loss. When the cathode potential loss can be
decreased, more of the applied voltage becomes available for other parts of
the electrochemical cell, thus allowing higher current densities. At these
higher current densities, the cathodic hydrogen efficiency is also expected to
increase significantly, because the hydrogen diffusion through the
membrane is only dependent on the hydrogen concentration gradient and
not on the hydrogen production rate. This is schematically depicted in

Figure 2.4 for the experimental setup that was used in this study. At higher
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current densities, the absolute amount of hydrogen lost through the Nafion®
membrane remains the same. However, in relative sense this loss becomes
less significant, because more hydrogen is produced at the cathode at higher
current densities. Furthermore, other cation selective membranes that are

less hydrogen permeable might be available.
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Figure 2.4. Estimation of the dependency of the cathodic hydrogen efficiency
(solid line) on current density calculated for the experimental setup presented
in this study. In the calculations it is assumed 100% Hj-saturated conditions
apply in the cathode at all current densities. Therefore, a constant diffusional
hydrogen loss is predicted of 4 L Hy/m2/day (dashed line — prediction based
on (18,33)). The dotted line shows the hydrogen production at 100% cathodic
hydrogen efficiency. The star indicates the cathodic hydrogen efficiency of the
experiment presented in this study. The fact that the star is not on the line, is
caused by the fact that the experiment was not conducted under 100% H.-
saturated conditions.

As can be seen from Figure 2.4, the current system was running the
biocatalyzed electrolysis process in the lower part of the current density
scale, explaining the relatively low cathodic hydrogen efficiency. If, on the
other hand, a current density of 5 A/m2 anode surface area is realized in an
optimized system, the cathodic hydrogen efficiency and hence the overall
hydrogen efficiency can reach values above 90%. This exceeds the mark for
economic feasibility as mentioned by Benemann (7) by far. However,
current densities of this magnitude can only be reached if the cathode
potential loss can be reduced significantly (to <0.1 V at 5 A/m2). In
combination with an optimized reactor design, volumetric hydrogen

production rates will then become possible that exceed 10 Nm3 Hz/m3
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reactor liquid volume/day at applied voltage of 0.3—0.4 V. The volumetric
organic matter conversion rates associated with this increased performance
are comparable to that of commercial anaerobic wastewater treatment
plants. Therefore, next to being an efficient hydrogen generating process,
the process then also functions as an efficient wastewater treatment process.
Furthermore, with an expected required applied voltage of 0.3—0.4 V,
biocatalyzed electrolysis achieves extremely low energy requirements for
hydrogen production. Water electrolysis in practice operates at applied
voltages well above 1.6 V (26-28), while biocatalyzed electrolysis requires at
least four times less. The price of hydrogen produced through water
electrolysis is strongly dependent on the electricity price (2). As this can be
expected for biocatalyzed electrolysis as well, the reduced consumption of
electrical energy per unit of hydrogen is a strong advantage of biocatalyzed
electrolysis.

Besides acetate, a compound normally considered to be a byproduct of
dark fermentation of glucose (3), many other substrates qualify for hydrogen
production through biocatalyzed electrolysis. Recently, biological anodes
have been studied in microbial fuel cells under various conditions. These
conditions ranged from working with pure microbial cultures, e.g., with
Shewanella putrefaciens (16), Geobacter sulfurreducens (14) and
Rhodoferax ferrireducens (15), on synthetic wastewater to mixed microbial
cultures (17,21,22) on real wastewaters (18-20). These studies showed that
electrochemically active microorganisms are able to generate current from
many different substrates, varying from organic substrates like sugars
(15,21,22) and fatty acids (14,17,36) to inorganic substrates, like elemental
sulfur (23). By coupling comparable biological anodes to a proton reducing
cathode many different kinds of substrates become available for hydrogen
production. This diversity makes biocatalyzed electrolysis a robust and
versatile hydrogen production process suitable for many kinds of
wastewaters. Even more so, because this can be achieved by using a mixed
culture of microorganisms. This obviously benefits the economics of the
process, as no effort needs to be spent towards keeping the culture pure.

Another advantage of hydrogen that is produced through biocatalyzed
electrolysis is its potential purity. Other biological hydrogen production
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processes (e.g., dark fermentation, biomass gasification) produce a mixture
of hydrogen, carbon dioxide and traces of other gases (e.g., H2S, CO) and
therefore require expensive gas treatment processes. Biocatalyzed
electrolysis, on the other hand, produces the hydrogen separately in the
cathode chamber. However, also with biocatalyzed electrolysis some
contamination of the hydrogen can be expected due to the diffusion of gases
produced in the anode chamber (e.g., CO2) through the cation exchange
membrane into the cathode chamber. As the biocatalyzed electrolysis
experiments presented in this article were not optimized for the purity of the
produced hydrogen, no definitive conclusion can yet be drawn about this.
Hydrogen purity, therefore, needs to be subject for future research, as the
product purity will eventually determine the application of this technology.
PEM fuel cells, for example, which are considered to be most suitable for
transportation purposes, require pure hydrogen as a fuel (37) and are
irreversibly damaged by traces of H>S and CO.

As a hydrogen production process, biocatalyzed electrolysis exhibits an
enormous hydrogen production potential worldwide. In the case of the
Netherlands, for example, all collected urban wastewater (38) already
contains enough biodegradable material for the generation of 1.1 billion m3
of hydrogen gas per year. Assuming a fuel efficiency of 0.5—-1 kg hydrogen
per 100 km for a fuel cell powered vehicle (39), this is already enough
hydrogen for driving 9.4—19% of the total car km in the Netherlands (38). In
its optimized configuration, biocatalyzed electrolysis will thus certainly
proof its right of existence in a future hydrogen economy. However, also
without a hydrogen economy biocatalyzed electrolysis is a promising
technology for hydrogen production with a wide range of possible
applications. For example, biocatalyzed electrolysis can be applied as a
wastewater treatment process in hydrogen consuming industries (e.g., food-

processing industry, petrochemical industry).
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Effects of Membrane
Cation Transport on pH and

Microbial Fuel Cell Performance

Due to the excellent proton conductivity of Nafion® membranes in
polymer electrolyte membrane fuel cells (PEMFCs), Nafion® has been
applied also in microbial fuel cells (MFCs). In literature, however,
application of Nafion® in MFCs has been associated with operational
problems. Nafion® transports cation species other than protons as well,
and in MFCs concentrations of other cation species (Na*, K*, NH4*, Caz*,
and Mg?Z*) are typically 105 times higher than the proton concentration.
The objective of this study, therefore, was to quantify membrane cation
transport in an operating MFC and to evaluate the consequences of this
transport for MFC application on wastewaters. We observed that during
operation of an MFC mainly cation species other than protons were
responsible for the transport of positive charge through the membrane,
which resulted in accumulation of these cations and in increased
conductivity in the cathode chamber. Furthermore, protons are consumed
in the cathode reaction and, consequently, transport of cation species other
than protons resulted in an increased pH in the cathode chamber and a
decreased MFC performance. Membrane cation transport, therefore, needs
to be considered in the development of future MFC systems.
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3.1 Introduction

Chemical energy can be converted to electrical energy in a direct and
efficient way by applying fuel cell technology. Due to their high power
density, fast startup time, and flexible power output, polymer electrolyte
membrane fuel cells (PEMFCs) have received much research attention (1).
PEMFCs have been designed for conversion of relatively simple fuels, such
as hydrogen. The electrochemical oxidation of hydrogen at the anode of
PEMFCs produces protons and electrons. An electrical circuit transports the
electrons to the cathode, where the electrons are consumed in the reduction
reaction of oxygen. To sustain this process, electroneutrality needs to be
observed, i.e., transport of electrons to the cathode needs to be compensated
by transport of an equal amount of positive charge to the cathode chamber.
In PEMFCs, electroneutrality is observed by transport of protons through a
cation exchange membrane, which, therefore, is often referred to as proton
exchange membrane (PEM). The cation exchange membrane is one of the
most critical components in the PEMFC configuration. It provides a
separation between fuel and oxidizer, but at the same time facilitates
transport of positive charge to compensate for transport of electrons. The
perfluorosulfonic acid membrane Nafion® (product of DuPont) has been
known for its good performance as a cation exchange membrane in PEMFCs
(2). The morphology and properties of Nafion® have extensively been
reviewed by Mauritz and Moore (3). Nafion® consists of a hydrophobic
fluorocarbon backbone to which hydrophilic sulfonate groups (-SOs-) are
attached (4). The high cation conductivity of Nafion® can be explained from
the high concentration of these negatively charged sulfonate groups in the
membrane ([-SO5] = 1.13 mol/L) (5,6).

Due to its good reputation, Nafion® has recently become widely applied
in microbial fuel cells (MFCs) as well (7-15). MFCs are considered a
promising new technology for efficient production of electrical energy from
wastewaters (16). In an MFC, electrons are generated from the oxidation of
dissolved organic material by electrochemically active microorganisms (16).
Current densities achieved in MFCs are typically 103 to 104 times lower than

those achieved in PEMFCs, so the process is much less demanding with
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respect to transport of positive charge through the cation exchange
membrane. One would expect, therefore, that Nafion®, with its excellent
cation conductivity, is more than suitable for application in MFCs.

In the literature, however, application of Nafion® in MFCs has been
associated with operational problems. During operation of a two-chamber
MFC, Gil et al. (9) observed a decreasing pH in the anode chamber and an
increasing pH in the cathode chamber, because proton transport through
the Nafion® seemed to be slower than the proton production rate in the
anode chamber and the proton consumption rate in the cathode chamber. In
another study, Liu and Logan (10) operated a single-chamber MFC in the
presence and absence of a Nafion® 117 membrane and observed a reduced
power output when Nafion® was present (262+10 vs 494+21 mW/m?2).
Potential measurements showed that the anode potential was identical in
the presence and absence of a Nafion® 117, but that the cathode potential
was 0.177 £0.012 V lower when Nafion® was present.

These results indicate that application of Nafion® in MFCs is not
straightforward. Different working conditions in MFCs compared to those in
PEMFCs might be an explanation for this. In PEMFCs, protons are the only
cation species present in the system and protons, therefore, are the only
cation species transported. In MFCs, however, operating with wastewater at
pH neutral conditions, the proton concentration is about 10-4 mM, whereas
concentrations of other cation species (e.g., Na*, K+, NH,*, Ca2*, and Mg2+)
are typically 105 times higher. Nafion®, like all other commercial cation
exchange membranes, transports cation species other than protons as well
(17,18). The objective of this study, therefore, was to quantify membrane
cation transport in an operating MFC and to evaluate the consequences of

this transport for MFC application on wastewaters.

3.2 Materials and methods

3.2.1 Electrochemical cell

Experimental runs were performed in a two-chamber electrochemical
cell (total volume 6.6 L; total liquid volume 6 L; see Chapter 3 title page) as

previously described (19). Graphite felt (surface area 400 cm?2, thickness 3
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mm — FMI Composites Ltd., Galashiels, Scotland) was used as the anode; a
platinum-coated (50 g/m2) titanium mesh electrode (surface area 400 cmz2,
thickness 1 mm, specific surface area 1.7 m2/m2 — Magneto Special Anodes
bv, Schiedam, The Netherlands) was used as the cathode. The anode and
cathode chamber were separated from each other by a Nafion® 117
membrane (surface area 256 cmz2). Both chambers were equipped with an
Ag/AgCl reference electrode and a pH electrode. To prevent interference of
pH measurements with potential measurements, the pH electrodes were
placed externally to the anode/cathode chamber in a flow cell through which
the anolyte/catholyte was continuously pumped at a rate of 250 mL/min. If
required, the anode and cathode chamber could be operated pH controlled
(Liquisys M CPM 253, Endress+Hauser) by dosing 1 M KOH (anode) or 1 M
HCI (cathode).

3.2.2 Medium and microorganisms

The anode chamber of the MFC was continuously fed at a rate of 4.5
mL/min with synthetic wastewater (i.e., anolyte; pH 7) containing (in
deionized water) 1.36 g/L. NaCH3;COO-3H.0, 0.74 g/L KCl, 0.58 g/L NaCl,
0.68 g/L. KH.PO,, 0.87 g/L K.HPO,, 0.28 g/L NH,CI, 0.1 g/L yeast extract,
0.1 g/L MgS0,-7H.0, 0.1 g/L CaCl.-2H.0, and 1 mL/L of a trace element
mixture (20). The anode chamber was inoculated with 500 mL of effluent
taken from an active bioelectrochemical cell (19) and operated in batch until
a stable MFC system was established. Steady state conditions were achieved
after 5 days of operation (cell voltage 0.14-0.2 V across a 10 Q resistor). The
anode chamber was operated pH controlled (pH 7) in all experimental runs.
The cathode chamber was filled with 3.0 L of catholyte (Table 3.1) and was
operated as a batch system in all experimental runs. The phosphate buffers
that were used as catholyte were prepared as a mixture of KH,PO, and
K-HPO,. The catholyte was kept saturated with oxygen by continuously
aerating with humidified air. Cathode chamber pH control varied per

experimental run (Table 3.1).
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Table 3.1. Experimental conditions

o Cathode chamber
Run Catholyte (in Milli-Q) Resistor (QQ)
pH control?
1/2 10 mM phosphate buffer (pH 7) Yes (pH 7) 10
3/4 10 mM phosphate buffer (pH 7) Yes (pH 7) 50
5/6 Anolyte without acetate + 10 mM NaCl Yes (pH 7) 10
7/8 10 mM phosphate buffer (pH 7) No 10
9/10 50 mM phosphate buffer (pH 7) No 10

3.2.3 Experimental procedures and calculations

All experimental runs were performed at a temperature of 303 K.
Experimental conditions that were varied are described in Table 3.1. An
experimental run was started by closing the electrical circuit. Every
experimental run lasted 96 h and was done in duplicate. Results are
reported as means+standard deviation. Every 24 h a 15 mL sample was
taken from the influent vessel, anode chamber, and cathode chamber and
filtered across a 0.45 um filter. Anion concentrations were determined using
an ion chromatograph (Metrohm 761 Compact IC) equipped with a
conductivity detector and an anion column (Metrosep A Supp 5
6.1006.520). Ammonium concentrations were photometrically determined
using standardized test kits (ammonium cuvette test LCK303, XION 500
spectrophotometer, Dr. Lange Nederland bv, The Netherlands). Other
cation concentrations (Na+, K+, Ca2*, and Mg2*) were determined using
inductively coupled plasma-optical emission spectroscopy (ICP-OES;
Perkin-Elmer Optima 3000XL). Cell voltage and potentials of the anode and
cathode were logged with a data logger (SQ800, Grant Instruments,
England). The current through the electrical circuit was determined from

the measured cell voltage according to

| = — (1)

with | the current in amperes (A), E the cell voltage in volts (V), and R the

electrical resistance in ohms (Q).
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Power output of the system was determined according to

E?
P=E-l=— 2
R )

with P the power output in watts (W).

When calculating charge (Q) a distinction was made between transport
of negative charge in the form of electrons through the electrical circuit (Q-)
and transport of positive charge in the form of the dominantly present
cation species in the system (Na+, K+, NH,*, Ca2*, and Mg2*) through the
Nafion® membrane (Q+). Transport of negative charge in the form of
electrons through the electrical circuit (Q-) in coulombs (C) was determined
by integrating current over time. Transport of positive charge in the form of
the dominantly present cation species in the system through the Nafion®
membrane (Q+) in coulombs (C) was determined from the ICP-OES

measurements and ammonium tests as follows:
QM= ZNa*,K*,NHH,CaZ*, Mg>* ((Xcat,t o Xcat’o)'v T F) (3)

with xcatt the molar concentration of the cation species at time t in moles per
liter (M), xcat0 the molar concentration of the cation species at the start of an
experimental run in moles per liter (M), V the cathode chamber liquid
volume in liters (L), z¢@t the valence of the cation species, and F the Faraday
constant (96485.3 C/mol). Calculated values were corrected for cathode
chamber liquid volume reduction caused by sampling (~0.5% per day).

To evaluate the cation content of the Nafion® membrane after use in an
MFC, membrane samples were taken after experimental runs 5/6. The
membrane samples were first washed with Milli-Q water and then analyzed
with energy dispersive X-ray spectrometry (EDX). For the EDX analysis a
JEOL JSM-6480LV scanning electron microscope (SEM) equipped with a
NORAN System SIX model 300 X-ray microanalysis system (Thermo
Electron Corporation) was used. Measurements were done at an

acceleration voltage of 10 kV. To test whether detected cation species could
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be reversibly removed from the Nafion® membrane, samples were stored
overnight in 35% H.0., washed with Milli-Q water, boiled in 1 M HCI for 1 h,
washed with Milli-Q water, and then analyzed again with EDX.

3.3 Results and discussion

3.3.1 Membrane cation transport

The synthetic wastewater, which was fed to the anode chamber of the
MFC, contained 20 mM sodium, 25 mM potassium, 5.2 mM ammonium, 0.7
mM calcium, and 0.4 mM magnesium. At the start of the experimental runs
the catholyte consisted of a 10 mM phosphate buffer solution (run 1/2 in
Table 3.1). Both anode and cathode chamber were kept pH controlled at pH
7 and the proton concentration in the cathode chamber, therefore, remained
constant (104 mM) throughout the experimental run. Under these
conditions transport of cations to the cathode chamber was studied in an
operating MFC in 96 h experimental runs. Average current during the
experimental runs was 14.4+1.9 mA across a 10 Q resistor (average current
density 563+74 mA/m2 membrane surface area). Figure 3.1 gives the
development of the concentrations of the dominantly present cation species
(Na+, K+, NH,*, Ca2+, and Mg2*) and conductivity in the cathode chamber
during the experimental run.

Figure 3.1 shows that all five dominantly present cation species in the
anolyte were transported through the Nafion® 117 membrane resulting in an
increased concentration of these cation species in the catholyte. Variations
in the concentration of anion species in the cathode chamber during the
experimental runs were negligible (<0.1 mM). An exception to this was the
chloride concentration, which increased due to hydrochloric acid dosing for
pH control. Increase in conductivity, therefore, was a combined effect of

increased cation and chloride concentrations.
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Figure 3.1. Development of the cation concentrations (Na+, K+, NH4*, Caz*, and
Mg?*) and conductivity in a pH-controlled (pH 7) cathode chamber of a
microbial fuel cell (catholyte at t=0 10 mM phosphate buffer; resistor 10 Q).
Bars indicate standard deviations.

To quantify the contribution of the transport of cation species other than
protons in relation to the total transport of positive charge to the cathode
chamber, the total measured amounts of these cation species were expressed
in coulombs (see Materials and methods) and plotted against the integrated

current (Figure 3.2).
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Figure 3.2. Transport of positive charge in the form of the dominantly present
cation species (Na*, K*, NHs*, Caz*, and Mg?*) through the Nafion® 117
membrane (Q+) to a pH-controlled (pH 7) cathode chamber of a microbial fuel
cell (catholyte at t=0 10 mM phosphate buffer; resistor 10 Q) against the

integrated current (Q-). The box gives the result of the linear regression of Q*
as a function of Q- of all acquired data points of the duplicate runs.

As can be seen from Figure 3.2 a linear correlation exists between the
transport of electrons through the electrical circuit and the transport of
positive charge in the form of dominantly present cation species through the
membrane. The slope close to unity (1.05) indicates that mainly cation
species other than protons were responsible for the transport of positive
charge through the membrane. This was also confirmed by chloride
concentration measurements. The oxygen reduction reaction consumes

protons equimolarly with electrons as follows:
O:+4H*+4e —2H.0 (4)

To keep pH constant, therefore, one molecule of hydrochloric acid needs
to be dosed for every positive charge in the form of cation species other than
protons that is transported through the membrane. Indeed, the total
amount of hydrochloric acid dosed was confirmed to be in the same range as

the total amount of transported positive charge in the form of the

_75_




Chapter 3

dominantly present cation species (49.7+9.0 mmol vs 56.2+0.6 mmol,
respectively).

To exclude the possibility that the observed linear correlation was
coincidental, the experimental runs were repeated with a 50 Q resistor in
the electrical circuit (run 3/4 in Table 3.1; Figure 3.3). At this higher
electrical resistance, less current flows (average current 6.0+0.2 mA;
average current density 234+8 mA/m2 membrane surface area) and
consequently a reduced transport of the dominantly present cation species is
expected.

Figure 3.3 shows that also when a 50 Q resistor was used, the transport
of positive charge in the form of dominantly present cation species through
the membrane was linearly related to the transport of electrons through the
electrical circuit. Again, the slope of the linear regression line between Q+
and Q- was close to unity (0.84), which indicated that also in this case
mainly cation species other than protons were responsible for the transport

of positive charge through the Nafion® membrane.
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Figure 3.3. Influence of the electrical resistance on the integrated current (Q-)
and the transport of positive charge in the form of the dominantly present
cation species (Na*, K*, NHs*, Caz*, and Mg?*) through the Nafion® 117
membrane (Q+) to a pH-controlled (pH 7) cathode chamber of a microbial fuel
cell (catholyte at t=0 10 mM phosphate buffer). The boxes give the result of the
linear regression of Q* as a function of Q- of all acquired data points of the
duplicate runs. Bars indicate standard deviations.
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To test whether the transport of cation species other than protons would
stop when cation concentrations in the catholyte become identical to those
in the anolyte, membrane cation transport was quantified in case the cation
concentrations in the catholyte at the start of the experimental runs were

identical to those in the anolyte (run 5/6 in Table 3.1; Figure 3.4).
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Figure 3.4. Development of the integrated current (Q-) and the transport of
positive charge in the form of the dominant cation species (Na*, K+, NH4*, Ca2+,
and Mg2+) through the Nafion® 117 membrane (Q*) to a pH-controlled (pH 7)
cathode chamber of a microbial fuel cell (resistor: 10 Q) when cation
concentrations in the catholyte at t=0 are identical to those in the anolyte. The
box gives the result of the linear regression of Q+ as a function of Q- of all
acquired data points of the duplicate runs. Bars indicate standard deviations.

Figure 3.4 shows that even under these conditions mainly cation species
other than protons were responsible for the transport of positive charge
through the membrane. During the experimental runs (average current
14.2+2.0 mA across a 10 Q resistor; average current density 555+78 mA/mz2
membrane surface area) the sodium concentration in the -catholyte
increased with 24+7%, potassium with 51+3%, ammonium with 25+2%, and
conductivity with 36+2%. Again, the slope of the linear regression line
between Q+ and Q- was close to unity (0.90). This shows that membrane

transport of cation species other than protons to the cathode chamber does
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not even stop when the cation concentrations of the anolyte are reached.
This means that the MFC is performing electrodialysis (21). In
electrodialysis processes liquid streams are concentrated or desalinated
under the influence of an electric field. In case of the MFC this electrical

field is generated internally.

3.3.2 Sulfonate group occupation

The experimental runs described above have demonstrated that under
typical MFC working conditions, electroneutrality is observed mainly by
transport of cation species other than protons through the Nafion®
membrane. This can be explained from the relative abundance of these other
cation species compared to protons in the system. In the MFC, the Nafion®
membrane equilibrates with the cation species present in the anolyte and
catholyte. This equilibration rapidly turns the membrane from its proton
form into a form in which mainly other cation species (Na+, K+, NH,+, Caz2*,
and Mgz2+) occupy the negatively charged sulfonate groups. Considering that
concentrations of other cation species in (synthetic) wastewaters (~pH 7)
are typically 105 times higher than the proton concentration (~10 vs ~104
mM) and that the sulfonate groups in Nafion® have a higher affinity for
most other cation species than for protons (5,6,22), it can be calculated that
over 99.999% of the sulfonate groups will be occupied by cation species
other than protons. Although the diffusion coefficient of protons in Nafion®
is up to 4.4 times (17) higher than that for sodium and up to 6.2 times (18)
higher than that for potassium, the low proton concentration in solution and
in the membrane cause the transport rate of protons to be about 104 times
lower than the transport rate of other cation species. This makes proton
transport negligibly small compared to the transport of other cation species,
which explains the observed results.

To confirm that cation species other than protons indeed mainly
occupied the negatively charged sulfonate groups, the Nafion® membrane
used in experimental runs 5/6 (Table 3.1) was subjected to EDX analysis
(Figure 3.5A). A quantitative analysis of this spectrum identified 1.33% of
the atoms as sulfur (S), which originate from the negatively charged

sulfonate groups in Nafion®. Sodium and potassium represented 0.30% and
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0.68% of the atoms respectively, which indicated that these two cation
species alone already occupied an important fraction (74%) of the negatively
charged sulfonate groups. The other dominantly present cation species in
the system (NH,*, Ca2*, and Mg2+) were below the detection limit of the
EDX analysis, but were expected to occupy most of the remaining sulfonate
groups. All detectable cation species could be reversibly replaced by protons
by storing the membrane overnight in 35% hydrogen peroxide and boiling it
for 1 hin 1 M HCI (Figure 3.5B).
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Figure 3.5. EDX spectrum of a Nafion® 117 membrane. (A) after use in an MFC
(experimental runs 5/6 - Table 3.1), and (B) after subsequently treating it with
35% H,0, (overnight) and 1 M HCI (boiling for 1 hour).

3.3.3 Effects on pH and MFC performance

Protons are consumed equimolarly with electrons in the oxygen
reduction reaction in the cathode chamber (Equation 4). Consequently, in
the absence of pH control, the pH will increase in the cathode chamber if
protons are not replenished through the membrane. This was tested in the
MFC (resistor 10 Q) with a 10 mM phosphate buffer (pH 7) as the catholyte
(run 7/8 in Table 3.1; Figure 3.6A and C) and with a 50 mM phosphate
buffer (pH 7) as the catholyte (run 9/10 in Table 3.1; Figure 3.6B and D).
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As predicted, the pH in the cathode chamber started to increase straight
from the beginning of the experimental runs due to transport of cation
species other than protons through the Nafion® membrane. Due to the
higher buffer capacity of the catholyte with 50 mM phosphate buffer, pH
increase was slower than when the catholyte with 10 mM phosphate buffer
was used. Figure 3.6A and B show that an increase of pH in the cathode
chamber was associated with a decrease in power output of the MFC. From
Figure 3.6C and D it becomes clear that this decrease in performance was
mainly caused by the decrease of the cathode potential. The anode potential,
on the other hand, remained constant throughout all experimental runs and
was close to the theoretical potential for acetate oxidation of -0.28 V at pH 7
(19).
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Figure 3.6. Development of the pH in the cathode chamber, power output, and
anode and cathode potentials (vs NHE) during operation of a microbial fuel
cell (resistor 10 Q). (A/C) 10 mM phosphate buffer (pH 7) as the catholyte;
(B/D) 50 mM phosphate buffer (pH 7) as the catholyte. Bars indicate standard
deviations.

3.3.4 Implications for MFC application on wastewaters

By quantifying membrane cation transport, this study has provided an
explanation for the operational problems, mentioned in the literature,

associated with the application of Nafion® in MFCs. The pH effects as
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mentioned by Gil et al. (9), i.e., a decreasing anode pH and an increasing
cathode pH, can now be explained from membrane cation transport. In an
operating MFC, electroneutrality is observed mainly by transport of cation
species other than protons through the membrane, because these other
cation species are more dominantly present. As suggested by Gil et al. (9),
buffers can indeed compensate for lack of proton transport. This
compensation, however, can be only temporary. The buffer strengths as
applied in the catholytes in our experimental runs are similar to those used
in many other MFC studies (9,12,13,23). In short experiments these buffers
are sufficiently strong to keep a reasonably constant performance. However,
as our results show, if experiments take longer than a few days, i.e., which is
more comparable to practical conditions, the cathode chamber will suffer
from an increasing pH. In our experiments this increasing pH was
associated with a decrease of the MFC performance. Furthermore, if also the
anode chamber is operated in batch, a decrease of the anode chamber pH
can be expected as well. A decrease of the anode chamber pH can inhibit the
microbial consortium, which will also negatively influence MFC
performance (9).

This study also provides an explanation for the cathode potential loss as
reported by Liu and Logan in their study on a single-chamber MFC operated
in the presence and absence of a Nafion® 117 membrane (10). At open circuit
conditions, the cathode potential loss caused by the presence of the
Nafion® 117 membrane was 0.177+0.012 V and remained constant over the
complete measuring range (up to 1.4 A/m?2). This potential loss is too high to
be explained from the area resistance of the membrane. The reported area
resistances for Nafion® 117 are in the range 0.09 to 0.35 Qcm?2 (4) for
protons and 1.5 Qcm? for cations in general (24). Assuming the highest value
applies to Nafion® in MFCs, the cathode potential loss due to the area
resistance of the Nafion® at the current densities, as reported by Liu and
Logan, cannot have been higher than 0.00021 V (=1.4x104 A/cm?2 x 1.5
Qcm?2). Alternatively, the results of this study suggest that lack of protons in
the membrane due to equilibration with the anolyte (pH 7.3-7.6), was the
most important reason for the cathode potential loss. Transport of protons

through Nafion® markedly decreases when the amount of cation species
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other than protons occupy over 50% of the sulfonate groups (5,6,25). In an
MFC, over 99.999% of the sulfonate groups are expected to be occupied by
cation species other than protons. This lack of protons, therefore, is likely to
limit proton transport through the membrane. In a single-chamber MFC,
the cathode chamber is omitted by applying a gas diffusion electrode (GDE).
Consequently, the protons required for the oxygen reduction reaction need
to be supplied from the anolyte through the Nafion® membrane. As lack of
protons in the membrane limits the proton transport through the
membrane, a pH increase at the cathode side of the membrane can be
expected. From the Nernst equation (26) it can be calculated that this
negatively influences cathode potential. If the pH at the cathode side of the
membrane increases only 3 pH units (e.g., from pH 7 to 10) the cathode
potential will already decrease 0.18 V, which comes close to the value
reported by Liu and Logan.

Despite the excellent performance of Nafion® in PEMFCs, application of
Nafion® as a cation exchange membrane in MFCs is not straightforward,
because the membrane transports cation species other than protons as well.
Although not demonstrated for other types of cation exchange membranes,
such as Ultrex (27-29), similar results can be expected there. In the
literature, operational problems associated with the use of cation exchange
membranes in MFCs are not generally acknowledged, but this study shows
that the effects for long-term operation of MFCs on wastewater can be
dramatic. Buffers offer only a temporary solution and permanent cathode
chamber pH control is too costly as for every mole of electrons transported,
close to one mole of acid needs to be dosed. In principle, only membranes
that are truly 100% proton selective can prevent the described pH effects,
but these types of membranes are currently not commercially available.
Alternatively, membranes can be omitted from the MFC configuration, but
only at the cost of a reduced coulombic efficiency (10). None of the available
solutions seem to be optimal and membrane cation transport, therefore, is

an important issue for the development of future MFC systems.
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Effect of the Type of lon
Exchange Membrane on lon

Transport and pH In Biocatalyzed
Electrolysis of Wastewater

Previous studies have shown that the application of cation exchange
membranes (CEMS) in bioelectrochemical systems running on wastewater
can cause operational problems. In this chapter the effect of alternative
types of ion exchange membrane is studied in biocatalyzed electrolysis
cells. Four types of ion exchange membranes are used: (i) a CEM, (ii) an
anion exchange membrane (AEM), (iii) a bipolar membrane (BPM), and
(iv) a charge mosaic membrane (CMM). With respect to the
electrochemical performance of the four biocatalyzed -electrolysis
configurations, the ion exchange membranes are rated in the order AEM >
CEM > CMM > BPM. However, with respect to the transport numbers for
protons and/or hydroxyl ions (th/on) and the ability to prevent pH increase
in the cathode chamber, the ion exchange membranes are rated in the
order BPM > AEM > CMM > CEM.
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4.1 Introduction

Energy production from wastewater by means of bioelectrochemical
conversion has become a rapidly developing research field since the
discovery of mediator-less microbial electron transfer to electrodes (1). Two
types of technologies are currently being studied: (i) microbial fuel cells
(MFCs) for electricity production (2), and (ii) biocatalyzed electrolysis (or
BEAMR) for hydrogen production (3-5). With respect to these technologies
much progress has been made in a relatively short timeframe. Extrapolating
this progress to the future, it is expected that bioelectrochemical systems
will eventually be limited by the capabilities of the electrochemically active
microorganisms (6).

At the moment, however, bioelectrochemical systems are still limited by
the non-biological part of the cell design. Within this scope, ion exchange
membranes form an important challenge. Ion exchange membranes
separate the biological anode from the cathode reactions, while at the same
time facilitating the transport of ions through the membrane in order to
maintain electroneutrality in the system. As the cathode reactions of both
MFCs and biocatalyzed electrolysis consume protons in equal amounts with
electrons, ideally only protons are transported through the ion exchange
membrane. In this way electroneutrality is observed without pH changes
taking place at the cathode. However, bioelectrochemical systems that are
running on wastewater typically apply cation exchange membranes (CEMs)
and various studies have shown that in that case mainly cation species other
than protons are responsible for the transport of positive charge through the
membrane (7,8). This results from the fact that in wastewater the
concentrations of cations other than protons (e.g., Na*, K+, NH,*) are
typically 105 times higher than the concentration of protons. This transport
creates a membrane pH gradient between the anode and the cathode that
can negatively affect cell performance (7).

The objective of this short study, therefore, was to investigate the effect
of alternative ion exchange membranes on ion transport and pH in
bioelectrochemical systems running on wastewater (9,10). This was tested in

biocatalyzed electrolysis configurations with four different types of ion
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exchange membranes (Figure 4.1): (i) a CEM, (ii) an anion exchange
membrane (AEM), (iii) a bipolar membrane (BPM), and (iv) a charge mosaic
membrane (CMM) (11).
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Figure 4.1. Theoretical working principle of membrane charge transport in
four different types of ion exchange membranes used in biocatalyzed
electrolysis: (A) CEM — through the transport of cations (ideally protons) from
anode to cathode; (B) AEM — through the transport of anions (ideally hydroxyl
ions) from cathode to anode; (C) BPM — through water splitting into protons
and hydroxyl ions inside the membrane; (D) CMM — through the transport of
cations (ideally protons) from anode to cathode AND/OR anions (ideally
hydroxyl ions) from cathode to anode. PS = power supply, C+ = Cations, A- =
Anions.
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4.2 Materials and methods

4.2.1 Electrochemical cell

All experiments were performed in two-chamber electrochemical cells
(total volume 6.6 liter; total liquid volume 6 L) as previously described in (7)
with an anode of graphite felt (surface area: 400 cmz2, thickness: 3 mm —
FMI Composites Ltd., Galashiels, Scotland) and a cathode of platinum
coated (50 g/m?2) titanium mesh (surface area: 400 cmz2, thickness: 1 mm,
specific surface area: 1.7 m2/m2 — Magneto special anodes bv, Schiedam,
The Netherlands). The electrodes were electrically connected to an
adjustable power supply (ES 030-5, Delta Elektronika bv, The Netherlands).
Both the anode and the cathode chamber were equipped with an Ag/AgCl
reference electrode for measuring potentials. The chambers were separated
from each other by means of an ion exchange membrane. In the
experiments four types of membranes (surface area 256 cm2) were tested for
their ion transport properties: (i) a CEM (Nafion® 117), (ii) an AEM
(Fumasep® FAB, FuMA-Tech GmbH), (iii) a BPM (Fumasep® FBM, FuMA-
Tech GmbH), and (iv) a CMM (Dainichiseika Color & Chemicals, Co. Ltd.,
Japan). Conductivity and pH in the chambers were measured outside the
electrochemical cells in a flow cell through which the anolyte/catholyte was

continuously pumped at a rate of 340 mL/min.

4.2.2 Experimental procedures and calculations

All experiments were performed at 303 K. The anode chambers of the
electrochemical cells were continuously fed (4 mL/min) with synthetic
medium containing (in deionized water): 0.6 g/L. CH;COOH, 0.74 g/L KCl,
0.58 g/L NaCl, 0.68 g/L. KH.PO,, 0.87 g/L. K-HPO,, 0.28 g/L. NH,Cl, 0.1
g/L MgS0,.7H.0, 0.1 g/L CaCl..2H.O, and 1 mL/L of a trace element
mixture (12). Acetic acid was always available in excess and never limited
current generation. The anode chamber was operated at pH 7 during all
experiments by dosing 33% NaOH (Liquisys M CPM 253, Endress +
Hauser). The electrochemical cells were started up by inoculating the anode
chambers with 250 mL effluent taken from an active biocatalyzed

electrolysis cell running on acetate (9). After stabilization at an applied
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voltage of 1.0 V, membrane ion transport was studied in duplicate 48 h
experimental runs at an applied voltage of 1.0 V. Prior to every run the
cathode chamber was flushed 3 times with potassium phosphate buffer (10
mM, pH 7) and then filled with exactly 3 L of the same buffer. Subsequently,
the cathode chambers were flushed with water saturated nitrogen gas
(99.999% N,, Air Products) until the experimental run was started by
closing the electrical circuit. During the experimental runs hydrogen
accumulated in the headspace of the cathode chamber and left the system
through a gas flow meter (Milligascounter®, Ritter). A data logger (Ecograph
T, Endress + Hauser) continuously logged the applied voltage, current,
anode potential, cathode potential, cathode pH, cathode conductivity, and
gas production. At the beginning and at the end of the experimental runs a
50 mL liquid sample was taken from the cathode chamber. The hydrogen
fraction in the headspace of the cathode chamber and the ion content in
liquid samples were analyzed according to Rozendal et al. (9). The amount
of water still left in the cathode chamber after the experimental runs was
measured to correct the ion transport data for osmotic loss of water from the
cathode to the anode chamber (<3% for all membranes). Total charge
production (Qe) in Coulombs (C) after the 48 h experimental runs was
calculated by integration of the current. Total charge production was
compared to the transport of charge in the form of specific ions through the
ion exchange membrane (Qion), which was calculated from the cathode

chamber ion content data according to:

Qion :(Xion _ Xion,O).V . Zion A F (1)

with Qjon the transport of charge in the form of a specific ion through an
ion exchange membrane after a 48 h experimental run in Coulombs (C), xion
the molar concentration of a specific ion after a 48 h experimental run in
moles per liter (M), xion.0 the molar concentration of a specific ion at start of
a 48 h experimental run in moles per liter (M), V the cathode chamber liquid
volume in liters (L), zion the valence of the specific ion and F the Faraday
constant (96485.3 C/mol). Transport numbers for cation (tc), anions (ta),

and protons and/or hydroxyl ions (tw/on) through the ion exchange
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membranes were calculated according to Rozendal et al. (9). The transport
of protons from anode to cathode and the transport of hydroxyl ions from
cathode to anode were lumped together, because in practice no distinction
can be made between them. Results are reported as means + standard

deviation.

4.3 Results and discussion

Figure 4.2A shows the current generation of the four biocatalyzed
electrolysis configurations during the 48 h experimental runs. As can be
seen from this figure the CEM and the AEM configurations outperform the
BPM and CMM configurations. As can be expected, this has a significant
effect on the cumulative H. production during the 48 h experimental runs
(Figure 4.2B). The average volumetric hydrogen production rates during the
48 h experimental runs were 0.13, 0.18, 0.04, 0.07 Nm3 H./m3 reactor
liquid volume/day at cathodic hydrogen efficiencies (i.e., e — H.) of 78, 92,
71, and 83% for CEM, AEM, BPM, and CMM configurations respectively.
With respect to the performance of the four biocatalyzed electrolysis
configurations, therefore, the ion exchange membranes are rated in the
order AEM > CEM > CMM > BPM.

35 25
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3.0 { AEM CMM 2y AEM CMM
. S 20
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2 . 1 a
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Figure 4.2. Performance of the four biocatalyzed electrolysis configurations
with different types of ion exchange membranes: (A) current density and (B)
cumulative H; production during duplicate 48 h experimental runs at an
applied voltage of 1.0 V.
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Potential measurements demonstrated that the difference in
performance of the biocatalyzed electrolysis configurations was
predominantly caused by the difference in voltage loss across the
membrane. This voltage loss across the membrane is included in a
measurement of the total voltage difference between the reference
electrodes in the anode and cathode chambers (13). At the start of the
experimental runs, i.e., when all other conditions in the cathode chamber
were still identical, the voltage differences between the reference electrodes
in the anode and cathode chambers were -0.27+0.01, -0.32+0.02,
-0.71+£0.01, and -0.45+0.02 V for the CEM, AEM, BPM, and CMM
configurations respectively. It seems unlikely that these differences are
caused by the area resistance of the ion exchange membranes, which are
typically in the order of 1-10 Qcm2 (11). At the current densities as observed
in the 48 h experimental runs (<3.5 A/m?2) this area resistance of the ion
exchange membranes can only account for a loss of several mV. The true
causes of these differences in voltage loss across the membrane remain a
topic of further investigation, but it is obvious that they have a significant
effect on the overall electrochemical performance of the four biocatalyzed
electrolysis configurations.

Another important membrane characteristic for application in
bioelectrochemical systems is the ability to prevent pH increase in the
cathode chamber. Figure 4.3 shows that the CEM, AEM, and CMM perform
similar in this respect, especially when plotted against charge production
(Figure 4.3C). The CEM, AEM, and CMM already show a rapid cathode pH
increase after only little charge production. The BPM, on the other hand,
demonstrated a more slowly increase of the cathode pH. Figure 4.3B and D
indicate that the cathode pH increase for all membranes was related to the
membrane transport of ion species other than protons and/or hydroxyl ions,

as conductivity in the cathode chamber also gradually increases.
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Figure 4.3. Ability of the ion exchange membranes to prevent pH and
conductivity increase in the cathode chamber during duplicate 48 h
experimental runs at an applied voltage of 1.0 V: (A) cathode chamber pH
against time, (B) cathode chamber conductivity against time (C) cathode
chamber pH against total charge production (D) cathode chamber conductivity
against total charge production.

Furthermore, the pH and conductivity trends in Figure 4.3 give a good
explanation for the large variations that were observed in the current
density plots (Figure 4.2A). Current density is negatively affected by an
increasing pH in the cathode chamber, but at the same time positively
affected by an increase of cathode chamber conductivity. Again, the BPM
shows deviating behavior, because the point of an increasing current density
is not yet reached in the 48 h experimental run as a result of the slower
cathode pH and conductivity increase.

Figure 4.4 compares the total charge production (Qe) to the transport of

charge in the form of specific ions through the ion exchange membrane
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(Qion) after the duplicate 48 h experimental runs at an applied voltage
of1.0V.
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Figure 4.4. Comparison of the total charge production (Q.¢) to the transport of
charge in the form of specific ions through the ion exchange membrane (Qion)
after the duplicate 48 h experimental runs at an applied voltage of 1.0 V: (A)
absolute charge production, and (B) normalized to total charge production
(Qe). The sum of the categories H*/OH-, Na*, K+, NHs*, HPO4%, and rest
accounts for 100% of the total charge transport through the ion exchange
membrane.

As can be seen Figure 4, the CEM configuration behaved as expected.
The membrane charge transport in the CEM configuration was
predominantly in the form of cations (tc 0.71£0.04) and H*/OH- (tw/oH
0.30+0.03). The AEM configuration, on the other hand, did not behave
completely as expected. The membrane charge transport in the AEM
configuration was not only in the form of anions (ta 0.19+0.01) and H+/OH-
(th/on 0.49+0.01), but also to a large extent in the form of cations (tc
0.32+0.00). Next, the BPM configuration behaved according to the working
principle of BPMs (Figure 4.1) as the membrane charge transport in the

BPM configuration was predominantly in the form of H+*/OH- (th/on
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0.72+0.02). However, also in the BPM configuration cations contributed (tc
0.30+0.01) to the membrane charge transport, which explains the gradual
increase of the cathode pH and conductivity (Figure 4.3). Finally, the
membrane charge transport in the CMM configuration was predominantly
in the form of cations (tc 0.64+0.00) and H*/OH- (th/on 0.35+0.03). In
contrast to what was expected based on the CMM working principle (Figure
4.1) anions (ta 0.01+0.00) almost did not contribute to the membrane
charge transport. Therefore, under the conditions of experimental runs, the
CMM functioned more as a CEM than as a CMM.

On the basis of the results presented in Figure 4.3 and 4.4, the ion
exchange membranes are rated in the order BPM > AEM > CMM > CEM
with respect to the transport numbers for protons and/or hydroxyl ions

(th/on) and the ability to prevent pH increase in the cathode chamber.

4.4 Conclusions

The effect of the type of ion exchange membrane on ion transport and
pH in bioelectrochemical systems running on wastewater was studied. Four
types of ion exchange membranes were tested in a biocatalyzed electrolysis
cell: (i) a CEM, (ii) an AEM, (iii) a BPM, and (iv) a CMM. With respect to the
electrochemical performance of the four biocatalyzed -electrolysis
configurations, the ion exchange membranes are rated in the order AEM >
CEM > CMM > BPM. However, with respect to the transport numbers for
protons and/or hydroxyl ions (tn/on) and the ability to prevent pH increase
in the cathode chamber, the ion exchange membranes are rated in the order
BPM > AEM > CMM > CEM.
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Performance of Single Chamber
Biocatalyzed Electrolysis

with Different Types of
lon Exchange Membranes

Hydrogen production through biocatalyzed electrolysis was studied for
the first time in a single chamber setup. Single chamber biocatalyzed
electrolysis was tested in two configurations: (i) with a cation exchange
membrane (CEM) and (ii) with an anion exchange membrane (AEM). Both
configurations performed comparably and produced over 0.3 Nm3 H./m3
reactor liquid volume/day at 1.0 V applied voltage (overall hydrogen
efficiencies around 23%). Analysis of the water that permeated through the
membrane revealed that a large part of potential losses in the system were
associated with a pH gradient across the membrane (CEM ApH=6.4; AEM
ApH=4.4). These pH gradient associated potential losses were lower in the
AEM configuration (CEM 0.38 V; AEM 0.26 V) as a result of its alternative
ion transport properties. This benefit of the AEM, however, was
counteracted by the higher cathode overpotentials occurring in the AEM
configuration (CEM 0.12 V at 2.39 A/m2?; AEM 0.27 V at 2.15 A/m?2) as a
result of a less effective electroless plating method for the AEM membrane
electrode assembly (MEA).
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5.1 Introduction

5.1.1 Biocatalyzed electrolysis

Recently, it has been demonstrated that biocatalyzed electrolysis (or the
bioelectrochemically assisted microbial reactor (BEAMR) process) is an
interesting new technology for the production of hydrogen gas from
wastewaters (1-3). Biocatalyzed electrolysis is related to microbial fuel cell
(MFC) technology as it also applies electrochemically active microorganisms
(4). Electrochemically active microorganisms are capable of using an
electrode surface as an external electron acceptor for the oxidation of
organic compounds. As a result, this electrode functions as a biological
anode. At pH 7, electrochemically active microorganisms on the biological
anode typically oxidize organic compounds at a potential of about -0.20 to
-0.28 V (4). In biocatalyzed electrolysis, this biological anode is coupled to a
hydrogen evolution reaction (HER; -0.42 V at pH 7) at the cathode, which
results in an electromotive force (emf) of about -0.14 to -0.22 V (=cathode
potential - anode potential) for the biocatalyzed electrolysis process. The
negative value of the emf implies that a voltage of 0.14 to 0.22 V needs to be
applied. Electrical energy, therefore, needs to be invested in order to
generate hydrogen gas at the cathode. Compared to conventional water
electrolysis, however, this energy investment is only low, as conventional

water electrolysis theoretically requires applied voltages above 1.23 V (5).

5.1.2 Performance

Previously we studied the performance of a two-chamber biocatalyzed
electrolysis setup at an applied voltage of 0.5 V (3). At this applied voltage
the volumetric hydrogen production rate averaged 0.02 Nm3 H./m3 reactor
liquid volume/day. Detailed analysis of the results revealed that the
performance was to a large extent limited by inefficiencies occurring with
the cathode reaction. In theory, however, HER cathodes should be able to
outperform biological anodes up to 4 orders of magnitude. For example, at
an overpotential of 0.025 V biological anodes can achieve current densities
in the order of 1 A/m2, while HER cathodes at the same overpotential are

able to exceed 10000 A/m2 (5). In our previous study, however, the cathode
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overpotential was found to be already 0.28 V at a current density of 0.5
A/mz2, while the biological anode overpotential was 0.04 V. This clearly
leaves room for improvement of the cathode performance. We estimate that
if these improvements of the cathode performance can be realized,
biocatalyzed electrolysis systems can be optimized to produce over 10 Nm3
H./ms3 reactor liquid volume/day (3). These rates, however, also require an

optimized geometrical design of the biocatalyzed electrolysis system.

5.1.3 Single chamber configuration

A better geometrical design of biocatalyzed electrolysis system can be
achieved by changing the system from a configuration with two liquid
chambers (i.e., two-chamber configuration) to a configuration with only one
liquid chamber (i.e., single chamber configuration) by implementing a gas
diffusion electrode. When this modification can be achieved without
affecting the electrochemical performance, the volumetric hydrogen
production rate theoretically doubles. Single chamber configurations have
been tested successfully for the MFC (6,7). Interestingly, Liu and Logan
demonstrated that the performance of single chamber MFCs can be
significantly increased (494 versus 262 mW/m2) by removing the cation
exchange membrane (CEM) from the system (8).

In biocatalyzed electrolysis, however, the presence of a membrane is
essential for the purity of the hydrogen that is produced at the cathode.
Without the membrane the produced hydrogen will be polluted with gaseous
metabolic products from the anode chamber (e.g., CO., CH,;, H.S).
Furthermore, a significant amount of the produced hydrogen will be lost
through diffusion to the anode chamber. A single chamber biocatalyzed
electrolysis configuration, therefore, can only be successful if it functions

optimally with a membrane included in the system.

5.1.4 Membrane ion transport

Previously it was shown in two-chamber MFCs that the performance loss
associated with the CEM is caused by the transport of cation species other
than protons (Na+, K+, NH4+, Ca2+, and Mg2*) through the membrane (9,10).

At a typical wastewater pH of 7, the proton concentration is about 104 mM.
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The concentrations of cation species other than protons in wastewater,
however, are typically 4—5 orders of magnitude higher. As a result,
electroneutrality in the MFC is mainly observed by the transport of cation
species other than protons through the CEM. Protons, however, are
consumed equimolarly with electrons at the cathode in both the oxygen
reduction reaction in MFCs (02 + 4 H* + 4 e — 2 H,0) as in the HER in
biocatalyzed electrolysis (2 H* + 2 e- — H.). The transport of cation species
other than protons, therefore, causes a pH increase in the cathode chamber
(9-11). This pH increase negatively affects the system performance, as the
Nernst equation (12) states that for every pH unit difference between anode
and cathode created in this way, an extra potential loss of about 0.06 V will
occur in the system. Similar effects will also occur in single chamber

configurations.

5.1.5 Anion exchange membrane

A possible solution to the pH gradient associated potential losses is the
application of an anion exchange membrane (AEM) instead of a CEM
(Figure 5.1). In the case of an AEM, electroneutrality is observed not by the
transport of cations from the anode to the cathode, but by the transport of
anions from the cathode to the anode. For biocatalyzed electrolysis this
implies that hydrogen at the cathode is not produced from the reduction of
protons, but from the reduction of water that diffuses through the
membrane from anode to cathode. In this reaction hydroxyl ions are
produced equimolarly with the consumed electrons (2 H.O + 2e-— 2 OH- +
H.), which are then transported from cathode to anode through the AEM in
order to observe electroneutrality. We predict that this has a neutralizing

effect on the pH gradient across the membrane.

5.1.6 Objective

The objective of this study is twofold: (i) to study the performance of
single chamber biocatalyzed electrolysis; and (ii) to study the influence of
the type of ion exchange membrane on the performance. For this purpose
we have operated two single chamber biocatalyzed electrolysis

configurations in parallel, one with a CEM and one with an AEM.
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Figure 5.1. Schematic representation of single chamber biocatalyzed
electrolysis with a cation exchange membrane (CEM) and an anion exchange
membrane (AEM). DOC=dissolved organic compounds, PS=power supply,
L=Iliquid phase, G=gas phase.

5.2 Materials and methods

5.2.1 Electrochemical cell

The experiments were performed in two identical electrochemical cells as
previously described (3). Although the electrochemical cells had two
chambers, they were operated in a single chamber configuration, in which
only the anode chamber (liquid volume 3.3 L) was filled with medium (see
below) and the cathode chamber (volume 3.3 L) functioned as a gas
collection chamber. In one electrochemical cell the chambers were separated
by a CEM (Nafion® 117, surface area 256 cm?2); in the other by an AEM
(Fumasep® FAB, FuMA-Tech GmbH, surface area 256 cm2). The anode
consisted of graphite felt (surface area 400 cm?2, thickness 3 mm — FMI
Composites Ltd., Galashiels, Scotland); the cathode consisted of platinum
and was integrated with the membrane as a membrane electrode assembly

(MEA; see below). The MEA was supported by a platinum coated (50 g/m2)
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titanium mesh (surface area 400 cm?2, thickness 1 mm, specific surface area
1.7 m2/m2 — Magneto special anodes bv, Schiedam, The Netherlands),
which functioned both as part of the cathode and as the current collector.
The anode and cathode were electrically connected to an adjustable power
supply (ES 030-5, Delta Elektronika bv, The Netherlands). The current
through the electrical circuit was determined (Ohm's law) by incorporating a
high-precision shunt resistor (10 Q) into the electrical circuit. The adjustable
power supply was equipped with a sensing lead to automatically correct for
the voltage loss across the shunt resistor. The anode chamber was equipped
with an Ag/AgCl reference electrode (+0.2 V against NHE). A pH electrode
was placed externally to the cell in a flow cell through which the anode
medium was continuously pumped at a rate of 250 mL/min. The anode
chamber was operated at pH 7 (Liquisys M CPM 253, Endress+Hauser). The
electrochemical cells were connected to a data logger (Ecograph T,
Endress+Hauser), which continuously logged the applied voltage, current,

anode potential, cathode potential, pH, temperature, and gas production.

5.2.2 MEA preparation

The MEAs were prepared by means of electroless plating. The electroless
plating method used for preparing the CEM MEA was based on a method
developed by Millet et al. (13). One side of the membrane was subjected to
two cycles of exposure for 15 min to 200 mL of an aqueous Pt(NHj;),Cl.-
solution (2 mg Pt/mL) and subsequent exposure for 2 h to 500 mL of an
aqueous solution of sodium borohydride (NaBH,; 15 g/L). This method is
based on the diffusion of the positively charged platinum complex
[Pt(NH3),]2* into the CEM and subsequently reducing this complex in situ
to metallic platinum with sodium borohydride. This plating method results
in a MEA with a conducting platinum layer outside the membrane in
electrical contact with catalytic platinum microparticles inside the
membrane. According to Millet et al. (13) this procedure results in a MEA
with a platinum loading of about 1.0 mg Pt/cm>.

For the AEM, the plating method was adapted by replacing the aqueous
Pt(NH;)4Cls-solution with an aqueous K.PtCls-solution (2 mg Pt/mL). This
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solution contains the negatively charged complex [PtCl¢]2- that can diffuse
into the AEM.

5.2.3 Experimental procedures and calculations

All experiments were performed at 303 K. The anode chambers of the
electrochemical cells were filled and continuously fed (4 mL/min) with
anode medium containing (in deionized water): 1.36 g/L NaCH;COO-3H.0,
0.74 g/L KCl, 0.58 g/L NaCl, 0.68 g/L. KH.PO,, 0.87 g/L K.HPO,, 0.28 g/L
NH,CI, 0.1 g/L. MgS0,-7H.0, 0.1 g/L CaCl,-2H.O, and 1 mL/L of a trace
element mixture (14). The electrochemical cells were started up by
inoculation with 200 mL effluent taken from an active bioelectrochemical
cell (9). In total the cells have been operated for about 100 days. After
stabilization at an applied voltage of 1.0 V, the electrochemical cells were
evaluated on the basis of three techniques: (i) applied voltage scans; (ii)
electrochemical impedance spectroscopy (EIS); and (iii) hydrogen yield
tests. During the applied voltage scans and EIS, the gas collection chamber
was flushed continuously with water saturated nitrogen gas (99.999% N, air
products) in order to keep the experimental conditions constant. During the
hydrogen yield tests the gas collection chamber was not flushed with
nitrogen gas.

The applied voltage scans were obtained in triplicate by means of
chronoamperometry. For this purpose, the electrochemical cells were
connected to a potentiostat (Autolab PGSTAT12, Eco Chemie bv, The
Netherlands). The applied voltage was increased stepwise from 0 to 1 V. The
current generation was logged every 10 s for 1 h at 0, 0.1, 0.15, 0.2, 0.3, 0.4,
0.5, 0.6, 0.8, and 1.0 V. The last 10 data points of every applied voltage step
were averaged and plotted in the applied voltage scan.

For the EIS the electrochemical cells were connected to a potentiostat
equipped with a frequency response analyzer (Autolab PGSTAT30, Eco
Chemie bv, The Netherlands). EIS was performed at an applied voltage of
1.0 V with an amplitude of 10 mV in the frequency range of 5 mHz to 100
kHz.

The hydrogen yield tests lasted for 48 h and were repeated in duplicate.

In order to calculate the cumulative acetate consumption the anode was
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regularly sampled and analyzed for acetate content wusing ion
chromatography (Metrohm 761 Compact IC equipped with a conductivity
detector and a Metrosep Organic Acids 6.1005.200 ion exclusion column).
At the start of the hydrogen yield tests the gas collection chamber contained
only nitrogen gas. During the hydrogen yield tests the gas collection
chamber was connected to a gas flow meter (Milligascounter®, Ritter) for
quantifying the total gas production. The gas collection chamber was
sampled regularly and analyzed for its hydrogen fraction with a gas
chromatograph (Shimadzu GC-2010 equipped with a thermal conductivity
detector and a Varian molsieve 5A column). The actual hydrogen gas
production was calculated from the total gas production and the measured

hydrogen fractions by means of a mass balance equation adapted from (15):

C,.+C.,.)
VH,t :VH,I—I +(\/T,t _VT,t—l) - e

+Vcat (C H.t —C H ,t—1) 1)

with Vn, t and Vn, 1 the cumulative hydrogen gas production in liters (L) on
sample time t and previous sample time t-1, respectively, V1, and V7, .1 the
total measured gas production in liters (L) on sample time t and previous
sample time t-1, respectively, Cn, + and Cu, +1 the measured hydrogen
fractions on sample time t and previous sample time t-1, respectively, and
Vcat the gas collection chamber volume (3.3 L). The expected hydrogen
production based on the cumulative charge production was calculated

according to

Vie: = (2)

with Ve, ¢ the expected hydrogen production based on the cumulative
charge production in liters (L) on sample time t, Q: the cumulative charge
production (equal to the integrated current over time) in coulombs (C) on
sample time t, F Faraday's number (96485.3 C/mol), and Vwm the molar gas
volume (25.2 L/mol at 303 K).
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During the hydrogen yield tests small amounts of water permeated
through the membrane from the anode to the cathode side of the membrane
into the gas collection chamber. This permeated water was collected from
the gas collection chamber at the end of the hydrogen yield tests and
analyzed for pH, conductivity, and ion content. Carbonate concentrations
were determined using a total organic carbon analyzer (Shimadzu TOC-
VCPH). Other anion concentrations (Cl-, NO.-, NO5-, PO,3-, and SO,2") were
determined using an ion chromatograph (Metrohm 761 Compact IC)
equipped with a conductivity detector and an anion column (Metrosep A
Supp 5 6.1006.520). Ammonium concentrations were photometrically
determined using standardized test kits (ammonium cuvette test LCK303,
XION 500 spectrophotometer, Dr. Lange Nederland bv, The Netherlands).
Other cation concentrations (Na*, K+, Ca2+*, and Mg2?*) were determined
using inductively coupled plasma-optical emission spectroscopy (ICP-OES—
Perkin Elmer Optima 3000XL). The ion content data of the permeated
water were used to calculate transport numbers (t) for protons and hydroxyl
ions through the ion exchange membranes. Because in practice no
distinction can be made between the membrane transport of protons from
anode to cathode and the membrane transport of hydroxyl ions from

cathode to anode, the following transport number was defined:

t _ QH/OH _ Qtotal B Qother
H/OH — - (3)
Qtotal Qtotal

with th/on the transport number for the membrane transport of protons
from anode to cathode and hydroxyl ions from cathode to anode, Qu/on the
membrane transport of positive charge from anode to cathode (or negative
charge from cathode to anode) in the form of protons and hydroxyl ions in
coulombs (C), Qother the membrane transport of positive charge from anode
to cathode (9) (or negative charge from cathode to anode) in the form of ions
other than proton and hydroxyl ions in coulombs (C), and Qtai the total
membrane transport of positive charge from anode to cathode (or negative
charge from cathode to anode) in coulombs (C). As the electroneutrality

principle states that the total membrane transport of positive charge from
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anode to cathode (or negative charge from cathode to anode) is equal to the
total electron transport from anode to cathode through the electrical circuit,
Qtotal equals the integrated current over time.

After the experiments scanning electron microscope photos were taken
of a cross-section of the MEAs. Prior to taking these scanning electron
microscope photos, the plated membranes were submerged in liquid
nitrogen to make them brittle. Subsequently, the membranes were broken
and SEM photos were taken on the line of breakage. For the SEM photos a
JEOL JSM-6480LV SEM was used (acceleration voltage 20 kV, LV-mode 60
Pa, BEI detector). The microscope was equipped with a NORAN System SIX
Model 300 X-ray microanalysis system (Thermo Electron Corporation) for

element analysis (linescan mode).

5.3 Results and discussion

5.3.1 Applied voltage scans

Figure 5.2A gives the applied voltage scans of the electrochemical cells
taken after stabilization of the performance at 1.0 V. A comparison between
the electrochemical cells shows that especially in the lower applied voltage
range the CEM configuration outperforms the AEM configuration. The CEM
configuration already starts to produce current at applied voltages above 0.2
V, while the AEM configuration only starts to produce current at applied
voltages above 0.4 V. The theoretical applied voltage required for hydrogen
production from acetate under the experimental conditions is around 0.17 V.

When the voltage comes above 0.6 V for both the CEM and the AEM
configuration, the lines rapidly become steeper. The average slope of the
applied voltage scan of the CEM configuration increases from 1.4 A/m2/V
between 0.5 and 0.6 V to 5.9 A/m2/V between 0.8 and 1.0 V, while the
average slope of the applied voltage scan of the AEM configuration even
increases from 1.3 A/m2/V between 0.5 and 0.6 V to 6.6 A/m2/V between
0.8 and 1.0 V. As a result of this, the AEM configuration at 1.0 V even
slightly outperforms CEM configuration, even though it was performing

worse at the lower applied voltages.
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Figure 5.2. Evaluation of the performance of single chamber biocatalyzed
electrolysis of acetate (10 mM) with a cation exchange membrane (CEM;
Nafion® 117) and an anion exchange membrane (AEM; Fumasep® FAB): (A)
applied voltage scans and (B) measured potentials during the applied voltage
scans.

Figure 5.2B shows the electrode potentials measured during the applied
voltage scans (Figure 5.2A). Because in a single chamber configuration only
the anode chamber can be equipped with a reference electrode, only the
anode potential can be measured as a true electrode potential. The cathode
potential can only be measured through the membrane and therefore also
includes the membrane potential.

Electrode overpotentials (i.e., potential losses) can be calculated by
comparing the measured anode and cathode/membrane potentials with the
theoretical potentials for acetate oxidation (-0.25 V) and proton reduction
(-0.42 V). Figure 5.2B shows that the performance of both single chamber
biocatalyzed electrolysis configurations to a large extent was limited by the
combined cathode/membrane overpotential. At an applied voltage of 1.0 V
(CEM 2.25+0.05 A/m2; AEM 2.37+0.04 A/m2) the anode overpotential was
0.12+0.001 V for the CEM configuration and 0.16+0.001 V for the AEM
configuration, while the combined cathode/membrane overpotential was
0.724£0.001 V for the CEM configuration and 0.68+0.001 V for the AEM
configuration. From Figure 5.2B it can be seen that a large part of the
cathode/membrane overpotentials already occurred below 0.5 A/mz2. From
the results it cannot unequivocally be determined which part of the

cathode/membrane overpotential was caused by the cathode and which part
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was caused by the membrane. However, it seems unlikely that these losses
could have been caused by the ohmic resistance of the membrane as these
types of membranes typically have ohmic resistances in the order of 1—-10
Qcm? (16). Below an applied voltage of 0.6 V the current densities in the
cells were below 0.5 A/m2. This results in a maximum ohmic loss across the
membrane in the order of 0.0005 V (=0.5x104 A/cm2 x 10 Qcm?2), which is
too low to explain the cathode/membrane overpotentials that were

observed.

5.3.2 Hydrogen yield tests

Hydrogen yield tests were done to assess the hydrogen production
potential of both configurations (Figure 5.3). At first, the hydrogen
production was tested at an applied voltage of 0.5 V, but the hydrogen
production was too low to obtain reproducible results. Therefore, the
applied voltage was increased to 1.0 V. At this applied voltage, the current
density during the 48 h hydrogen yield tests averaged 2.39+0.15 A/m2 for
the CEM configuration and 2.15+0.26 A/m2 for the AEM configuration.
These values are in the same range as predicted by the applied voltage scans
(Figure 5.2A), which shows that the applied voltage scans are indeed
representative for predicting the performance of a biocatalyzed electrolysis
configuration.

The measured values for the total gas production (Milligascounter®) and
hydrogen fraction in the gas collection chambers were used to calculate the
actual hydrogen production according to Equation 1. The expected hydrogen
production based on the cumulative charge production was calculated
according to Equation 2. The cumulative values after 48 h for acetate
consumption, charge production, and hydrogen production were used to
calculate three process efficiencies (Table 5.1): (i) coulombic efficiency; (ii)
cathodic hydrogen efficiency; and (iii) overall hydrogen efficiency. The
overall hydrogen efficiencies were comparable for both single chamber
configurations in this study and were around 23%. These overall hydrogen
efficiencies were the result of low coulombic efficiencies and high cathodic

hydrogen efficiencies.
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Figure 5.3. Experimental results of 48 h hydrogen yield tests of single chamber
biocatalyzed electrolysis of acetate with a cation exchange membrane (CEM;
Nafion® 117) and an anion exchange membrane (AEM; Fumasep® FAB): (A/B)
hydrogen fraction in the gas collection chamber and cumulative acetate
consumption; (C/D) calculated actual hydrogen production, expected
hydrogen production based on the cumulative charge production, and the total
gas production (Milligascounter®)

Table 5.1. Efficiencies2 of single chamber biocatalyzed electrolysis of acetate
with a cation exchange membrane (CEM) and an anion exchange membrane
(AEM)

CEM AEM
% Coulombic efficiency (acetate to e-) 22.8 £ 0.2 23.2 + 1.5
% Cathodic hydrogen efficiency (e- to H,) 101.4 + 0.7 101.3 + 0.6
% Overall hydrogen efficiency (acetate to H,) 23.1+ 0.3 23.5+ 1.7

a. Calculations based on: 1 acetate — 8 e — 4Ho..
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Coulombic efficiency. In contrast to previous biocatalyzed electrolysis
experiments, the coulombic efficiencies of both configurations were low. Liu
et al. (1) achieved coulombic efficiencies of 60% to 78% and in our previous
study in a similar electrochemical cell as used in this study we achieved a
coulombic efficiency of 92+6.3% (3). The significant difference with our
previous study was most likely caused by the fact that the electrochemical
cells in our previous study were operated in batch mode on autoclaved
medium, while both electrochemical cells in this study had been operated in
continuous mode on non-autoclaved medium for over two months prior to
the hydrogen yield tests. This difference in operation of the cells might have
resulted in the growth of methanogenic biomass inside the electrochemical
cell (17), which was also suggested by the occurrence of dark spots of
biomass on the walls of the reactor. This methanogenic biomass competes
with the electrochemically active microorganisms for acetate, which
decreases the coulombic efficiency. Limiting the growth of this biomass,
therefore, needs to be a topic of further study to be able to increase the
coulombic efficiency. Strategies to achieve this can be to increase the anode
surface area to system volume ratio and to optimize the COD loading rate
(18).

Cathodic hydrogen efficiency. The conversion of electrons to
hydrogen (i.e., cathodic hydrogen efficiency) achieved in this study was
practically complete in both configurations. This is in the same range as the
92% previously reported by Liu et al. (1) and much higher than the 57+0.1%
we achieved in our previous study in a similar electrochemical cell as used in
this study (3). In our previous study calculations have shown that a large
part of the produced hydrogen at the cathode was lost by diffusion of
hydrogen from the cathode into the anode chamber through the ion
exchange membrane. In the same study, however, we predicted that the
importance of this diffusional hydrogen loss reduces at increasing current
densities. At higher current densities, i.e., at higher hydrogen production
rates, this diffusional hydrogen loss remains more or less constant in
absolute sense, but becomes less important in relative sense. This prediction
has now been confirmed by the results of the hydrogen yield tests presented

in this study. In our previous study the current density was about 0.5 A/m?2
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(at 0.5 V), while in this study the current density was between 2.0 and 2.5
A/m2 (at 1.0 V). Indeed, at these higher current densities the cathodic
hydrogen efficiencies have increased to about 100%. This is an important
fact for future studies, which should focus on achieving these higher current
densities at lower applied voltages.

Volumetric hydrogen production rates. The average volumetric
hydrogen production rates were comparable for both configurations. The
CEM configuration produced 0.33 Nm3 H./m3 reactor liquid volume/day
and the AEM configuration produced 0.31+0.01 Nm3 H,/m3 reactor liquid
volume/day. This is much higher than the 0.02 Nm3 H,/m3 reactor liquid
volume/day that was achieved in our previous study in the two-chamber
configuration (3). However, in our previous study the hydrogen was
produced at an applied voltage of 0.5 V, while in this study the hydrogen was
produced at 1.0 V, because the performance of both configurations at an
applied voltage 0.5 V was too low to do reliable measurements. This low
performance at an applied voltage 0.5 V was caused by various potential

losses in the system (see below).

5.3.3 Electrochemical impedance spectroscopy

The electrochemical cells performing biocatalyzed electrolysis of acetate
were subjected to EIS at 1.0 V (Figure 5.4). Interpretation of the Nyquist
plots that were obtained through EIS was limited to the determination of the
ohmic resistance of the system according to the methodology as applied by
He et al. (19). As can be seen from the Nyquist plots both configurations
show a comparable ohmic resistance in the order of 2 Q. Although these
values seem low compared to the values reported in other studies (19,20), it
is actually already too high for practical application. The average currents
during the 48 h hydrogen yield tests at 1.0 V were 95 mA (2.39 A/m?2) for the
CEM configuration and 86 mA (2.15 A/mz2) for the AEM configuration,
which means that the ohmic losses at these values already amount to 0.21 V
(=95%103 A x 2.2 Q) for the CEM configuration and 0.15 V (=86x103 A x
1.8 Q) for the AEM configuration. This is a significant part of the total
applied voltage of 1.0 V. In our system a substantial part of the ohmic

resistance is caused by the anode itself. EIS of only the anode at a potential
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of -0.25 V showed that the anode ohmic resistance was 0.64 Q in the CEM
configuration and 0.75 Q in AEM configuration. This resistance is believed

to be caused largely by the contact resistance of the graphite fibers in the
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Figure 5.4. Electrochemical impedance spectroscopy (EIS): Nyquist plots of
single chamber biocatalyzed electrolysis of acetate at an applied voltage of 1.0
V with: (A) a cation exchange membrane (CEM; Nafion® 117); and (B) an anion
exchange membrane (AEM; Fumasep® FAB). The arrows indicate the ohmic
resistance in the system.

5.3.4 Permeated water analysis

During the hydrogen yield tests small amounts of water permeated
through the membrane from the anode to the cathode side of the membrane
into the gas collection chamber. Ions that are transported through the
membrane will accumulate in this permeated water. Table 5.2 shows that
less water permeated through the AEM than through the CEM. In both
configurations the permeated water had an increased pH as compared to the
anode chamber (pH 6.8-7; conductivity: 5.22 mS/cm). As was predicted
beforehand, the AEM is capable of significantly reducing the pH increase at
the cathode, but the effect was smaller than anticipated. In both
configurations the pH increase is caused by the membrane transport of ions
other than protons and hydroxyl ions. Permeated water analysis showed
that in both configurations others ions than protons and hydroxyl ions were
transported through the membrane during the hydrogen yield test.
However, this transport was much smaller in the AEM configuration as can
be seen from the ion concentrations, the conductivity of the permeated
water, and the calculated transport number tn/on. The transport of ions

other than protons and hydroxyl ions is caused by the fact that ion exchange
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membranes are never 100% selective for protons or hydroxyl ions and,

moreover, not even for only cations or anions.

Table 5.2. Permeated water volume, composition and
calculated H*/OH- transport number (tu/on) after the 48 h
hydrogen yield tests.

CEM AEM
Volume (ml) 33.5 15.5
pH (-) 13.2 11.1
Conductivity (mS/cm) 73.05 3.06
Na+ (mM) 125.7 7.1
K+ (mM) 170.3 12.3
NH,* (mM) 8.8 3.5
Cl- (mM) 0.6 0.2
HCO5/CO52 (mM) 4.82 11.9b
Acetate (mM) 0.38 0.02
thson (-) 0.94 1.00

a. AtpH 13.2 HCO;:CO3>=0.001:1
b. AtpH 11.1 HCO;:CO32=0.17:1

The concentrations of ions other than protons and hydroxyl ions can be
used to predict pH of the permeated water by assuming that for every net
positive charge in the form of others ions than protons and hydroxyl ions
transported into the permeated water, one hydroxyl ion accumulates in the
permeated water. For the permeated water in the CEM configuration this
predicts a pH of 13.5; for the permeated water in the AEM configuration a
pH of 10.7. This prediction confirms the dramatic pH effects of the transport
of only small amounts of ions other than protons and hydroxyl ions. This
dramatic pH effect especially becomes clear when studying the composition
of the permeated water of the AEM configuration. During the 48 h hydrogen
yield tests, low amounts of ions other than protons and hydroxyl ions were
transported to the permeated water and the transport number in the AEM
configuration was almost equal to unity. Still, the pH effect was substantial.

Unfortunately, an extra 0.06 V potential loss occurs for every pH unit
increase of the permeated water at the cathode as compared to the anode pH
(CEM ApH=6.4; AEM ApH=4.4). A large part of the cathode/membrane
overpotentials observed in the applied voltage scans, therefore, were likely

caused by these pH gradient related potential losses. Furthermore, these
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results also indicate how difficult it is to prevent the pH gradient related
potential losses, especially in the case of single chamber configurations. The
ion concentrations increase more rapidly in a small amount of permeated
water in single chamber configurations than in the total liquid content of a
cathode chamber in two-chamber configurations. Therefore, the pH increase
at the cathode and the pH gradient related potential losses will occur more
rapidly in single chamber configurations as compared to a two-chamber
configurations (9). This also explains why the performance at an applied
voltage of 0.5 V was so low in this study, as the applied voltage was too low
to overcome the high pH gradient related potential losses of the single
chamber configuration.

The obtained results suggest that the pH gradient related potential losses
seem to be a fundamental problem associated with the use of ion exchange
membranes in single chamber bioelectrochemical systems running on
wastewater. In MFCs, omitting the membrane seems to be a solution, as was
demonstrated by Liu and Logan in a single chamber MFC study (8). For
biocatalyzed electrolysis, however, omitting the membrane would result in a
contamination of the hydrogen product gas and in a reduction of the
coulombic efficiency due to consumption of the hydrogen in the anode

chamber.

5.3.5 Scanning electron microscopy

The MEAs that were used in the experiments were studied using
scanning electron microscopy (SEM) combined with element analysis
(Figure 5.5). The element analysis showed that the electroless plating
procedure was more effective for the CEM than for the AEM, as the
platinum profile is higher and can be found deeper into the CEM than into
AEM. This has made the catalytic region larger in the CEM MEA than in the
AEM MEA. Furthermore, the platinum peak close to the surface is much
higher in the CEM platinum profile than in the AEM platinum profile.
According to Millet et al. (13) this peak represents a conducting platinum
layer outside the membrane, which is responsible for the electrical contact of
the catalytic platinum microparticles inside the membrane with the

electrical circuit. If this conducting platinum layer outside the membrane is

-120 -



Single chamber biocatalyzed electrolysis

not well developed during the electroless plating procedure, the catalytic
platinum microparticles become isolated and inactive for hydrogen
production. The difference in visual appearance of the MEAs also was an
indication for this. Whereas the outside of the CEM MEA developed a
metallic appearance during the electroless plating procedure, the outside of
the AEM MEA only turned black. The AEM MEA, therefore, might have
lacked a well developed conducting platinum layer outside the membrane
with inactive catalytic platinum microparticles inside the membrane as a
result. A lower activity of catalytic platinum microparticles leads to

increased cathode overpotentials (see below).

Zeaku X1,588 1850m

28kyU X1, 588 1850m

Figure 5.5. SEM photos of a cross section of the membrane electrode
assemblies (MEAs) used in the single chamber biocatalyzed electrolysis
experiments: (A) MEA with a cation exchange membrane (CEM; Nafion® 117);
(B) MEA with an anion exchange membrane (AEM; Fumasep® FAB). The graph
in the middle shows the platinum profiles inside the membranes resulting
from the electroless plating procedure.

5.3.6 Potential losses

Table 5.3 gives an overview of the distribution of the applied voltage of
1.0 V during the 48 h hydrogen yield tests for both single chamber
biocatalyzed electrolysis configurations. As was predicted by the analysis of
the permeated water, the pH gradient associated potential loss, caused by
the membrane charge transport of ions other than protons and hydroxyl
ions, forms a significant part of the total potential losses in both
configurations. However, Table 5.3 also shows that other potential losses are

not insignificant either.
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Table 5.3. Overview of the potential losses during the 48 h hydrogen
yield tests at an applied voltage of 1.0 V

CEM AEM

(at 2.39 A/m?2) (at 2.15 A/m?2)
Equilibrium voltage (V) 0.172 0.172
Ohmic loss (V) 0.21b 0.15P
Membrane pH gradient loss (V) 0.38¢ 0.26¢
Anode overpotential (V) 0.12d 0.154
Cathode overpotential (V) 0.12¢ 0.27¢

a. Calculated for 1 mM acetate; 1 bar Ho.

b. Calculated from the ohmic resistances measured in the Nyquist plots (Figure 5.4).

c. pH gradient across the membrane (CEM ApH=6.4; AEM ApH=4.4) multiplied by
0.06 V.

d. Values corrected for the ohmic loss of the anode itself, as this was already included in
the total ohmic loss (the ohmic resistance of the anode was determined with EIS: CEM
0.64 Q; AEM 0.75 Q).

e. Cathode overpotential = applied voltage - equilibrium voltage - ohmic loss - membrane
pH gradient loss - anode overpotential.

Even though the ohmic resistance is low compared to other studies
(19,20), the ohmic potential loss is large. This paradox can be explained
from the larger electrochemical cells that have been used in this study as
compared to other studies. Consequently, the electrical currents that flow
through the cells are larger and therefore size independent resistances (e.g.,
contact resistances) cause larger ohmic losses than the same resistances in
smaller systems. This shows the importance of also studying larger systems
in order to evaluate the consequences of scale-up (4).

The anode overpotentials are in the same range as those observed in
other studies with acetate as the electron donor (21,22). They were similar in
both configurations, which is not surprising as the conditions in the anode
chambers were comparable. The anode overpotentials represent the smallest
losses in the system, but at the relatively large current densities of around 2
A/mz2 they also have started to become significant. A possible reason for the
increased anode overpotentials is the relatively low anode acetate
concentration of around 1 mM during the hydrogen yield tests. Further, as
the system was not stirred vigorously, concentration polarization could have
started to occur (4). One of the effects that can take place as a result of

concentration polarization is the occurrence of low pH near the anode due to
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proton production. In future studies, the application of granular graphite
(7,18) might help to lower the anode overpotentials.

The cathode overpotentials represent an important part of the total
potential losses. In the AEM configuration the cathode overpotentials were
higher than in the CEM configuration. One issue that needs to be examined
further in this respect is the effectiveness of the MEA preparation method
used for the AEM. SEM combined with element analysis showed that the
penetration depth of the platinum was smaller in case of the AEM
configuration and that the conducting platinum layer outside the membrane
was less developed. This probably caused the difference in catalytic activity
of MEAs and resulted in increased cathode overpotentials for the AEM
MEA. The MEA preparation method was an adapted electroless plating
method, originally developed for CEMs. In order to optimize the AEM MEA
performance the influence of the plating parameters needs to be examined
(e.g., increasing exposure time to the Pt-solution or the sodium
borohydride). Also other MEA preparation methods can be examined in

future studies.

5.3.7 Outlook

In this study the electrical energy requirement for hydrogen production
through biocatalyzed electrolysis was about 2.2 kWh/Nm3 H. in both
configurations. This is much lower than the 4.4—5.4 kWh/Nm3 H. required
by commercial water electrolyzers (23). Our goal for future studies is to
reduce the electrical energy requirement of biocatalyzed electrolysis to
below 1.0 kWh/Nm3 H.. This implies that the applied voltage needs to be
lowered to at least 0.46 V. At the same time we aim at increasing the
volumetric hydrogen production rate from 0.3 (this study) to about 10 Nm3
H./m3 reactor liquid volume/day. Increasing the volumetric hydrogen
production rate means increasing the current density of the system. Based
on recent results achieved in our laboratories (22), we estimate that an
optimized biological anode is capable of achieving current densities of
between 5 and 10 A/mz2. At these current densities we can afford only 0.29 V

of potential losses (=applied voltage - equilibrium voltage=0.46 - 0.17 V). To
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achieve these goals, major improvements of the electrochemical and
geometrical design of the biocatalyzed electrolysis system are required.

This can only be achieved if the pH gradient associated potential losses
as observed in this study can be eliminated completely in an optimized
design of the biocatalyzed electrolysis system. For this purpose, the
interesting characteristics of the AEM in this respect need to be further
studied or other means of reducing the pH gradient associated potential loss
need to be explored (e.g., other types of membranes).

Next, ohmic losses must be reduced by minimizing the electrode spacing
and choosing better electrode materials (4). In order to reduce the ohmic
loss of the system to 0.05—0.10 V at 5—10 A/mz2, the total ohmic resistance of
the system needs to be reduced to between 50 and 200 Qcm?2. For
comparison, total ohmic resistances of water electrolyzers are typically in
the order of 1 Qcmz2 (5).

The overpotential of HER cathodes in water electrolyzers can be as low
as 0.025 V at 10000 A/m2 (5), which indicates that there is much room for
optimization of HER cathodes in biocatalyzed electrolysis. Assuming that
both the ohmic loss and the cathode overpotential can indeed be reduced to
0.05-0.10 V, anode overpotentials need to be reduced to 0.09-0.19 V.
Extrapolating recent results achieved in our laboratories (22), we believe
that achieving these kinds of anode overpotentials at current densities of 5—
10 A/mz2 is realistic, but will require much fundamental research into the
working principles of biological anodes.

Finally, an optimized system will also require an optimized geometrical
design. The biocatalyzed electrolysis system that was used in this study,
operating at a volumetric hydrogen production rate of 0.3 Nm3 H,/m3
reactor liquid volume/day (at about 2 A/m2), has an anode surface area to
system volume ratio of 12 m2/ms3 reactor liquid volume. In order to reach the
aimed volumetric production rate of 10 Nm3 H./m3 reactor liquid
volume/day (at 5—10 A/m?2), the anode surface area to system volume ratio
will have to increase to about 80—-160 m2/ms3 reactor liquid volume. Similar
anode surface area to system volume ratios have been demonstrated
previously in MFC studies (24). Applying them also to biocatalyzed

electrolysis brings the process another step closer to practical application.
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5.4 Conclusions

This study has shown that it is possible to operate biocatalyzed
electrolysis in single chamber configuration, although the performance at
voltages below 0.6 V was limited. The performance of single chamber
biocatalyzed electrolysis was comparable with a CEM and with an AEM in
the configuration, producing over 0.3 Nm3 H./m3 reactor liquid volume/day
at 1.0 V applied voltage. The coulombic efficiencies of both biocatalyzed
electrolysis configurations were low (around 23%), which was most likely
caused by the activity of methanogenic bacteria in the anode chamber. The
cathodic hydrogen efficiencies, on the other hand, were high (close to 100%)
in both configurations, which was the result of the high current densities
(between 2.0 and 2.5 A/m?2). The resulting overall hydrogen efficiencies for
both single chamber configurations were around 23%.

Analysis of the water that permeated through the membrane revealed
that a large part of potential losses in the system are associated with a pH
gradient across the membrane. This pH gradient is caused by the membrane
charge transport in the form of ions other than protons and hydroxyl ions.
These pH gradient related potential losses are more problematic for single
chamber configurations than for two-chamber configurations, as ion
concentrations increase more rapidly in a small amount of permeated water
in a single chamber configuration than in the total liquid content of a
cathode chamber in a two-chamber configuration.

The AEM is better capable of preventing the pH gradient across the
membrane than the CEM (CEM ApH=6.4; AEM ApH=4.4) as a result of its
alternative ion transport properties. Consequently, the pH gradient
associated potential losses were lower in the AEM configuration (CEM 0.38
V; AEM 0.26 V). In the AEM configuration, on the other hand, the reduced
pH gradient associated potential losses were counteracted by the increased
cathode overpotentials as compared to the CEM configuration (CEM 0.12 V
at 2.39 A/m2; AEM 0.27 V at 2.15 A/m2). SEM combined with element
analysis suggested that the increased cathode overpotentials in the AEM
configuration were the result of a less effective electroless plating method for
the AEM MEA.
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Intermezzo.
Understanding Cathode

pH Increase from the
Nernst-Planck Flux Equation

Chapter 3, 4, and 5 have shown that an increase of the cathode pH is
commonly observed in bioelectrochemical systems that are running on
wastewater and that these effect could not be eliminated by changing the
type of membrane. This seems to imply that the observed pH effects are
inherent to the use of membranes in bioelectrochemical systems that are
running on wastewater. This hypothesis is qualitatively investigated in this
short Intermezzo by approaching the problem of the cathode chamber pH
increase with the Nernst-Planck flux equation. This equation is commonly
used to describe the flux of an ion specie through a membrane as the sum of
three contributions: (i) convection, (ii) diffusion, and (iii) migration.
Without assuming anything about the type of ion exchange membrane, the
Nernst-Planck flux equation indeed predicts the occurrence of cathode
chamber pH increase. This cathode chamber pH increase can have a
significant negative effect on the performance of bioelectrochemical

systems and is an important issue to address in future research.
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I.1 Nernst-Planck flux equation

The total flux of an ion specie through a membrane can be described as
the sum of three contributions: (i) convection flux (Jeon), (ii) diffusion flux
(Jair), and (iii) migration flux (JImig). This is commonly described with the

Nernst-Planck flux equation (1,2):

Z F6| (X) ng

"odx " RT dx (1)

(: J conv) (: J i ) (: J mig )

with Jt the total flux of ion specie i through a membrane (mol/dm2/s), v the
velocity of the convective transport through the membrane (dm/s), Ci(x) the
concentration of ion specie i in the membrane (M) as a function of the
coordinate x in the membrane (dm) (varies from o to §, the thickness of the
membrane), D; the diffusion coefficient of ion specie i in the membrane
(dm2/s), zi the valence of ion specie i, F the Faraday constant (96485.3
C/mol), R the universal gas constant (8.3145 J/mol/K), T the temperature in
K, Fthe electrical potential (V),

dC(x
% the concentration gradient across the membrane, and
X
de -
d_ the electric field across the membrane.
X

The convection flux in the case of bioelectrochemical system (MFC or
biocatalyzed electrolysis) with membranes is zero, as the applied
membranes are typically non-porous and/or no pressure gradient exists
across the membrane to support convection. Without convection Equation 1

reduces to:

J =-D. + (2)
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As can be seen from Equation 2 the membrane ion flux in a
bioelectrochemical system is determined by (i) the diffusion flux, which is a
function of the concentration gradient across the membrane, and (ii) the
migration flux, which is a function of both the electric field across the

membrane and the concentration of an ion specie in the membrane.

1.2 Why does pH increase?

Consider the simple case of a two-chamber bioelectrochemical system
(MFC or biocatalyzed electrolysis) with only 4 types of ions present: protons
(H*), hydroxyl ions (OH-), univalent cations (C*, e.g., K*) and univalent
anions (A-, e.g., ClI). In this system the anode and cathode chamber are
separated by an ion permeable membrane.

Initially (Figure I.1; t=0), the cathode chamber ion composition is
identical to that of the anode chamber with a concentration of n M of
univalent cations and anions ([C*]=[A-]=n>>107 M) and a pH of 7 (i.e.,
[H+]=[OH-]=107 M=0 M). Furthermore, the anode chamber of this system
is considered to be ideally mixed and is continuously fed with fresh medium
(i.e., wastewater) at such a rate that the pH and composition in the anode
chamber always remain constant. As the concentrations in the anode and
cathode chamber are identical in the initial situation, the anode chamber is
in physical/chemical equilibrium with the cathode chamber.

Once the electrical circuit of the bioelectrochemical system is closed, the
electrode reactions start to take place and electrical current runs through the
system. At the anode, dissolved organic compounds (DOC, e.g., glucose,
acetic acid) are oxidized to form carbon dioxide, protons and electrons

(Equation 3):

DOC + wH.0 - xCO. +yH* +z e (3)
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At the cathode, proton consumption takes place in the oxygen reduction
reaction (MFC, Equation 4a) or hydrogen evolution reaction (biocatalyzed

electrolysis, Equation 4b):

MFC: O,+4H*+4e —2H,0 (4a)
Biocatalyzed electrolysis: 2 H* + 2 e~ — H» (4b)

As protons and hydroxyl ions are always in equilibrium with each other
through the water dissociation constant (Kw=[H+][OH-]=10"4), the proton

consumption can also be described as hydroxyl ion production:

MFC: 0, +2H,0 + 4e — 4 OH- (5a)
Biocatalyzed electrolysis: 2 H.O + 2 e-— H. + 2 OH- (5b)

When electrical current flows, electrons are transported from the anode
to the cathode chamber through the electrical circuit. In order to maintain
electroneutrality, membrane ion flux compensates for this electron
transport of negative charge from anode to cathode by the membrane
transport of an identical amount of net positive charge from anode to
cathode or net negative charge from cathode to anode. This driving force to
observe electroneutrality is expressed by a built-up of an electric field across
the membrane. As a result of this electric field cations migrate through the
membrane from the anode into cathode chamber and anions migrate
through the membrane from the cathode into anode chamber (Figure
I.1/Table I.1; t=0). Initially, only migrational transport of ions takes place as
the ion compositions of the anode and cathode chamber are still identical to
each other (i.e., the concentration gradient=0). Furthermore, protons and
hydroxyl are not considered to contribute substantially to this charge
transport through the membrane as their initial concentrations are orders of
magnitude lower than the other cation and anion concentrations in the

system.
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Figure I.1. Schematic representation of the anode/cathode chamber
concentrations (above) and membrane ion flux (below) during operation of a
bioelectrochemical system at t=0, t>0, and t=coc. Initially, the cathode chamber
ion composition is identical to that of the anode chamber with a concentration
of n M of univalent cations and anions ([C*]=[A-]=n>>10"7 M) and a pH of 7
(i.e., [H+*]=[OH]=107 M=0 M). I=electrical current; mig=migration;
dif=diffusion; C=cation; A= anion; OH=hydroxyl ion.

Table I.1. Parts of the membrane ion flux J contributing to the net membrane
charge transport (j=current density). A flux in the direction from anode to
cathode is defined positive; a flux in the direction from cathode to anode is
defined negative.

Remarks j=FZ(ZiJ i)

t=0  Jaif, c=Jdif, A=I mig, on=J aif, oH=0 j=FZ (Jmig, c-Jmig, o)

JImig, c+dif, c>0; ~Jmig, A-Jdif, A>0; .
>0 J=FX (Jmig, c+J aif, c-Imig, A-J dif, A-Imig, on-J dif, OH)
-Jmig, on>0; -Jdif, oH>0

t=co  Jaif, c+Jmig, c=0; -Jadif, A-Jmig, A=0 j=F2 (-Jmig, on-Jaif, o)
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As a result of the migration of cations and anions a concentration
gradient of cation and anions is built up across the membrane, i.e., the
cathode chamber cation concentration becomes higher than the anode
chamber cation concentration and the cathode chamber anion concentration
becomes lower than the anode chamber anion concentration. This built-up
of concentration gradient across the membrane results in a diffusion flux of
cations and anion in the opposite direction of the migration flux of cations
and anion, i.e., cations diffuse through the membrane from the cathode into
anode chamber and anions diffuse through the membrane from the anode
into cathode chamber (Figure I.1/Table I.1; t>0)).

A built-up of concentration gradient, however, also implies that a
concentration imbalance between cations and anions is created in the
cathode chamber. Whereas the cation and anion concentrations are identical
in the anode chamber, the cathode chamber will show an increased cation
concentration and a decreased anion concentration. In the cathode chamber
this concentration imbalance can only be compensated by the increase of the
concentration of hydroxyl ions, which are produced in the cathode reaction
(Equation 5a/b). By definition, this increase of the concentration of hydroxyl
ions implies that the pH has also increased. Furthermore, with the increased
concentration of hydroxyl ions it becomes more likely that the hydroxyl ions
also will start to contribute to the membrane ion flux.

The built-up of concentration gradient of cations and anions continues
until the migration of cations and anions in one direction will exactly equal
the diffusion of cations and anions in the opposite direction (Figure
I.1/Table I.1; t=). At this moment the contribution of these cations and
anions to the net membrane ion flux has become zero and the only
remaining ions in the system that can now substantially contribute to
membrane ion flux are the hydroxyl ions. The hydroxyl ions diffuse and
migrate from the cathode into the anode chamber, but are continuously
replenished through the cathode reaction (Equation 5a/b). From that
moment on, the flux of hydroxyl ions is exactly equal to the transport of
electrons from anode to cathode. By then, however, it is likely that the pH in
the cathode chamber has already increased substantially. This substantial

increase in pH comes from the fact that the pH scale is defined as a
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logarithmic scale and small concentration increases in the cathode chamber,
therefore, cause a large increase of the cathode chamber pH. For example, at
a hydroxyl ion concentration of only 1 mM ([OH-]=10-3) the pH has already
increased to pH 11.

Furthermore, continuing this argumentation, it can also be expected that
higher currents through the same system will result in a higher cathode pH
as higher currents will cause higher electric fields. This will increase
migration of cations and anions and will result in a higher cation and lower
anion equilibrium concentration (i.e., when Jaif, c+Jmig, c=0 and -Jaif, A-Jmig,
A=0). As a result, a higher concentration imbalance between cations and
anions will be created and more hydroxyl ions will be present (i.e., higher

pH) to compensate for this concentration imbalance.

1.3 What is the effect of membrane type?

The qualitative explanation of the cathode chamber pH increase given
above did not yet assume any specific type of membrane. This explanation,
therefore, is valid for any type of ion permeable membranes that is not 100%
selective for cations, anions, protons, or hydroxyl ions. As 100% selective
membranes do not exist, this means that all types of ion permeable
membranes will show a cathode chamber pH increase. The severity of the
cathode chamber pH increase, however, is influenced by the type of ion
permeable membrane. In this perspective 5 types of ion permeable
membranes can be discussed: (i) cation exchange membranes (CEMs), (ii)
anion exchange membranes (AEMs), (iii) charge mosaic membranes
(CMMs), (iv) neutral membranes, and (v) bipolar membranes (BPMs). The
difference between these membrane types can be understood most easily by
first looking at the first two categories of ion permeable membranes, i.e.,
CEMs and AEMs.

CEMs and AEMs typically consist of a polymer backbone to which
charged functional groups are attached. In case of a CEM, the functional
groups are negatively charged (e.g., sulfonate groups) and in the case of an
AEM, the functional groups are positively charged (e.g., quaternary

ammonium groups). Ions with a valence with a sign equal to that of the
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charged functional groups of the ion exchange membranes (i.e., co-ions) will
show a low concentration in the membrane. This is referred to a Donnan
exclusion. Ions with a valence with a sign opposite to that to the charged
functional groups (i.e., counter-ions), on the other hand, will show a high
concentration in the membrane to compensate for the fixed charge density
of the ion exchange membrane itself. As the fixed charge density of CEMs
and AEMs is typically around 3 to 5 M, the counter-ion concentration in the
membrane is often significantly higher than the concentration of the same
ions in the solution of a (bio)electrochemical system.

At the membrane surface the membranes are in equilibrium with the
solution according to the Donnan equilibrium (3). According to this
equilibrium, the hydroxyl ion concentration in the membrane at the anode
side of the membrane at t=0, t>0, and t=w, and in the membrane at the
cathode side of the membrane at t=0 can be assumed to be zero, as the
hydroxyl ion concentration in solution is also practically zero (pH 7 —
[OH-]=107 M=0 M). However, as explained above, at t>0 the hydroxyl ion
concentration in solution in the cathode chamber will increase and, as a
result, the hydroxyl ion concentration in the membrane at the cathode side
of the membrane will also increase. From the difference in the properties of
CEMs and AEMs with respect to their affinity for the negatively charged
hydroxyl ions, it can be expected that these membranes will show different
behavior. In contrast to an AEM, a CEM will show a high degree of Donnan
exclusion of hydroxyl ions. Consequently, at an identical hydroxyl ion
concentration in solution in the cathode chamber an AEM will show a much
higher hydroxyl ion concentration in the membrane at the cathode side of
the membrane than a CEM will show. This difference in hydroxyl ion
concentration in the membrane at the cathode side of these membranes will
have important consequences for the flux of hydroxyl ions (Equation 2).

As a result of the higher membrane hydroxyl ion concentration at the
cathode side of an AEM, the concentration of hydroxyl ions throughout the
complete membrane will be higher in an AEM than in a CEM. Furthermore,
as the hydroxyl ion concentration at the anode side of the membrane will
remain practically zero, also the concentration gradient of hydroxyl ions in
an AEM will be higher than in a CEM under the same conditions.

_138_



Understanding cathode pH increase

Consequently, based on Equation 2, it can be expected that at a comparable
hydroxyl ion concentration in solution in the cathode chamber, the flux of
hydroxyl ions will be higher in case of an AEM than in case of a CEM. At
t=co, therefore, when the flux of hydroxyl ions from cathode to anode is
exactly equal to the transport of electrons from anode to cathode, the
hydroxyl ion concentration in solution in the cathode chamber is expected to
be lower in case of an AEM than in case of a CEM. Consequently, the
cathode chamber pH at t=w is expected to be lower in case of an AEM than
in case of a CEM. This was indeed observed in the experiments that are
described in Chapter 5.

CMMs contain both negatively charged and positively charged functional
groups. From theory, the behavior of an ideal CMM with respect cathode
chamber pH increase, therefore, is expected to be in between that of CEMs
and AEMs, i.e., with an equilibrium pH (t=) above that in the case of AEMs
and below that in case of CEMs. This can also be expected for neutral
membranes as they contain neither negatively charged nor positively
charged functional groups.

Finally, BPMs, which are composed of a cation exchange layer on top of
an anion exchange layer, should theoretically show no pH increase, as the
working principle of BPMs is based on water splitting into protons and
hydroxyl ions inside the membrane (1). Unfortunately, the water splitting
efficiency of BPMs under the conditions valid for bioelectrochemical
systems, is typically around 70% (4,5). This means that for the other 30%
the BPM also transport cations and anions. Therefore, the cathode chamber
pH will also increase in the case of a BPM, but the pH increase will be much
slower. This was indeed observed for BPMs in the experiments as described
in Chapter 4. How the equilibrium cathode chamber pH compares to that of
the other ion permeable membranes is hard to predict, but judging from
Figure 4.3 (Chapter 4) it is not expected to be much lower than that of the

other membrane types.

1 The cathode chamber pH increase for CEMs and AEMs can also be quantitatively assessed
by modeling Equation 2. For this purpose, the Donnan equilibrium needs to be calculated
and either the concentration gradient (Henderson approach) or the electrical field
(Goldman approach) needs to be assumed constant (3). This quantitative modeling,
however, goes beyond the scope of this PhD thesis.
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I.4 What is the effect of cathode chamber pH
increase?

As mentioned above, the pH scale is a logarithmic scale. Therefore,
relatively small increases of the hydroxyl ion concentration relative to the
hydroxyl ion concentration at pH 7 ([OH-]=107) already cause large pH
increases. This has important consequences for the performance of the
bioelectrochemical system. Hydroxyl ions (or protons) are involved in the
cathode reaction of both the MFC and biocatalyzed electrolysis (Equation 5),
and the concentration of hydroxyl ions (i.e., pH), therefore, influences the
cathode potential. The influence of the concentration of hydroxyl ions on the

cathode potential is described by the Nernst equation (Chapter 1):

RT
Ecat = E(?at - E In (H) (6)

Assuming other concentrations (e.g., O. and H.) remain constant, the

cathode potential is described as:

E§=E§—RTH1[OH}” )
N= [OH ]

t=0

with E}” and E_ the cathode potential at t=0 and t>0 respectively.

In Equation 7 a denotes the reaction coordinate of the hydroxyl ions in
the cathode reaction (Equation 5). As the hydroxyl ions are equimolarly
produced with the electron consumption in the cathode reaction of both

MFCs and biocatalyzed electrolysis a equals n and therefore:

E$=E$—RTm[DHL” (8)
F \[OH ],
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Because the pH scale is a logarithmic scale, a cathode chamber pH increase

of 1is a 10-fold increase of the hydroxyl ion concentration:

If ApH =1 —
o 8.3145-298.15
- 96485.3

(9)

>0 _
Ecat -

In(10)=ES’ - 0.059 V

Every cathode chamber pH increase of 1 unit thus represents a cathode
potential loss of 59 mV (Figure I.2A). At a constant anode chamber pH of 7,
this can have significant consequences for the emf of bioelectrochemical

systems (Figure 1.2B).

1.5 15 ¢
A B
E 1.0 1 1.0 1
IS »
5 05 . S 05
Q b C
eX £ LO\O\O\O\A
[+H] Q
T 0.0 ¢ 0.0
L
©
© 0.5 0.5
7P ] —e— OyH,0 7 | —e— mFC ’
- —o— H'H, 15 —o— Biocatalyzed Electrolysis
0 2 4 6 8 10 12 14 0 2 4 6 8§ 10 12 14

Cathode chamber pH (-) Cathode chamber pH (-)

Figure I.2. Influence of the cathode chamber pH on (A) cathode potential and
(B) electromotive force (emf) in bioelectrochemical systems (MFC and
biocatalyzed electrolysis) with an anode chamber at a constant pH of 7. The
anode potential at pH 7 is -0.296 V ([HCO;]=[CH;COO-]=5 mM).

For example, at a cathode chamber pH of 12, the cathode potentials of
both the oxygen reduction reaction and the hydrogen evolution reaction
have decreased with 0.30 V relative to the value at pH 7 (Figure 1.2A). At a
constant anode pH of 7, this means that the electromotive force in the case
of an MFC decreases from 1.10 V to 0.80 V and in the case of biocatalyzed
electrolysis decreases from -0.12 V to -0.41 (Figure 1.2B). In both cases this
means that energy is lost, i.e., in case of an MFC less electrical energy is

produced and in case of biocatalyzed electrolysis more electrical energy is
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required to start the reaction (i.e., the theoretical energy requirement for
hydrogen production increases from 0.26 to 0.89 kWh/Nms3 H.,).

However, Figure 1.2A also shows that this principle can work the other
way around as well, i.e., cathode potentials increase with a decreasing
cathode pH. If, for example, the cathode chamber pH decreases from 7 to 2,
the cathode potentials of both the oxygen reduction reaction and the
hydrogen evolution reaction increase with 0.30 V. At a constant anode
chamber pH of 7, this means that the electromotive force in the case of an
MFC increases from 1.10 V to 1.40 V and in the case of biocatalyzed
electrolysis increases from -0.12 V to 0.18 V (Figure 1.2B). In both cases this
means that energy is gained, i.e., in case of an MFC more electrical energy
can be produced and in case of biocatalyzed electrolysis less electrical energy
is required to start the reaction (i.e., instead of theoretically requiring 0.26
kWh/Nms3 H. the system can theoretically even produce 0.39 kWh/Nms3 H.
in addition to the hydrogen production).
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Hydrogen Production with a

Microbial Biocathode

This chapter for the first time describes the development of a microbial
biocathode for hydrogen production that is based on a naturally selected
mixed culture of electrochemically active microorganisms. This is achieved
through a three phase biocathode start up procedure that effectively turned
an acetate and hydrogen oxidizing bioanode into a hydrogen producing
biocathode by reversing the polarity of the electrode. The microbial
biocathode that was obtained in this way had a current density of about
-1.1 A/m2 at a potential of -0.7 V. This was 3.6 times higher than that of a
control electrode (-0.3 A/m2). Furthermore, the microbial biocathode
produced about 0.63 Nm3 Hx/m3 cathode liquid volume/day at a cathodic
hydrogen efficiency of 49% during hydrogen yield tests, whereas the
control electrode produced 0.08 Nm3 Hz/m3 cathode liquid volume/day at
a cathodic hydrogen efficiency of 25%. The effluent of the biocathode
chamber could be used to inoculate another electrochemical cell that
subsequently also developed an identical hydrogen producing biocathode
(-1.1 A/mZ at a potential of -0.7 V). SEM photos were taken of both
microbial biocathodes and showed a well developed biofilm on the
electrode surface.
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6.1 Introduction

Since the discovery of direct electron transfer by electrochemically active
microorganisms on electrodes at the end of the last century (1),
bioelectrochemical conversion of wastewaters has become a rapidly
emerging research field (2). The most studied bioelectrochemical conversion
technologies so far are: (i) microbial fuel cells (MFCs) for electricity
production (3), and (ii) biocatalyzed electrolysis (or BEAMR process) for
hydrogen production (4-6). Many research challenges, however, still remain
before bioelectrochemical conversion of wastewater can be considered to be
a mature wastewater treatment technology. One of the largest research
challenges in this respect is the cathode catalyst.

Laboratory MFC or biocatalyzed electrolysis systems typically apply
platinum as the cathode catalyst as platinum has proven to be an effective
cathode catalyst in conventional fuel cells and electrolyzers. However,
conventional fuel cells and electrolyzers typically operate at current
densities (~103 to 104 A/m?2) that are orders of magnitude higher than those
of MFCs and biocatalyzed electrolysis systems (~1 to 10 A/m2). In fact, as a
result of the low current densities, MFCs and biocatalyzed electrolysis
systems produce too little electricity or hydrogen per amount of platinum to
justify the use of such an expensive material as the cathode catalyst. This has
encouraged researchers to look for alternative cathode catalysts in MFCs
and biocatalyzed electrolysis systems.

Microbial biocathodes hold great promise as an alternative cathode
catalyst as they combine the advantage of an inexpensive electrode material
(e.g., graphite) with the fact that they are self-regenerating (7). Several
interesting microbial biocathode concepts have already been implemented
successfully for catalyzing cathodic oxygen reduction in MFCs. These
concepts include cathode systems that are based on redox cycling of
transition metals (e.g., Mn and Fe) between the cathode and metal-oxidizing
bacteria (8-10) and systems that are based on direct electron transfer by
electrochemically active microorganisms (11). However, biocathode concepts
that so far were developed for catalyzing cathodic hydrogen production have

mostly been enzymatic (12,13) and not microbial. Enzymatic biocathodes
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have the important drawback that they are relatively instable and that they
are not self-regenerating (14).

The only microbial biocathode concept that was developed so far for
catalyzing cathodic hydrogen production was based on an immobilized pure
culture of Desulfovibrio vulgaris with methyl viologen as a redox mediator
(15,16). However, a mixed culture, mediator-less microbial biocathode,
especially when based on a naturally selected mixed culture, would be much
more desirable with respect to the stability of operation of biocatalyzed
electrolysis systems.

The objective of this study, therefore, was to develop a novel microbial
biocathode system for hydrogen production that is based on a naturally
selected mixed culture of electrochemically active microorganisms. Our
strategy for achieving such a microbial biocathode system was based on the
well-known reversibility of hydrogenases (17). Based on this hydrogenase
reversibility we developed the following three phase biocathode start up
procedure (Figure 6.1): (A) start up of an acetate and hydrogen oxidizing
bioanode after inoculation with a mixed culture of electrochemically active
microorganisms, (B) adaptation to hydrogen oxidation only, and (C) polarity

reversal to a hydrogen producing biocathode and adaptation.
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Figure 6.1. Overview of the three phase biocathode start up procedure (C+ =
cations): (A) start up of an acetate and hydrogen oxidizing bioanode after
inoculation with a mixed culture of electrochemically active microorganisms,
(B) adaptation to hydrogen oxidation only, and (C) polarity reversal to a
hydrogen producing biocathode and adaptation.
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6.2 Materials and methods

6.2.1 Biocatalyzed electrolysis cell

The experiments were performed in two identical electrochemical cells.
The electrochemical cells consisted of 4 Plexiglas plates of 22 x 32 cm
(Figure 6.2) of which the two outer plates served as the heating jacket for
temperature control (303 K). The two inner plates served as the electrode
chambers and were separated from each other by a cation selective
membrane (Fumasep® FKE, FUMA-Tech GmbH). The electrode chambers
consisted of vertically orientated channels (width 1.5 cm; depth 1 cm) for
liquid transport (volume 0.25 L), and a headspace for gas collection (volume
0.03L).

0

R0
0

—

Figure 6.2. Design of the Plexiglas plates (22 x 32 cm) of the electrochemical
cells. The two outer plates served as the heating jacket for temperature
control; the two inner plates served as the electrode chambers and were
separated from each other by a cation selective membrane (Fumasep® FKE,
FuMA-Tech GmbH, Germany).

Both electrode chambers contained graphite felt (effective surface area
250 cmz?; thickness 6.5 mm — National Electrical Carbon bv) as the
electrode material. Three gold wires were pressed onto the graphite felt
electrodes for current collection. Both electrode chambers were equipped
with a Haber-Luggin capillary that was connected to an Ag/AgCl reference
electrode (QM710X, ProSense bv). The electrochemical cells were each

connected to a potentiostat (Wenking Potentiostat/Galvanostat KP5V3A,
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Bank IC) and operated as a 3-electrode setup (18). The working electrode of
one of the electrochemical cells was inoculated and subjected to the three
phase biocathode start up procedure (see below). This electrode is referred
to as the bioelectrode (during biocathode start up) or biocathode (after
biocathode start up). The working electrode of the other electrochemical
cell, which was not inoculated and not subjected to the three phase

biocathode start up procedure, is referred to as the control electrode.

6.2.2 Experimental set-up

Figure 6.3 shows a schematic overview of the experimental set-up. The
bioelectrode and the control electrode chamber were operated in continuous
mode by supplying microbial nutrient medium (1.3 mL/min). Prior to
entering the bioelectrode chamber the microbial nutrient medium was
flushed with nitrogen from a nitrogen generator (purity >99.9%). The
standard microbial nutrient medium was without carbon source and
contained (in deionized water): 0.74 g/L KCI, 0.58 g/L NaCl, 0.68 g/L
KH2PO4, 0.87 g/L KoHPO4, 0.28 g/L NH4CI, 0.1 g/L MgS04.7H20, 0.1 g/L
CaCl2.2H20, and 1 mL/L of a trace element mixture (19). During the
biocathode start up, the standard microbial nutrient medium was
supplemented with 10 mM sodium acetate or 10 mM sodium bicarbonate
(Table 6.1). The counter electrode chamber contained a 100 mM potassium
ferricyanide/ferrocyanide solution that was recycled (80 mL/min) over a 10
L buffer vessel.

The bioelectrode chamber solution was recycled (250 mL/min) over a
gas washing bottle (640 ml). Liquid effluent left the gas washing bottle via a
water lock to prevent diffusion of oxygen into the bioelectrode chamber. The
headspace of the bioelectrode and control electrode chamber could be
flushed with H2 (>99.9992%), N2 (>99.9992%), or CO (>99.997%) from a
cylinder. Excess gas, either supplied or produced, left the system via the gas
washing bottle and a gas flow meter (Milligascounter®, Ritter). The gas
washing bottle contained a pH electrode for controlling the anode chamber
at pH 7 by dosing with 1 M NaOH or 1 M HCI (Liquisys M CPM 253, Endress
+ Hauser). The electrochemical cells were connected to a data logger

(Ecograph T, Endress + Hauser), which continuously logged the applied

- 149 -




Chapter 6

voltage, current, anode potential, cathode potential, pH, temperature, and
gas production. All potentials are reported against the normal hydrogen
electrode (NHE).
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Figure 6.3. Schematic overview of the experimental set-up.

6.2.3 Experimental procedures

The bioelectrode chamber was inoculated with a mixed culture of
electrochemically active microorganisms by adding 100 mL effluent taken
from an active bioelectrochemical cell (20). Subsequently, the bioelectrode
was subjected to the three phase biocathode start up procedure (Figure 6.1).
Table 6.1 shows the differences in the experimental conditions during the
three phases of the biocathode start up procedure.

After inoculation (phase A) the bioelectrode chamber was initially
operated in batch mode (standard microbial nutrient medium supplemented
with 17 mM sodium acetate). This was done to allow the electrochemically
active microorganisms to adapt to the bioelectrode chamber without being
washed out immediately. At t=50 h current generation started and the
operation was switched from batch to continuous mode by starting the
supply of microbial nutrient medium. When the headspace of the
bioelectrode chamber was flushed with hydrogen gas (phase A and B), the
gas phase of the gas washing bottle was recycled (10 L/min) over the liquid
phase of the gas washing bottle using a vacuum pump to achieve a high level

of hydrogen saturation in the recycled bioelectrode chamber solution.
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Table 6.1. Experimental conditions during the three phase biocathode start up
procedure

Phase A Phase B Phase C
Medium supplement 10 mM NaCH;COO 10 mM NaHCO; 10 mM NaHCO;
Headspace flushing H, H, N,
Bioelectrode potential (V) 0.1/-0.2 -0.2 -0.7

In between phase B and C of the biocathode start up procedure the
proper bioelectrode potential for biocathode operation was determined by
means of a polarity reversal scan. During this scan the bioelectrode potential
was lowered from -0.2 to -0.8 V at a scanrate of 0.025 mV/s using a
potentiostat (Autolab PGSTAT12, Eco Chemie bv).

After start up the biocathode was compared to the control electrode on
the basis of polarization curves, which were obtained by means of
chronoamperometry. For this purpose current generation was logged every
5 minutes for 1 hour at -0.8, -0.75, -0.7, -0.65, -0.6, and -0.55 V. The last 5
data points at every potential were averaged and plotted in the polarization
curve. Subsequently, the biocathode was compared to the control electrode
on the basis of hydrogen yield tests. The hydrogen yield tests (duplicate)
were performed in batch mode at -0.7 V and lasted for 48 hours. At the start
of the experiment the headspace of the biocathode and the control electrode
chamber contained only nitrogen. During the hydrogen yield tests the
headspace of biocathode chamber was sampled 7 times and analyzed for its
hydrogen fraction with a gas chromatograph (Shimadzu GC-2010 equipped
with a thermal conductivity detector and a Varian molsieve 5A column). Due
to the low gas production of the control electrode, the headspace of the
control electrode chamber could only be sampled/analyzed twice (at the
beginning and at the end of the hydrogen vyield test). The hydrogen
production was calculated from the total gas production and the measured
hydrogen fractions by means of a mass balance equation as described in
(21).

Next, both the biocathode and the control electrode were subjected to an
inhibition test. During the inhibition test the biocathode and the control
electrode chamber of both electrochemical cells were flushed with carbon

monoxide. After a carbon monoxide exposure period of 20 hours, the
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headspace of both reactors was flushed again with nitrogen to remove the

carbon monoxide.

6.2.4 Scanning electron microscopy (SEM)

Electrode samples were fixed for 2 hours in 3% glutaraldehyde, twice
washed for 15 minutes in PBS buffer (10 mM, pH 7.4), dehydrated in graded
series of ethanol (10%, 25%, 50%, 75%, 90% and two times 100% with 20
minutes for each stage), and dried in a desiccator. The samples were coated
with gold and observed with a JEOL JSM-6480LV SEM (acceleration
voltage 6 kV, HV-mode, SEI detector).

6.3 Results and discussion

6.3.1 Biocathode start up

The bioelectrode was subjected to the three phase biocathode start up
procedure (Figure 6.1; Table 6.1). The development of current generation
during the three phases of the biocathode start up procedure is shown in
Figure 6.4. During phase A the bioelectrode was first started up as an acetate
and hydrogen oxidizing bioanode at a potential of 0.1 V (Figure 6.4A).
During this phase the headspace of the bioelectrode chamber was
continuously flushed with hydrogen gas. At t=167 h current generation
stabilized (~7 A/m2) and the bioelectrode potential was lowered to -0.2 V.

Phase B of the biocathode start up procedure was started at t=197 h
(current density: 5 A/m2) by removing the 10 mM sodium acetate from the
microbial nutrient medium and replacing it with 10 mM sodium
bicarbonate. Hydrogen gas remained as the only available electron donor for
anodic current generation. Two tests were done to investigate whether the
anode was indeed oxidizing hydrogen: (i) the supply of hydrogen to the
bioelectrode chamber was twice increased by changing the liquid recycling
rate over the gas washing bottle from 250 to 500 mL/min to see whether
current generation would increase, and (ii) the hydrogen flushing was twice
replaced by nitrogen flushing to see whether current generation would

decrease (Figure 6.4B). This indeed confirmed that hydrogen was oxidized
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and suggested that the electrochemically active microorganisms had an
active hydrogen metabolism.
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Figure 6.4. Development of current generation during the three phase
biocathode start up procedure: (A) start up of an acetate and hydrogen
oxidizing bioanode after inoculation with a mixed culture of electrochemically
active microorganisms, (B) adaptation to hydrogen oxidation only, and (C)
polarity reversal to a hydrogen producing biocathode and adaptation. (1)
inoculation of the reactor at a bioelectrode potential of 0.1 V, (2) operation is
switched from batch to continuous mode, (3) bioelectrode potential is lowered
from 0.1 to -0.2 V, (4) sodium acetate is removed from the microbial nutrient
medium and replaced by sodium bicarbonate, (5) liquid recycling rate over the
gas washing bottle is increased from 250 to 500 mL/min, (6) liquid recycling
rate over the gas washing bottle is decreased from 500 to 250 mL/min, (7)
hydrogen flushing is replaced by nitrogen flushing, (8) nitrogen flushing is
replaced by hydrogen flushing, (9) polarity reversal scan (Figure 6.5), and (10)
bioelectrode operation is controlled at a potential of -0.7 V and hydrogen
flushing is replaced by nitrogen flushing.
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Next, in between phase B and C the proper bioelectrode potential for
biocathode operation was determined by means of a polarity reversal scan
(Figure 6.5). During the polarity reversal scan anodic current generation
stopped at about -0.3 V, which is a typical open circuit potential for a
bioanode (3). Cathodic current generation started at a bioelectrode potential
of about -0.65 V, which is 0.23 V below the theoretical potential for
hydrogen formation at pH 7 (-0.42 V).
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Figure 6.5. Polarity reversal scan of the bioelectrode from -0.2 to -0.8 V at a
scanrate of 0.025 mV/s.

To stimulate the development of a hydrogen producing biocathode, the
bioelectrode potential was controlled at -0.7 V during phase C of the
biocathode start up procedure, i.e., at a slightly lower value than the value at
which cathodic current generation had started during the polarity reversal
scan. Hydrogen flushing was replaced by nitrogen flushing. From t=270 h
until t =590 h the cathodic current increased from -0.3 to about -1.2 A/m?
(Figure 6.4C), which suggested that the consortium of electrochemically

active microorganisms was adapting to cathodic current generation.

6.3.2 Polarization curves

After the biocathode start up the performance of the biocathode was

compared to that of a control electrode on the basis of polarization
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curves (Figure 6.6). The biocathode outperformed the control electrode with
respect to current generation over the complete measuring range of the
polarization curves. Furthermore, at a potential of -0.7 V the biocathode
even outperformed a platinum coated titanium electrode that was used in
previous experiments under comparable conditions (6). At -0.7 V the
current density of the biocathode was about -1.1 A/m2, which was about 3.6
times that of the control electrode (-0.3 A/m2) and 2.4 times that of the

platinum coated titanium electrode (-0.47 A/m?2) used previously.
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Figure 6.6. Polarization curves of the biocathode compared to a control
electrode. The cross indicates the performance of a platinum coated titanium
electrode that was used in previous experiments under comparable conditions

(6).
6.3.3 Hydrogen yield tests

After the biocathode start up initially only methane was produced and no
hydrogen could be detected. Presumably, the produced hydrogen was
consumed directly by hydrogenotrophic methanogens that were naturally
selected from the inoculum due to the presence of bicarbonate as a carbon
source during the biocathode start up. Therefore, from about 150 hours
prior to performing the hydrogen yield tests bicarbonate was removed from
the microbial nutrient medium. This was a successful strategy to prevent

hydrogenotrophic  methanogenic consumption of hydrogen gas.
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Remarkably, these carbon limited conditions have remained for over 1000
hours and did not influence cathodic current generation of the biocathode.

The results of the hydrogen yield tests are shown in Figure 6.7. During
the hydrogen yield tests at a cathode potential of -0.7 V the average cathodic
current generation of the biocathode was about -1.2 A/m2, while that of the
control electrode was about -0.3 A/m2.
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Figure 6.7. Measured hydrogen production (H;) and expected hydrogen
production based on the cumulative charge production (Hz - charge) of the
biocathode and the control electrode during 48 hour hydrogen yield tests at a
cathode potential of -0.7 V.

During the hydrogen yield tests the biocathode produced about 0.31 L of
hydrogen gas, which was over 8 times the hydrogen production of the
control electrode (0.04 L). This corresponds to an average volumetric
hydrogen production rate during the hydrogen yield tests of about 0.63 Nm3
H>/m3 cathode liquid volume/day for the biocathode chamber and 0.08
Nms3 H>/m3 cathode liquid volume/day for the control electrode chamber.
Furthermore, the cathodic hydrogen efficiency (i.e., the measured hydrogen
production compared to the expected hydrogen production based on the
cumulative charge production) of the biocathode was about 49% (i.e., ~4 e-
— H>), whereas that of the control electrode was 25% (i.e., ~8 e- — Hy).

Most of the hydrogen loss in the electrochemical cell with the biocathode

can be explained from the diffusional loss of hydrogen through the
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membrane (4,6). The cation selective membrane (Fumasep® FKE) used in
this experiment was over three times thinner than the Nafion® membrane
we have used previously (6). Using the average hydrogen headspace
concentration during the hydrogen yield tests of about 28.5% and assuming
that the diffusion coefficient and solubility of hydrogen in the Fumasep®
FKE membrane is similar to that in Nafion® (22), we estimate (23) that
about 0.27 L of the produced hydrogen was lost through diffusion from the
biocathode chamber into the anode chamber. This amount of hydrogen
explains about 82% of the difference between the measured hydrogen
production and the expected hydrogen production based on the cumulative
charge production in Figure 6.7. As reported previously (6,21), the relative
importance of this diffusional loss of hydrogen becomes smaller at higher
current densities. Furthermore, the use of thicker membranes can reduce

the absolute amount of this diffusional loss of hydrogen.

6.3.4 Indications for the microbial origin of the biocathode

The experiments so far gave a strong indication that the developed
biocathode for hydrogen production was indeed of a microbial origin.
During phase C of the biocathode start up procedure cathodic current
generation (Figure 6.4C) increased to about -1.2 A/m2. This cathodic current
generation was significantly higher that of the control electrode (-0.3 A/m?2)
and remained stable over long periods of time (>2000 h). These
observations are in line with what would be expected from a growing,
adapting, and regenerating consortium of electrochemically active
microorganisms. However, this indication does not yet unequivocally proof
that the biocathode is of a microbial origin.

Therefore, a carbon monoxide inhibition test was performed (Figure
6.8). Carbon monoxide is a well known inhibitor for iron-hydrogenases, i.e.,
the type of hydrogenases that are most often associated with microbial
hydrogen production (24,25). The carbon monoxide inhibition test showed
that the performance of the biocathode was indeed negatively affected by the
presence of carbon monoxide and that this effect could be completely
reversed by removing the carbon monoxide through nitrogen flushing. This

agrees with the expected behavior of a microbial biocathode.
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Figure 6.8. Current development of the biocathode and the control electrode in
response to carbon monoxide flushing: (1) start of carbon monoxide flushing
of the headspace of the biocathode chamber and the control electrode
chamber, and (2) end of carbon monoxide flushing and start of nitrogen
flushing of the headspace of the biocathode chamber and the control electrode
chamber.

Subsequently, we investigated whether the effluent of the biocathode
chamber could be used to inoculate and start up another biocathode. For
this purpose we inoculated the control electrode chamber by connecting the
medium outlet of the biocathode chamber to the medium inlet of the control
electrode chamber for a period of about 100 hours (Figure 6.9). At first, no
significant increase of the cathodic current generation of the control
electrode could be observed, but after supplementing the microbial nutrient
medium with a carbon source (10 mM sodium bicarbonate), cathodic
current generation increased to about -1.1 A/m2, effectively turning the
control electrode into another biocathode. After removal of the carbon
source from the microbial nutrient medium, current generation remained
stable and hydrogen production could be detected. The fact that the effluent
of the biocathode could be used for the inoculation and start up of another
biocathode is an extra indication that the biocathode is of a microbial origin.

Finally, the electrochemical cells were disassembled and samples of both
biocathodes, i.e., original biocathode and former control electrode, were
investigated with SEM (Figure 6.10). A well developed biofilm could be
observed on all electrode samples. This again indicated that the biocathode
was of a microbial origin. Furthermore, the original biocathode (Figure
6.10B) generally had a thicker biofilm layer than the former control
electrode (Figure 6.10C). This was not unexpected as the original biocathode

had also been operated as a bioanode during the biocathode start up and
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had been operated as a biocathode for over 2000 hours, while the former
control electrode had only been operated as a biocathode for less than 600
hours.
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Figure 6.9. Current development of the control electrode after inoculation
(dotted line = no data due to power cut): (1) inoculation of the control
electrode chamber by connecting the medium outlet of the biocathode
chamber to the medium inlet of the control electrode chamber, (2)
disconnection of the medium outlet of the biocathode chamber from the
medium inlet of the control electrode chamber and start of the supply of
standard microbial nutrient medium (i.e without carbon source), (3) start of
the supply of standard microbial nutrient medium supplemented with 10 mM
sodium bicarbonate, and (4) start of the supply of standard microbial nutrient
medium (i.e., without carbon source).
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Figure 6.10. SEM photos of fibers of graphite felt electrode samples: (A)
unused electrode, (B) original biocathode that had been operated as a
biocathode for over 2000 h, and (C) former control electrode that had been
operated as a biocathode for less than 600 h.

6.3.5 Future research and outlook

In a previous study (21), we estimated that the volumetric production
rate of biocatalyzed electrolysis systems can be improved to about 10 Nm3
H>/m3 reactor liquid volume/day at an energy input of below 1 kwh/Nms3
H»>. For the cathode performance this objective implies that the cathode

overpotential needs to be reduced to about 0.05 to 0.10 V at a current
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density of -5 to -10 A/m2, which means that at pH 7 the cathode potential
needs to be in the range -0.47 to -0.52 V at a current density of -5 to -10
A/mz2. The microbial biocathode of this study had a current density of about
-1.2 A/m2 at a potential of -0.7 V (i.e., cathode overpotential -0.42--0.7 =
0.28 V), which shows that the performance of microbial cathode needs to be
improved in order to reach the above objective. Nevertheless, the
performance of the microbial biocathode of this study is already a significant
improvement compared to our previous study with a platinum coated
titanium electrode as the cathode, which showed less than half of this
current density (i.e., -0.47 A/m2) at an identical overpotential and under
comparable conditions (6). Furthermore, there is no reason to assume that
the microbial biocathode cannot be improved much further. In the last
decade power production of MFCs has increased by several orders of
magnitude (26), partly due to a better understanding of the bioanode. To get
a better understanding of the microbial biocathode, future research work
amongst others should focus on identifying the responsible microbial
species that catalyze cathodic hydrogen production, elucidating their
electron transfer mechanisms, and understanding their ATP generation
mechanisms.

Another important topic that needs a better understanding is the role
and the effects of the carbon limited conditions that were applied in this
study to prevent hydrogenotrophic methanogenic consumption of the
produced hydrogen gas. These carbon limited conditions were maintained
for over 1000 hours without any significant loss of performance. As it seems
unlikely that microorganisms survive that long without any carbon source, it
is probable there has been an alternative carbon source present in the
system. The electrochemically active microorganisms might have used
decaying biomass as a carbon source that was likely present after the
biocathode start up. Furthermore, some carbon dioxide might still have
been present in the influent (although it was flushed with nitrogen) or
diffused through the membrane from the counter electrode chamber. It is
important to investigate what the optimal carbon source availability should
be for maintaining a well-performing microbial biocathode as the removal of

the bicarbonate from the microbial nutrient medium was a successful
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strategy to prevent hydrogenotrophic methanogenic consumption of
hydrogen.

Nevertheless, the results described in this chapter comply with the
objective of a microbial biocathode system for hydrogen production that is
based on a naturally selected mixed culture of electrochemically active
microorganisms. This is an important finding as it allows for the use of
inexpensive electrode materials and holds great promise for the cost-
effective production of hydrogen gas from wastewaters through biocatalyzed

electrolysis.
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Concluding Remarks

and Outlook

This final chapter discusses the status and future potential of hydrogen
production through biocatalyzed electrolysis. This is done by summarizing
the insights that were gained in this PhD thesis, by evaluating the possible
applications of biocatalyzed electrolysis, and by critically assessing which
scale-up and research issues need to be addressed before biocatalyzed
electrolysis can be referred to as a mature technology for hydrogen
production from wastewaters.

It is expected that volumetric hydrogen production rates can be
improved to over 10 Nm3 H>/m3 reactor volume/day at an energy input of
below 1 kWh/Nm3 H> by improving the performance of the critical
biocatalyzed electrolysis system components (bioanode, membrane, and
cathode). However, to get to a mature hydrogen production technology, it
is also important to realize a cost-effective scale-up that considers ohmic
losses and material costs.
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7.1 General conclusion

This PhD thesis describes the first steps in the development of
biocatalyzed electrolysis, a promising new technology for hydrogen
production from wastewaters. Biocatalyzed electrolysis makes a much wider
variety of wastewaters than before suitable for hydrogen production as it
found a novel means of dealing with the endothermic reactions that are
inherent to hydrogen production from wastewaters. Technologies that are
currently regarded as “state of the art” for hydrogen production from
wastewaters are not able to deal with these endothermic reactions (i.e., dark
fermentation) or deal with them in an impractical way by using sunlight
(i.e., photoheterotrophic fermentations). Biocatalyzed electrolysis, on the
other hand, deals with these endothermic reactions in a practical way by
using small amounts electrical energy to overcome thermodynamic barriers.

The innovative step of the biocatalyzed electrolysis process is the
application of electrochemically active microorganisms for hydrogen
production. Electrochemically active microorganisms are capable of
exocellular electron transfer, which enables them to grow on an electrode
surface while using the electrode as an electron acceptor for the oxidation of
dissolved organic compounds (e.g., in wastewater). This creates a bioanode
that can be coupled to a hydrogen producing (bio)cathode by means of an
electrical circuit. Subsequently, the required energy input to overcome
thermodynamic barriers can be supplied electrically by including a power
supply in the electrical circuit.

Electrochemically active microorganisms can be naturally selected from
a wide range of inocula (1) and have proven to be capable of utilizing a wide
range of dissolved organic compounds that commonly occur in wastewaters,
such as sugars (2-4), fatty acids (5), and proteins (6). This makes
biocatalyzed electrolysis technology an interesting hydrogen production

process for a wide range of applications.
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7.2 Applications

7.2.1 Wastewater treatment

From a wastewater treatment perspective biocatalyzed electrolysis can be
seen as a method to produce a high quality COD stream (i.e., hydrogen rich
gas) from a diluted COD stream (e.g., domestic wastewater) at the cost of a
small energy input. In terms of COD loading rates future biocatalyzed
electrolysis systems are expected to perform in between high rate aerobic
systems (up to 5 kg COD/m3 reactor volume/day) and high rate anaerobic
systems (more than 10 kg COD/ms3 reactor volume/day) (7). For example, a
biocatalyzed electrolysis system that produces 10 Nm3 Hx/m3 reactor
volume/day at 90% cathodic hydrogen efficiency (Paragraph 7.4.1) converts
about 7 kg COD/m3 reactor volume/day.

There are many kinds of reduction processes used on wastewater
treatment plants that require large amounts of electron donor. These
reduction processes include denitrification (e.g., for production of drinking
water or effluent polishing in a sand filter), sulfate reduction (e.g., for metal
precipitation), and metal reduction (e.g., for metal precipitation) (7). Often
it is impractical to use COD-containing wastewaters as the electron donor
for these reduction processes as this would dilute or contaminate the
effluent of the reduction process. Alternatively, methane can theoretically be
used as an electron donor for these reduction processes (8). However, due
the low growth rate of anaerobic methanotrophic microorganisms the
application of methane as an electron donor for reduction processes has not
yet led to practical processes. Anaerobic hydrogenotrophic microorganisms,
on the other hand, grow much faster, and hydrogen, therefore, is an ideal
electron donor for reduction processes at wastewater treatment plants. The
oxidation of hydrogen only yields water and, consequently, does not
contaminate the effluent. Biocatalyzed electrolysis could be a cost-effective
method to produce the hydrogen required for reduction processes, as the
hydrogen can be produced from a COD-containing wastewater elsewhere in
the wastewater treatment plant.
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7.2.2 Transportation

Transportation fuels are responsible for about 20 to 25% of the global
fossil fuel consumption (9). However, due to the threat of climate change
and instabilities in the fossil fuel market (Chapter 1), society is currently
considering alternative fuels for transportation. To replace fossil fuels in a
sensible way, these alternative fuels need to be produced renewably and
without carbon dioxide emission. Besides biodiesel, bioethanol, and biogas,
also hydrogen is currently considered to be one of the possible alternatives
for fossil fuels (i.e., hydrogen economy). Biocatalyzed electrolysis could
produce a significant part of the required hydrogen for transportation from
wastewaters. This could effectively turn wastewater treatment systems into
fuelling stations. For example, an average sized industrial wastewater
treatment, which treats 10 ton COD/day (estimated reactor volume: ~1500-
2000 m3), could produce about 1.25 ton Hz/day. Assuming a fuel efficiency
of 0.5 to 1 kg hydrogen per 100 km for a fuel cell powered passenger car
(10), this is enough for driving 46 to 91 million car kilometers per year.
Furthermore, in the case of the Netherlands (2002), all domestic wastewater
could theoretically provide enough biodegradable material for the
production of about 240 ton Hx/day, which is enough for driving 9.4—19% of
the total car km in the Netherlands (11).

An important advantage of hydrogen as a transportation fuel is the fact
that it can be produced from practically any kind of renewable energy,
whereas most other alternative fuels can only be produced from biomass
(Chapter 1). Furthermore, hydrogen can be converted to electrical energy
efficiently and directly in a hydrogen fuel cell, which occurs practically
emission-less with water as the only byproduct. Last, in a transition towards
a renewable society, hydrogen can be deployed for “clean” utilization of
fossil fuels, i.e., hydrogen production from fossil fuels in combination with
carbon dioxide sequestration.

Disadvantages with respect to hydrogen as a transportation fuel, on the
other hand, include the problems around hydrogen distribution (12) and
onboard hydrogen storage (10). Obviously, these problems need to be solved
before hydrogen can be considered to be a practical transportation fuel for
long range vehicles, such as passenger cars. However, already on a short
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term hydrogen fuel can offer opportunities for short range vehicles, such as
city busses (13). City busses require only limited fuel storage capacity as they
can be refueled each “round”. Nowadays, city busses are often powered by
diesel combustion, which creates particulate matter that negatively affects
air quality in urban regions (14). Hydrogen fuel cell technology solves this
problem.

7.2.3 Industry

In 2000, the global annual hydrogen demand was estimated to be about
50 million tons of which about two thirds was consumed by the
petrochemical industry (15). Most hydrogen that is used in the
petrochemical industry is consumed for upgrading of fossil fuels (e.g.,
hydrodesulfurization and hydrocracking). This demand is expected to
increase significantly in the coming years as oil consumption is also
expected to increase (9). Furthermore, as most of the lighter crude oils with
low sulfur content have already been extracted from the wells, more and
more heavy oils with high sulfur content will be processed in the future.
These heavy oils with high sulfur content need much more upgrading and,
therefore, will require much more hydrogen.

Other large-scale uses of hydrogen in the petrochemical industry include
ammonia synthesis, methanol synthesis, and hydrochloric acid synthesis.
Furthermore, besides the petrochemical industry, also other industries
consume significant amount of hydrogen. These industries include the food
industry, which uses hydrogen for the saturation of unsaturated fats and oils
(e.g., for margarine production), and the metal industry, which uses
hydrogen as a reducing agent for metallic ores.

To integrate biocatalyzed electrolysis with large industrial sites,
biocatalyzed electrolysis could treat the industrial wastewaters of the
industrial sites and deliver hydrogen back to a hydrogen distribution
network, which is commonly available at large industrial sites. An example
of such an industrial site is the Rijnmond region (The Netherlands) with a
total hydrogen throughput of more than 1000 ton Hz/day (16). Depending

on the availability of wastewater on this site, biocatalyzed electrolysis could
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deliver a modest contribution to the hydrogen production, while closing

material cycles and adding value to the wastewater.

7.3 Performance — status & objective

The working principle of biocatalyzed electrolysis is interesting, but
performance has to be improved significantly to become a mature
technology for hydrogen production. Table 7.1 gives an overview of the
performance of published biocatalyzed electrolysis studies and the objective
for biocatalyzed electrolysis as a mature technology. This objective is based
on an extrapolation of results achieved with bioanodes in MFC studies and
on a realistic design for full scale bioelectrochemical reactors (Paragraph
7.4).

Table 7.1. Performance of published biocatalyzed electrolysis studies and the
objective for biocatalyzed electrolysis as a mature technology.

System Vol. H; Overall H; Energy
Study Volume  Substrate prod. rate efficiency input
L (m3/ms3/day) (%) (kWh/m3)
Liuetal. (17) 0.03 Acetate 0.362 61b ~1a
Rozendal et al. (18) 6.6 Acetate 0.02 53 1.9
Rozendal et al. (19) 3.3 Acetate 0.30 23 2.2
Ditzig et al. (20) 0.58 Wastewater 0.01d 9.8 25
Obijective 104-108  Wastewater >10¢ >90e <le

a. Calculated at an applied voltage of 0.45 V (cathodic H2 efficiency 94%; current density

1.4 A/m2 — from Figure 4 in (17)).

From (21)

Excluding the gas collection chamber.

d. Calculated at an applied voltage of 0.5 V (cathodic H: efficiency 42.7%; current density
~0.37 A/m2 —from Figure 3A in (20)).

e. Based on a current density of 5 to 10 A/m? at an applied voltage of below 0.42 V at a
cathodic H: efficiency of above 90%.

o T

Table 7.1 shows that the biocatalyzed electrolysis systems that have been
used so far are relatively small (mL to L scale) and that the performance
decreases with increasing system volume. This illustrates the enormous
challenges of scaling up biocatalyzed electrolysis to a full scale system while
at the same time improving the performance (Paragraph 7.4). However,

when the objective of 10 Nm3 H2/ms3 reactor volume/day at an energy input
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of below 1 kWh/Nm3 H; (Table 7.1) is indeed accomplished in a full scale
biocatalyzed electrolysis system, the performance will compare well with
that of other biological hydrogen production technologies, such as dark
fermentation (22,23). Biocatalyzed electrolysis, however, is suitable for
treating a much wider variety of wastewaters, which makes the process more
suitable for practical application.

The required energy input of 1 kWh/Nm3 H» (~1.5-1.7 kWh/kg COD) is
not high for a wastewater treatment system as on a COD basis it is in the
same order as the energy input required by the aerators in aerobic treatment
(0.7-1.4 kWh/kg COD (24)). Moreover, with about the same energy input
biocatalyzed electrolysis produces a valuable product, while aerobic
wastewater treatment systems just produce carbon dioxide. Furthermore,
future biocatalyzed electrolysis systems are expected to exhibit higher
volumetric loading rates (Paragraph 7.2.1) and lower sludge production (1)
than aerobic systems.

Compared to anaerobic wastewater treatment systems, biocatalyzed
electrolysis will typically show lower COD loading rates (Paragraph 7.2.1).
Biocatalyzed electrolysis, however, has the advantage that from the same
amount of COD it produces a 7 times more valuable product (0.75 $/kg Ha-
COD vs. 0.11 $/kg CH4-COD - calculated from (25)).

Also compared to water electrolysis biocatalyzed electrolysis is an
interesting process for hydrogen production. Biocatalyzed electrolysis has an
exergetic efficiency (i.e Gibbs free energy efficiency) of about 266% (at 1
kWh/Nm3 Hz) on the basis of electricity input and hydrogen output (i.e.,
excluding the exergy content of the wastewater). This means that the Gibbs
energy content of the hydrogen output is 2.66 times that of the electricity
input. By comparison, water electrolysis has an exergetic efficiency of only
49 to 60% (at 4.4 to 5.4 kWh/Nm3 H2 (26)).

7.4 Outlook — scale up & future research

7.4.1 Scale up issues

Scale-up is one of the most important issues along the way of
commercialization of biocatalyzed electrolysis. The volumes of biocatalyzed
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electrolysis systems that are published in literature do not yet go beyond the
mL to L scale (Table 7.1). Future systems, however, have to be designed on
the m3 scale and at the same time will have to comply with the objective to
produce over 10 Nm3 Hx/m3 reactor volume/day at an energy input of below
1 kWh/Nm3 H, (Table 7.1). This will require a much more fundamental
understanding of the biocatalyzed electrolysis system. This paragraph
outlines the challenges with respect to scale up of biocatalyzed electrolysis
systems.

Process design. One of the most challenging aspects of a full scale
design is the fact that small electrical resistances that do not matter in a
laboratory cell, become important in a full scale bioelectrochemical reactor.
For example, an electrical resistance in the order of 0.1-1 Q (e.g., a contact
resistance) at a current of only 1 A already causes a potential loss of 0.1-1V,
which is a lot compared to theoretical voltage of 0.12 V (Chapter 1).
Therefore, in a full scale bioelectrochemical reactor operating at about 900-
1000 A/m3 (=~10 Nm3 H2/m3 of reactor volume/day), the ohmic losses can
be enormous if the system in not properly designed. To eliminate ohmic
losses one would like to apply materials with high conductivity. However,
due to the relatively low production rates, full scale bioelectrochemical
reactors can only become economically feasible if they apply inexpensive
materials (see below), which generally show lower conductivities and thus
higher ohmic losses.

A stack design with bipolar plates (Figure 7.1) is one of the most viable
designs capable to deal with this trade-off between material costs and
conductivity (27,28). The advantage of stack designs with bipolar plates
compared to (stack) designs without bipolar plates (1,29,30) is that the
ohmic loss due to the conductivity of the electrodes is minimized. The
reason for this is that bipolar plates connect anodes and cathodes across the
complete surface so that the electrons travel only short distances through
the electrode material. Consequently, inexpensive electrode materials (such
as graphite) can be used as the electrode materials are not required to have

extremely high conductivities (such as metals).
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Figure 7.1. Schematic representation of a stack design with bipolar plates for
hydrogen production through biocatalyzed electrolysis.

A drawback of stack designs with bipolar plates compared to (stack)
designs without bipolar plates, however, is that the ohmic loss due to ion
transport will play much more important role. This is caused by the fact that
the ions have to travel significant distances through the wastewater in
between the electrodes. As a result, the feasibility of a stack design with
bipolar plates will highly depend on wastewater conductivity.

For example, an energy consumption of below 1 kwh/Nms3 H, implies
that the applied voltage has to be below 0.42 V (at 90% cathodic hydrogen
efficiency). When subtracting the equilibrium voltage of 0.12 V, this means
that the sum of all potential losses (i.e., ohmic and electrode potential
losses) has to be below 0.3 V. To minimize the energy required for pumping,
the anode to cathode distance should not be much lower than 0.5 cm.
Assuming an electrode thickness of 1 mm, this means that the single cell
thickness in a stack design will be in the order of 0.7 cm. At a single cell
thickness of 0.7 cm the current density has to be at least 7 A/m2 (assuming
90% cathodic hydrogen efficiency) to be able to achieve the objective of 10
Nm3 Hx/m3 of reactor volume/day. Figure 7.2 shows what this means for the

ohmic loss due to ion transport in relation to the wastewater conductivity.

At a wastewater conductivity of below 1.2 mS/cm more than the available
0.3 V is already consumed by the ohmic loss due to ion transport. This

leaves nothing for the electrode overpotentials and, therefore, a stack design
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with bipolar plates at a wastewater conductivity of below 1.2 mS/cm that
complies with the objective is impossible. At a wastewater conductivity of
above 3.5 mS/cm, on the other hand, the ohmic loss decreases to below 0.1
V, which leaves over 0.2 V for the electrode overpotentials. Such electrode
overpotentials are attainable (Paragraph 7.4.2) and, therefore, a stack design
with bipolar plates at a wastewater conductivity of above 3.5 mS/cm that

complies with the objective is realistic.

1.0 -
20.8-:
s 0.6 ]
2 ]
U J
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O 0.2

0.0:----1-”-.--..,.....

0 5 10 15 20 25

Wastewater conductivity (mS/cm)

Figure 7.2. Ohmic loss due to ion transport in relation to the wastewater
conductivity (current density 7 A/m2; anode to cathode distance 0.5 cm)

Production costs. Besides process design also production costs have to
be taken into account in a full scale biocatalyzed electrolysis system. As
biocatalyzed electrolysis systems exhibit current densities that are typically
3 to 5 orders of magnitude smaller than those in other electrochemical
systems (e.g., water electrolyzers), material costs have a much stronger
influence on the hydrogen production costs in biocatalyzed electrolysis
systems than in other electrochemical systems. For example, at the moment
all biocatalyzed electrolysis laboratory systems apply platinum as the
cathode electrocatalyst (17-20). Assuming a cost of 500 €/m?2 for a platinum
catalyzed electrode, an electrode lifetime of 5 years, and a current density of
7 A/m2, the cathode costs already account for almost 4 €/Nm3 H (at 90%
cathodic hydrogen efficiency), which is already more than 10 times the
market price (2004) of hydrogen (~0.38 €/Nm3 Hz (1)).
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Figure 7.3 gives an overview of the estimated production costs of
hydrogen produced through biocatalyzed electrolysis in an optimized design
based on laboratory materials (including a platinum catalyzed cathode)
compared to an optimized design based on inexpensive substitutes.

Production costs of an
optimized design based on
laboratory materials

ST

Production costs of an
optimized design based on
inexpensive substitutes

R,

[
?:
£
.
!
]
|}

|

~0.28 €/Nm3 H,

Emm Electricity
Electrodes

ms Membrane

ez Current Collectors
mEm Reactor

mmE Rest

~7.24 €/Nm3 H,

Figure 7.3. Estimated production costs for hydrogen produced through
biocatalyzed electrolysis in an optimized design based on laboratory materials
compared to an optimized design based on inexpensive substitutes.
(Assumptions: 90% cathodic hydrogen efficiency, 10 Nm3 Hy/ms3/day, 1
kWh/Nms3 H,, lifetime electrodes/membrane/current collectors: 5 yr, lifetime
reactor/rest: 20 yr; Costs: electricity: 0.07 €/kWh, single sided platinum
catalyzed electrode: 500 €/m2, inexpensive substitute electrode (graphite
paper): 1.5 €/m2, Nafion® membrane: 400 €/mz2, inexpensive substitute
membrane: 10 €/m2, current collectors: 500 €/m2, reactor: 4000 €/m3 (31),

rest: 1000 €/m3reactor).

As can be seen from Figure 7.3 the most expensive components in the
current laboratory biocatalyzed electrolysis systems are the electrodes and
the membranes. To commercialize biocatalyzed electrolysis it is important,
therefore, to replace these components by inexpensive substitutes. Only
then the production costs of hydrogen through biocatalyzed electrolysis can
go below the market price (2004) of 0.38 €/Nm3 H (25).
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In the example of Figure 7.3 the estimated production costs of hydrogen
through biocatalyzed electrolysis go as low as 0.28 €/Nms3 Haz. Although this
number does not include all costs (e.g., operator costs), it does illustrate the
potential of biocatalyzed electrolysis as a mature hydrogen production
technology. Even more so, as the number also does not yet include the fact
that wastewater often represents a negative market value (31).

7.4.2 Critical biocatalyzed electrolysis system components

To achieve the objective of 10 Nm3 Hz/ms3 reactor volume/day at an
energy input of below 1 kWh/Nm?3 H: in full scale bioelectrochemical
reactors, it is important that also the critical biocatalyzed electrolysis system
components comply with this objective. This paragraph, therefore, discusses
the current status of the performance the bioanode, the membrane, and the
cathode. Furthermore, this paragraph points out for each critical
biocatalyzed electrolysis system component which research challenges need
to be solved to be able to comply with the objective.

Bioanode. Bioanode performance will have to improve to about 5 to 10
A/m2 at reasonable overpotentials (~<0.10 V) to be able to achieve the
objective of 10 Nm3 H2/m3 reactor volume/day at an energy input of below 1
kWh/Nm3 H,. Moreover, this performance has to be achieved on real
wastewaters. Table 7.1 shows that not many biocatalyzed electrolysis studies
have dealt yet with hydrogen production from real wastewaters and the only
study that did so far showed that it is not straightforward (20). Therefore,
much more experience with real wastewaters is required before biocatalyzed
electrolysis can be implemented in practice.

Still, based on the current density of about 4.4 A/m2 at a potential loss of
about 0.05 V recently achieved with MFCs in our laboratories on acetate
medium (32), and based on the current density of about 5 A/m2 at a
potential loss of about 0.06 V on hydrogen and acetate medium achieved in
Chapter 6, we believe that achieving current densities of 5 to 10 A/m2 at
potential loss of below 0.10 V is realistic. However, further improving anode
performance will require a more fundamental understanding of the working
principles of electrochemically active biofilms. One of the most interesting

topics to study with respect to bioanode performance is the occurrence of

-178 -



Concluding remarks and outlook

multilayered biofilms on the bioanode, as multilayered biofilms could
significantly improve bioanode performance (33). Initial MFC studies only
discussed the occurrence of monolayered biofilms, but more recent studies
suggest that also multilayered biofilms are possible that still rely on electron
transfer through direct contact (33) by means of electrically conductive pili
or nanowires (34,35). Stimulation of these multilayered biofilm could be an
interesting strategy to boost bioanode performance.

Besides the electrochemically active biofilm, also methanogenesis is an
important microbiological aspect to consider with respect to the
performance of the anode chamber. As methanogens consume the same
substrates as electrochemically active microorganisms, methanogenic
activity in the anode chamber can reduce electron and hydrogen recoveries.
Recently, an interesting MFC study was published in this respect by Freguia
and co-workers (4). They found that electrochemically active
microorganisms in a bioanode chamber can outcompete methanogens when
acetate (non-fermentable) was used as the substrate. However, when
glucose (fermentable) was used as the substrate, a significant amount of
methanogenic activity was also observed. It was suggested that methane was
produced through hydrogenotrophic methanogenesis from the hydrogen
that is formed through the fermentation of glucose. This implies that in this
study the electrochemically active microorganisms in the anode chamber
were not able to outcompete hydrogenotrophic methanogens when
hydrogen was the substrate. It is not unlikely, however, that future research
will be able to completely eliminate methanogenesis in the bioanode
chamber. A strategy that could be investigated in this respect is to increase
the anode potential in such a way that the electrochemically active
microorganisms in the bioanode chamber get the competitive advantage
with respect to the hydrogen oxidation.

Membrane. As described in Chapter 3, 4, 5 and the Intermezzo, there is
a fundamental problem associated with the use of membranes in
bioelectrochemical systems running on wastewater. Under the conditions
for wastewater treatment (~pH 7) these membranes predominantly
transport other ion species than protons and hydroxyl ions to maintain
electroneutrality. As the cathode reaction is a proton consuming (or

-179 -




Chapter 7

hydroxyl ion producing) reaction, this transport of other ion species than
protons and hydroxyl ions, causes a pH increase in the cathode chamber,
which negatively affects the performance of the bioelectrochemical system.

The experiments have shown that in general the cathode pH rapidly
increases to over 12. Unfortunately, every pH unit difference created in this
way between anode and cathode chamber causes a potential loss of about 59
mV (i.e., an additional energy requirement of about 0.13 kWh/Nm3 Hy).
This means that at an anode chamber pH of 7 and a cathode chamber pH of
12, an extra voltage of about 0.30 needs to be applied in order to
compensate for the potential losses associated with the membrane pH
gradient. As this increases the theoretical energy requirement of
biocatalyzed electrolysis to about 0.9 kWh/Nm3 Ha, not much energy credit
is left within the objective to compensate for other potential losses.
Therefore, membrane pH gradients make it practically impossible to achieve
the objective of 10 Nm3 H>/m3 reactor volume/day at an energy input of
below 1 kWh/Nm?3 H in full scale bioelectrochemical reactors and are
important to address in future biocatalyzed electrolysis research.

In Chapter 4, 5 and the Intermezzo it was shown that the choice of
membrane type influences the severity of membrane pH gradients to some
extent, but never completely solves the problem of the membrane pH
gradients. From a theoretical point of view, the only true solution to
completely eliminate the membrane pH gradients increase in a conventional
configuration is the application of an ion exchange membrane that is 100%
permselective for protons or hydroxyl ions. However, these types of
membranes do not exist (yet) for application in bioelectrochemical systems.

At some industrial sites a more practical solution to the membrane pH
gradients would be to use onsite acidic wastewater streams that need
neutralization. This wastewater could first pass the cathode chamber of a
bioelectrochemical treatment system before discharge or further treatment.
If this wastewater stream is very acidic, the membrane pH gradient could
even go the other way around (i.e., lower pH at the cathode than at the
anode), which would even lower the theoretically applied voltage by utilizing
the chemical energy stored in the acidic stream (Intermezzo). Unfortunately,
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this solution has only a limited applicability as it only works when acidic
wastewater streams are indeed available.

Membrane-less operation, on the other hand, might be solution for the
membrane pH gradients with broader applicability. In the Intermezzo we
have seen that without convection (Intermezzo - Equation 2), cathode
chamber pH increase is inevitable. Membrane-less operation, however,
makes it possible to introduce convection into the system (Intermezzo -
Equation 1). With convection (e.g., mixing) it is possible to eliminate (part
of) the pH increase due to proton consumption (or hydroxyl ion production)
at the cathode by using pH decrease due to proton production (or hydroxyl
ion consumption) at the anode. Electrolytic processes, such as biocatalyzed
electrolysis, are particularly suitable for membrane-less operation as the
difference between an anode and a cathode in a biocatalyzed electrolysis
system is determined by the direction of the applied voltage. This is in
contrast with MFC systems, where the local conditions determine which
electrode is the anode (anaerobic) and which electrode is the cathode
(aerobic).

Membrane-less operation would also offer a cost advantage by
eliminating one of the most expensive parts of the biocatalyzed electrolysis
system (Paragraph 7.4.1). In principle, membrane-less operation should
therefore be feasible. However, there are three important drawbacks that
could limit the applicability of membrane-less operation: (i) the advantage
of a pure product gas is lost as the hydrogen can become polluted with
gaseous metabolic products from the anode chamber (e.g., CO2, CH4, H>S),
(i) the risk of current cycling, i.e., hydrogen is produced at the cathode and
subsequently oxidized again at the anode, and (iii) the risk of hydrogen loss
through hydrogenotrophic methanogenesis. The impact of these drawbacks
needs to be investigated in membrane-less configurations and compared to
the negative effects of membrane pH gradients in conventional
configurations. It is possible that with proper design and operation the
impact of these drawbacks can be reduced to acceptable levels.

Cathode. Most biocatalyzed electrolysis studies up till now have applied
platinum as the electrocatalyst for cathodic hydrogen production.
Theoretically, platinum is one of most efficient electrocatalysts for cathodic
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hydrogen production. Nonetheless, the experiments presented in Chapter 2
(Figure 2.3) showed that the platinum catalyzed cathode in the biocatalyzed
electrolysis system suffered more potential losses than the bioanode
(graphite felt). This was unexpected as cathodic hydrogen production is
theoretically a much simpler electrochemical reaction than acetate
oxidation. The cathode potential loss in Chapter 2 was found to be already
0.28 V at a current density of only 0.5 A/m2. However, to achieve the
objective of 10 Nm3 H2/m3 reactor volume/day at an energy input of below 1
kWh/Nm3 H,, the performance of the cathode will have to improve to about
5 to 10 A/m2 at much lower overpotentials (~<0.10 V).

Furthermore, as platinum is already expensive for application in
conventional electrochemical systems (e.g., water electrolyzers) with current
densities about 3 to 5 orders of magnitude higher than those in biocatalyzed
electrolysis systems, application of platinum for biocatalyzed electrolysis is
not likely to result in an economically feasible process design (Paragraph
7.4.1). To improve the performance and economic feasibility of biocatalyzed
electrolysis, therefore, platinum needs to be replaced by alternative
electrocatalysts for cathodic hydrogen production. Two strategies can be
explored in this perspective: (i) alternative inexpensive chemical
electrocatalysts, and (ii) microbial biocathodes (Chapter 6).

With respect to the first strategy many alternative inexpensive chemical
electrocatalysts need to be investigated as not much is currently known
about cathodic hydrogen production at near neutral pH (36). It seems most
likely that at near neutral pH, hydrogen is not produced through proton
reduction, but through water reduction (36). According to literature the
transition metals Fe and Ni are interesting electrocatalysts for catalyzing
water reduction under alkaline conditions and are much less expensive than
platinum (37). These metals (and many other materials), therefore, might
proof to be interesting alternatives to platinum for the cathode of
biocatalyzed electrolysis. Further, as single chamber operation offers
possible advantages with respect to the optimization of the volumetric
hydrogen production (Chapter 5), it would be interesting to also investigate
whether these alternatives are suitable for application into membrane
electrode assemblies (MEAS).
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The second strategy for improvement of the cathode performance, i.e
microbial biocathodes, can be even more interesting than the development
of alternative inexpensive chemical electrocatalysts as it implies that also the
cathode can consist of inexpensive graphite. The feasibility of microbial
biocathodes for hydrogen production was recently demonstrated in our
laboratories (Chapter 6). The preliminary results with these microbial
biocathodes are promising as they exhibit lower overpotentials than a
platinum coated titanium electrode that was used in previous experiments
(18). More research will be required to improve the performance of the
microbial biocathode to the level that it can be incorporated into a system
that is able to meet the objective to produce over 10 Nm3 Hz/m3 reactor
volume/day at an energy input of below 1 kWh/Nms3 H,. At this stage,
however, there is no reason to assume that future microbial biocathodes will
not be able to perform as well as bioanodes with respect to current densities
and overpotentials.

As the hydrogen producing microbial biocathode is a completely new
development within biocatalyzed electrolysis research, not much is known
yet about the involved electrochemically active microorganisms. To further
improve the performance of microbial biocathodes it is interesting,
therefore, to investigate which species of microorganisms are present, which
electron transfer mechanisms are involved, how these microorganisms
generate metabolic energy, etc. Furthermore, it is important to take into
account the risk of hydrogenotrophic methanogenesis when working with
microbial biocathodes. By consuming the hydrogen product in the cathode
chamber hydrogenotrophic methanogenesis can significantly reduce the
overall hydrogen yield of biocatalyzed electrolysis. Therefore, research to
develop strategies for preventing hydrogenotrophic methanogenesis in
microbial biocathode chambers will be important for achieving high
hydrogen recoveries. Such strategies could include operation under carbon
dioxide limited conditions (Chapter 6), operation at short solid retention

times, or operation at low pH (38,39).
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7.5To summarize, ...

Biocatalyzed electrolysis is a promising technology for hydrogen
production from wastewaters with a wide range of possible applications in
wastewater treatment, transportation, and industry. The principle of the
biocatalyzed electrolysis concept is proven, but performance needs to be
improved. It is expected that volumetric hydrogen production rates can be
improved to over 10 Nm3 Hz/ms3 reactor volume/day at an energy input of
below 1 kWh/Nm3 Hz by improving the performance of the critical
biocatalyzed electrolysis system components (bioanode, membrane, and
cathode). However, to get to a mature hydrogen production technology, it is
also important to realize a cost-effective scale-up that considers ohmic

losses and material costs.
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Hydrogen production through biocatalyzed electrolysis

This PhD thesis describes the first steps in the development of a
promising new technology for hydrogen production from wastewaters. This
bioelectrochemical technology, referred to as biocatalyzed electrolysis, was
invented and developed within this PhD project.

Up till now, many wastewaters were unsuitable for biological hydrogen
production due to the slightly endothermic nature of many of the involved
reactions. Biocatalyzed electrolysis, however, is capable of overcoming this
thermodynamic barrier through the application of electrochemically active
microorganisms in combination with a small input of electrical energy.
Electrochemically active microorganisms are capable of using an electrode
as an electron acceptor for the oxidation of organic matter. This turns the
electrode into a bioanode. Biocatalyzed electrolysis couples this bioanode to
a conventional proton reducing cathode by means of a power supply.
Consequently, the organic matter is electrolyzed and hydrogen is generated.

The theoretically required applied voltage for biocatalyzed electrolysis of
organic material is about 0.12 V, which equals a theoretical energy
requirement of about 0.26 kWh/Nm3 H.. Microbial metabolic losses and
other potential losses (e.g., ohmic loss and electrode overpotentials) will
increase this energy requirement under practical conditions, but the energy
requirement of biocatalyzed electrolysis is expected to remain far below that
of commercial water electrolysis (4.4 to 5.4 kWh/Nm3 H.).

As biocatalyzed electrolysis is a new technology, Chapter 2 describes
the “proof of principle” of biocatalyzed electrolysis by demonstrating the
process with acetate as a model substrate. At an applied voltage of 0.5 V
about 0.02 Nm3 H,/m3 reactor liquid volume/day is produced from acetate

at an overall hydrogen efficiency of 53+3.5%. The most important

bottlenecks that have limited this performance are cell design, diffusional
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loss of hydrogen from the cathode to the anode chamber, and potential
losses associated with the cathode reaction.

Another bottleneck of the system has been identified in Chapter 3. This
chapter discusses the operational problems associated with the application
of cation exchange membranes in bioelectrochemical systems operated on
wastewater. This is illustrated in an microbial fuel cell system with Nafion®
as an example membrane. In contrast to what was generally assumed by
most researchers, the experiments show that cation exchange membranes in
bioelectrochemical systems operated on wastewater transport significant
amounts of other cation species (Na+, K+, NH,*, Ca2*, and Mg2+) than
protons, because the concentrations of these other cation species are
typically 105 times higher than the proton concentration. As the cathode
reactions of both microbial fuel cell and biocatalyzed electrolysis systems
consume protons equimolarly with electrons, the transport of cation species
other than protons causes a significant pH increase in the cathode chamber.
This pH increase in the cathode chamber creates a pH gradient across the
membrane, which negatively affects the performance of bioelectrochemical
systems. For every pH unit difference created in this way between the anode
and the cathode chamber a potential loss of about 50 mV is suffered. For
biocatalyzed electrolysis this causes an additional energy requirement of
about 0.13 kWh/Nms3 H. per pH unit.

To prevent these membrane pH gradient associated potential losses,
therefore, we have evaluated the possibilities of using alternative types of
ion exchange membranes in Chapter 4. Four types of ion exchange
membranes have been tested in a biocatalyzed electrolysis configuration: (i)
a cation exchange membrane (CEM), (ii) an anion exchange membrane
(AEM), (iii) a bipolar membrane (BPM), and (iv) a charge mosaic membrane
(CMM). With respect to the electrochemical performance of the four
biocatalyzed electrolysis configurations, the ion exchange membranes are
rated in the order AEM > CEM > CMM > BPM. However, with respect to the
transport numbers for protons and/or hydroxyl ions (tH/on) and the ability
to prevent pH increase in the cathode chamber, the ion exchange
membranes are rated in the order BPM > AEM > CMM > CEM.

Unfortunately, none of the alternative types of ion exchange membranes are
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capable of completely eliminating the pH increase in the cathode chamber.
Typically, the cathode pH increases to above 12, which increases the
theoretical energy requirement of biocatalyzed electrolysis from 0.26 to
above 0.89 kWh/Nm3 H. (at an anode pH of 7).

Chapter 5 shows that biocatalyzed electrolysis can also be operated
with one liquid chamber instead of two by producing hydrogen gas directly
in the gas phase. This single chamber operation has possible advantages
with respect to system volume, which can improve volumetric hydrogen
production. Single chamber biocatalyzed electrolysis was tested in two
configurations: (i) with a cation exchange membrane (CEM) and (ii) with an
anion exchange membrane (AEM). Both configurations performed
comparably and produced over 0.3 Nm3 H,/m3 reactor liquid volume/day at
1.0 V applied voltage (overall hydrogen efficiencies around 23%). Analysis of
the water that permeated through the membrane during operation of the
configurations revealed that a large part of potential losses in the system
were associated with a pH gradient across the membrane (CEM ApH=6.4;
AEM ApH=4.4). These pH gradient associated potential losses were lower in
the AEM than in the CEM configuration (CEM 0.38 V; AEM 0.26 V) as a
result of its alternative ion transport properties. This benefit of the AEM,
however, was counteracted by the higher cathode overpotentials occurring
in the AEM configuration (CEM 0.12 V at 2.39 A/m2; AEM 0.27 V at 2.15
A/mz2) as a result of a lower effectiveness of the electroless plating method
that was used for the AEM membrane electrode assembly (MEA).

Cathode pH effects were observed in all the experiments of Chapter 3,
4, and 5, which seems to imply that the observed pH effects are inherent to
the use of membranes in bioelectrochemical systems that are running on
wastewater. This hypothesis has been investigated in the Intermezzo on
the basis of the Nernst-Planck flux equation. Without assuming anything
about the type of membrane, the Nernst-Planck flux equation indeed
predicts that the observed pH effects are inherent to the use of membranes
in bioelectrochemical systems that are running on wastewater.

Chapter 6 for the first time describes the development of a microbial
biocathode for hydrogen production that is based on a naturally selected

mixed culture of electrochemically active microorganisms. Microbial
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biocathodes are interesting for application in biocatalyzed electrolysis
systems as they are based on inexpensive electrode materials (e.g., graphite)
and a self-regenerating catalyst (i.e., the microorganisms). Our microbial
biocathode system was established through a three phase biocathode start
up procedure that effectively turned an acetate and hydrogen oxidizing
bioanode into a hydrogen producing biocathode by reversing the polarity of
the electrode. The microbial biocathode that was obtained in this way had a
current density of about -1.1 A/m2 at a potential of -0.7 V. This was 3.6 times
higher than that of a graphite control electrode (-0.3 A/m2) and 2.4 times
higher than that of the platinum coated titanium electrode (-0.47 A/m?2)
used in Chapter 2. Furthermore, the microbial biocathode produced about
0.63 Nm3 H./m3 cathode liquid volume/day at a cathodic hydrogen
efficiency of 49% during hydrogen yield tests, whereas the graphite control
electrode produced 0.08 Nm3 H,/m3 cathode liquid volume/day at a
cathodic hydrogen efficiency of 25%.

Finally, Chapter 7 discusses the status and the future potential of
biocatalyzed electrolysis. Biocatalyzed electrolysis is a promising technology
for hydrogen production from wastewater with a wide range of possible
applications in wastewater treatment, transportation, and industry. The
principle of the biocatalyzed electrolysis concept is proven, but performance
needs to be improved. It is expected that volumetric hydrogen production
rates can be improved to over 10 Nm3 H,/m3 reactor volume/day at an
energy input of below 1 kWh/Nms3 H. by improving the performance of the
critical biocatalyzed electrolysis system components (bioanode, membrane,
and cathode). However, to get to a mature hydrogen production technology,
it is also important to realize a cost-effective scale-up that considers ohmic

losses and material costs.
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Waterstof productie d.m.v. biogekatalyseerde elektrolyse

Dit proefschrift beschrijft de eerste stappen in de ontwikkeling van een
veelbelovende technologie voor de productie van waterstof uit afvalwater.
Deze bio-elektrochemische technologie, biogekatalyseerde elektrolyse
genaamd, is uitgevonden en ontwikkeld binnen dit promotieproject.

Tot nu toe waren veel soorten afvalwater ongeschikt voor de biologische
waterstofproductie door het licht endothermische karakter van veel van de
betrokken reacties. Biogekatalyseerde elektrolyse is echter in staat deze
thermodynamische barrieres te overwinnen door het toepassen van
elektrochemisch actieve micro-organismen gecombineerd met het toevoeren
van een kleine hoeveelheid elektrische energie. Elektrochemisch actieve
micro-organismen zijn in staat om een elektrode te gebruiken als
elektronenacceptor voor het oxideren van organisch materiaal. Dit maakt
van deze elektrode een bioanode. Door middel van een vermogensbron
koppelt biogekatalyseerde elektrolyse deze bioanode aan een conventionele
protonreducerende kathode. Hierdoor wordt het organisch materiaal
geélektrolyseerd en waterstof gegenereerd.

Het theoretisch benodigde voltage voor biogekatalyseerde elektrolyse is
ongeveer 0.12 V. Dit komt overeen met een theoretisch energieverbruik van
ongeveer 0.26 kWh/Nm3 H,. Onder praktische omstandigheden zullen
microbi€le metabolische verliezen en andere potentiaalverliezen (bijv.
ohmse verliezen en elektrode overpotentialen) dit energieverbruik enigszins
verhogen, maar het is de verwachting dat het energieverbruik van
biogekatalyseerde elektrolyse ver onder dat van commerci€le
waterelektrolyse zal blijven (4.4. tot 5.4 kWh/Nm3 H.,).

Omdat biogekatalyseerde elektrolyse een nieuwe technologie is,
beschrijft Hoofdstuk 2 de “proof of principle” van biogekatalyseerde

elektrolyse door het proces te demonstreren met acetaat als modelsubstraat.

_193_



Samenvatting

Bij een aangelegd voltage van 0.5 V werd vanuit acetaat ongeveer 0.02 Nms3
H./m3 reactor vloeistofvolume/dag geproduceerd met een overall
waterstofefficiency van 53+3.5%. De meest belangrijk knelpunten die deze
prestatie limiteerden, zijn het celontwerp, diffusioneel verlies van waterstof
vanuit het kathode- naar het anodecompartiment en potentiaalverliezen in
de kathodereactie.

Nog een ander knelpunt van het systeem werd geidentificeerd in
Hoofdstuk 3. Dit hoofdstuk bediscussieert de operationele problemen die
voortkomen uit het gebruik van kation uitwisselingsmembranen in bio-
elektrochemische systemen die op afvalwater werken. Dit werd geillustreerd
aan de hand van een microbiéle brandstofcel met Nafion® als
voorbeeldmembraan. In tegenstelling tot wat algemeen werd aangenomen
door de meeste onderzoekers, lieten de experimenten zien dat kation
uitwisselingsmembranen in bio-elektrochemische systemen die op
afvalwater werken significante hoeveelheden andere soorten kationen (Na+,
K+, NH,*, Ca2* en Mg2+*) dan protonen transporteren, doordat de
concentraties van deze andere soorten kationen typisch 105 keer hoger zijn
dan de protonconcentratie. Omdat de kathodereacties van zowel de
microbi€le brandstofcel als biogekatalyseerde elektrolyse protonen
equimolair consumeren met elektronen, veroorzaakt het transport van
andere soorten kationen dan protonen een significante pH verhoging in het
kathodecompartiment. Deze pH verhoging in het kathodecompartiment
veroorzaakt een pH gradiént over het membraan, die de prestatie van bio-
elektrochemische systemen negatief beinvloedt. Voor elke pH eenheid
verschil tussen het anode- en het kathodecompartiment die op deze manier
tot stand komt, wordt een verlies van ongeveer 59 mV geleden. Voor
biogekatalyseerde  elektrolyse = veroorzaakt dit een  additioneel
energieverbruik van ongeveer 0.13 kWh/Nm3 H. per pH eenheid.

Om deze, aan de membraan pH gradiént gerelateerde,
potentiaalverliezen te voorkomen, hebben we de mogelijkheden van
alternatieve  soorten ion uitwisselingsmembranen onderzocht in
Hoofdstuk 4. Vier soorten ion uitwisselingsmembranen zijn getest in een
biogekatalyseerde elektrolyse configuratie: ) een kation

uitwisselingsmembraan (CEM), (ii) een anion uitwisselingsmembraan
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(AEM), (iii) een bipolair membraan (BPM) en (iv) een “charge mosaic”
membraan (CMM). Met betrekking tot de elektrochemische prestatie van de
vier biogekatalyseerde elektrolyse configuraties, kunnen de ion
uitwisselingsmembranen worden gerangschikt in de volgorde AEM > CEM >
CMM > BPM. Echter, met betrekking tot de transportgetallen van protonen
en/of hydroxyl ionen (tn/on) en het vermogen van de membranen om pH
verhoging in het kathodecompartiment te voorkomen, kunnen de ion
uitwisselingsmembranen worden gerangschikt in de volgorde BPM > AEM >
CMM > CEM. Helaas was geen van de alternatieve soorten ion
uitwisselingsmembranen in staat om de pH verhoging in het
kathodecompartiment compleet te elimineren. De kathode pH stijgt typisch
tot boven de pH 12. Dit betekent dat het theoretisch energieverbruik van
biogekatalyseerde elektrolyse stijgt van 0.26 naar boven de 0.89 kWh/Nm3
H. (bij een anode pH van 7).

Hoofdstuk 5 toont aan dat biogekatalyseerde elektrolyse ook bedreven
kan worden met één i.p.v. twee vloeistofcompartimenten door de waterstof
direct in de gasfase te produceren. Deze manier van bedrijven heeft
mogelijke voordelen met betrekking tot het systeemvolume, zodat de
volumetrische waterstofproductie verbeterd kan worden. Biogekatalyseerde
elektrolyse met één vloeistofcompartiment is getest in twee configuraties:
(i) met een kation uitwisselingsmembraan (CEM) en (ii) met een anion
uitwisselingsmembraan  (AEM). Beide configuraties presteerden
vergelijkbaar en produceerden meer dan 0.3 Nm3 H,/m3 reactor
vloeistofvolume/dag (overall waterstofefficiency 23%) bij een aangelegd
voltage van 1.0 V. Analyse van het water dat gedurende het bedrijf van de
configuraties door het membraan heen drong, wees uit dat een groot
gedeelte van de potentiaalverliezen in het systeem verband hielden met een
pH gradiént over het membraan (CEM ApH=6.4; AEM ApH=4.4). Deze, aan
de membraan pH gradiént gerelateerde, potentiaalverliezen waren lager in
de AEM dan in de CEM configuratie (CEM 0.38 V; AEM 0.26 V) vanwege de
alternatieve ion transporteigenschappen. Dit voordeel van de AEM werd
echter teniet gedaan door de hogere kathode overpotentialen die
voorkwamen in de AEM configuratie (CEM 0.12 V bij 2.39 A/mz2; AEM 0.27

V bij 2.15 A/m?2). Deze hogere kathode overpotentialen werden veroorzaakt
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door een lagere effectiviteit van de “electroless plating” procedure die
gebruikt was voor de AEM “membrane electrode assembly” (MEA).

Kathode pH effecten werden waargenomen in alle experimenten van
Hoofdstuk 3, 4 en 5. Dit lijkt te impliceren dat deze waargenomen pH
effecten inherent zijn aan het gebruik van membranen in bio-
elektrochemische systemen die op afvalwater werken. In het Intermezzo is
deze hypothese onderzocht op basis van de Nernst-Planck flux vergelijking.
Zonder enige aanname te doen over het type membraan voorspelt de
Nernst-Planck flux vergelijking inderdaad dat de waargenomen pH effecten
inherent zijn aan het gebruik van membranen in bio-elektrochemische
systemen die op afvalwater werken.

Hoofdstuk 6 beschrijft voor de eerste keer de ontwikkeling van een
microbiéle biokathode voor waterstofproductie die werkt op basis van
natuurlijk geselecteerde mengcultures van elektrochemisch actieve micro-
organismen. Microbi€le biokathodes zijn interessant voor toepassing in
biogekatalyseerde elektrolyse systemen, omdat ze gebaseerd zijn op
goedkope elektrodematerialen (bijv. grafiet) en een zichzelf regenerende
katalysator (d.w.z. de micro-organismen). Ons microbiéle biokathode
systeem werd bewerkstelligd door een drie-fase biokathode
opstartprocedure, die op effectieve wijze een acetaat en waterstof
oxiderende bioanode veranderde in een waterstofproducerende biokathode
door de polariteit van de elektrode om te keren. De microbiéle biokathode
die op deze manier verkregen werd, had een stroomdichtheid van ongeveer
-1.1 A/m2 bij een potentiaal van -0.7 V. Dit was 3.6 maal hoger dan die van
een grafiet controle-elektrode (-0.3 A/m?2) en 2.4 maal hoger dan die van de
platina gecoate titanium elektrode (-0.47 A/m2) die gebuikt is in
Hoofdstuk 2. Verder produceerde de microbi€le biokathode gedurende
waterstof opbrengstproeven ongeveer 0.63 Nm3 H,/m3 kathode
vloeistofvolume/dag bij een kathodische waterstofefficiency van 49%, terwijl
de grafiet controle-elektrode 0.08 Nm3 H./ms3 kathode vloeistofvolume/dag
produceerde bij een kathodische waterstofefficiency van 25%.

Ten slotte is in Hoofdstuk 7 de status en het toekomstige potentieel
van biogekatalyseerde elektrolyse bediscussieerd. Biogekatalyseerde

elektrolyse is een veelbelovende technologie voor de productie van waterstof
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uit afvalwater met een breed scala aan mogelijke toepassingen op gebied van
afvalwaterzuivering, transport en industrie. Het principe van
biogekatalyseerde elektrolyse is bewezen, maar de prestatie moet nog
worden verbeterd. Het is de verwachting dat de volumetrische
waterstofproductie kan worden verbeterd naar meer dan 10 Nm3 H,/m3
reactor vloeistofvolume/dag bij een energieverbruik van minder dan
1 kWh/Nm3 H. door de prestatie van de essenti€le biogekatalyseerde
elektrolyse systeemonderdelen (bioanode, membraan en kathode) te
verbeteren. Echter, om inderdaad tot een volwassen waterstofproductie
technologie te kunnen komen, dient ook een kosteneffectieve opschaling van
de technologie gerealiseerd te worden die rekening houdt met zowel de

ohmse verliezen als de materiaalkosten.
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