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a b s t r a c t

Bioelectrochemical systems (BES) can provide an energy efficient way to recover nutrients from
wastewaters. However, the electron donors available in wastewater are often not sufficient to recover the
total amount of nutrients. This work investigates hydrogen (H2) as an additional substrate for bioanodes.
This hydrogen can be produced in the fermentation of complex organic waste or could be recycled from
the cathode. Understanding how to influence the competition of electroactive microorganisms (EAM)
with methanogens for H2 gas from different sources is key to successful application of H2 as additional
electron donor in bioelectrochemical nutrient recovery. Ethanol (EtOH) was used as model compound for
complex wastewaters since it is fermented into both acetate and H2. EtOH was efficiently converted into
electricity (e�) by a syntrophic biofilm. Total recovered charge from 1mM EtOH was 20% higher than for
the same amount of acetate. This means that H2 from EtOH fermentation was converted by EAM into
electricity. Low EtOH concentrations (1 mM) led to higher conversion efficiencies into electricity than
higher concentrations (5 and 10 mM). Thermodynamic calculations show this correlates with a higher
energy gain for electrogens compared to methanogens at low H2 concentrations. Cumulatively adding
1mM EtOH without medium exchange (14 times in 14 days) resulted in stable conversion of H2 to e�

(67%e77% e�) rather than methane. With H2 gas as electron donor, 68± 2% H2 was converted into e�

with no carbon source added, and still 53± 5% to e� when 50 mM bicarbonate was provided. These
results show that under the provided conditions, electrogens can outcompete methanogens for H2 as
additional electron donor in MECs for nutrient recovery.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Bioelectrochemical systems (BES) are generally seen as new
technologies for wastewater treatment (Pant et al., 2012) as well as
nutrient (Kelly and He, 2014) and energy recovery (Logan et al.,
2006). BESs as a separation technology for nitrogen and phospho-
rous seem feasible applications (Rodríguez Arredondo et al., 2015;
Lei et al., 2019). One challenge for BESs in general is the efficient
conversion of substrate to electricity. This is particularly the case for
nutrient recovery, where sufficient electrons from the substrate are
needed to transport all ammonium from anode to cathode (Kuntke
et al., 2018). Hydrogen (H2) could be a prospective additional
g), annemiek.terheijne@wur.

r Ltd. This is an open access article
electron donor for bioanode. This hydrogen could come from
hydrogen recycling, as has recently been demonstrated for elec-
trochemical ammonium recovery (Kuntke et al., 2017). For
hydrogen recycling to be an effective solution for bioanodes, it is
important that hydrogen can be used as an electron donor for
current generation. H2 has been investigated as electron donor for
direct oxidation into electricity by electroactive microorganisms
(EAMs) (Rodenas et al., 2017; Ntagia et al., 2016). The authors
concluded that H2 can directly be oxidized by bacteria to produce
electricity. However, the reported current density for H2 (1 A/m2)
was much lower than for acetate (Ac) oxidation (7 A/m2, Rodenas
et al., 2017). The authors reasoned that the low solubility of H2
resulted in mass transfer limitations, which led to a higher over-
potential for H2 oxidation compared to typical overpotentials
observed during Ac oxidation (Ntagia et al., 2016). Indeed, the
maximum solubility of H2 at atmospheric pressure is less than
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:steffen.georg@wetsus.nl
mailto:annemiek.terheijne@wur.nl
mailto:annemiek.terheijne@wur.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2019.115292&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2019.115292
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.watres.2019.115292


S. Georg et al. / Water Research 170 (2020) 1152922
1mM, whereas 10mM Ac were used in these experiments. In H2
mass transfer limited situations, the presence of HCO3

� can increase
the current production by planktonic acetogenesis and subsequent
Ac oxidation as hypothesized by Rodenas et al. (2017). HCO3

� and
CO3

2� are present in most wastewaters in concentrations from 1 to
5mM (Striegl and Michmerhuizen, 1998). Ntagia et al. (2016) pre-
cultured their bioanode on Ac prior to using H2 as sole substrate,
decreasing the likelihood that H2 oxidizing microorganisms would
be enriched in the electroactive biofilm.

H2 can be used as additional electron donor in the bioanode by
recycling it from the cathode, but it is also a typical by-product in
anaerobic fermentation of the wide variety of complex organics
typically present in wastewaters (Valdez-Vazquez et al., 2005). For
example, the intermediate fermentation product ethanol (EtOH)
can be fermented to produce Ac and H2 (Fig. 1a). One mol of fer-
mented EtOH gives 8mol of electrons for Ac and 2mol H2 , the
latter of which contains 4mol of electrons. This hydrogen can be
used as electron donor for several competing processes in bio-
anodes (Fig. 1: (c) bioelectrogenesis, (d) acetogenesis, (e) meth-
anogenesis). Since it is of key importance to convert EtOH
completely into electrical current to be able to recover all nutrients,
both fermenters and electrogens are needed to convert both acetate
and hydrogen into electricity (Fig. 1b). This conversion could
benefit from close spatial syntrophic association of the involved
microorganisms (Stams and Plugge, 2009). H2 can be directly
oxidized bioelectrogenically by EAMs to electrons (Fig. 1c) or be
used by hydrogenotrophic acetogens to reduce CO2 to form acetate
(Fig. 1d). In the case of acetogenesis, the formed Ac can be oxidized
by EAMs to produce electrical current. Furthermore, hydro-
genotrophic methanogens can use H2 as electron donor for CO2
reduction to methane (CH4, Fig. 1e) and acetoclastic methanogens
may convert Ac into CH4 (Fig. 1f). Finally, both H2 and Ac can also be
consumed by sulfate or nitrate reducers, acting as electron sink and
therefore reducing the bioelectricity production from the waste-
water (not shown).

In addition to these complex interactions and competitions,
reactor conditions (temperature, pH, pressure) and reactant con-
centrations also influence the competition for H2 on a thermody-
namic level.

One major challenge in the oxidation of hydrogen at the bio-
anode is the presence of methanogens. Hydrogenotrophic metha-
nogens scavenge H2 in mixed fermentation cultures, preventing
direct bioelectrogenic H2 oxidation. For this reason, ethanol has
been investigated for bioelectrogensis of in situ produced H2 during
Fig. 1. Ethanol fermentation pathways to its final products methane (CH4) and elec-
tricity (e�). Ethanol is first fermented into H2 and acetate (a). Both H2 and acetate can
then be directly oxidized on the anode to produce electrical current (b, c). CO2 can be
cycled between acetogenesis (d) and acetate bioelectrogenesis (b) to produce addi-
tional electrical current from H2 consumption. Hydrogenotrophic (e) and acetoclastic
(f) methanogenesis pose as alternative final electron acceptor pathways apart from the
anode and therefore can be considered as loss in bioelectrogenesis.
fermentation (Parameswaran et al., 2009). In their study, only 10%
of H2 (equal to 3% of total available electrons) was used for bio-
electrogenesis in a mixed fermentative culture in batch experi-
ments, while 26% were converted into CH4 (Parameswaran et al.,
2009). In the presence of 2-bromoethane sulfonate (2-BrES, a
methanogenesis inhibitor), all of the electrons from H2 were used
for bioelectrogenesis except for those electrons converted to
biomass or soluble microbial products (approximately 16% of total
available electrons). Therefore, direct H2 oxidation contributed
between 3 and 27% to the Coulombic efficiency (CE), with 33% as
theoretical maximum from EtOH fermentation. CEs ranged from
60% in absence of 2-BrES to 84% in presence of 50mM 2-BrES. This
equals about 10% of electrons from H2 being used for bio-
electrogenesis in absence of 2-BrES and 90% in presence of 2-BrES;
this is in accordance to the model proposed by Parameswaran et al.
(2009). Under these conditions, methanogens outcompeted EAMs
for H2 conversion. This model includes Coulombic losses due to
biomass and soluble microbial products formation, which lowers
the maximum obtainable CE to 85.5%.

However, their microbial community enrichment strategy of
growing new biofilm with a sample of old biofilm as inoculum did
not support the formation of a syntrophic biofilm. Thereby, an
advantage of planktonic over biofilm microorganisms for EtOH
conversion was created. Growing the biofilm over several pre-
culturing cycles might select for EAMs, but also benefits fast over
slow growing microorganisms. This could therefore hinder the
formation of spatially closely associated syntrophies with EAMs
and help H2 scavenging suspended microorganisms proliferate.
Furthermore, Parameswaran et al., (2009) used 25mM ethanol,
which is quite high given that it is usually an intermediate
fermentation product in mixed cultures (Pipyn and Verstraete,
1981). Finally, their chosen low anode surface area to anolyte vol-
ume ratio favored non-EAMs.

Therefore, the question is whether H2, can effectively be con-
verted into bioelectricity. This will be investigated with special
regards to under which conditions EAMs can outcompete hydro-
genotrophic methanogens for H2 consumption in mixed cultures.
Here, conditions under which a H2 scavenging biofilm develops and
can be steered from methanogenesis towards bioelectrogenesis
were studied. Thermodynamical considerations are shown for all
these competing processes at different conditions and the experi-
mental bioconversion of gaseous H2 and H2 from EtOH fermenta-
tion. Furthermore, it is presented how to possibly steer a syntrophic
biofilm to efficiently convert H2 as gas and H2 from EtOH into
electricity.

2. Materials and methods

2.1. BES design

The experiments were performed in H-type cells. Each H-type
cell consisted of two 325mL cylindrical glass compartments (Lab-
oratory Glass Specialists B.V., the Netherlands). Each compartment
had a short tubular opening on its lower side to connect both
compartments with a flange connection. A bipolar membrane
(Ralex membrane, MEGA, Czech Republic) was clamped in between
both flange connectors and sealed off with rubber O-rings. Oppo-
site to the flange opening in each compartment were three smaller,
vertically aligned flange openings, which were sealed off with a
rubber stoppers and metal caps. These were used to insert a Luggin
capillary (Laboratory Glass Specialists B.V., the Netherlands) of the
3M Ag/AgCl reference electrode (QM711�, QIS, the Netherlands)
together with the 3-way liquid sampling port (Servoprax, Ger-
many), the connecting wire of the bioanode, as well as the 3-way
gas sampling port (Servoprax, Germany), from bottom to top,
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respectively. The top of each compartment had a GL45 opening that
was closed with a rubber stopper and a screwing lids with a rubber
inlay. The anode consisted of a 4 cm� 10 cm carbon felt (SGL Car-
bon, Germany) of approximately 0.3 cm thickness. The cathodewas
made of a 4 cm� 10 cm Pt coated Ti mesh (0.5mg/cm2, Dexmet, Ct,
USA). Both electrodes were bent on their longest edge to form half
circles with an opening towards the BPM. Both anode and cathode
compartments were stirred with a stirring bar at 200 rpm. Anolytes
were chosen according to Table 1 and respective catholytes for each
experiment were the same medium as the anolyte, but without the
respective electron donor.

2.2. Media

All media were based on a modified recipe for synthetic BES
medium with EtOH, Ac and H2 in concentrations as indicated in
Table 1 (Molenaar et al., 2018). One liter ofmedium contained 0.74 g
KCl, 0.584 g NaCl, 0.68 g KH2PO4, 7.84 g K2HPO4, 0.28 g NH4Cl, 0.1 g
CaCl2$2H2O, 0.01 g MgSO4$7H2O, 1mL of vitamin (Nevin et al.,
2011) and 1mL mineral solution (Zehnder et al., 1980). Media
with methanogenesis inhibitor additionally contained 50mM of
sodium 2-bromoethanesulfonate as described in Zinder and Koch
(1984).

2.3. Inoculum

The inoculum consisted of a mixture of biomass samples from
an anaerobic digester treating black water (Cunha et al., 2018),
bioelectrochemical systems using human urine (Zamora et al.,
2017) and artificial wastewater as feed (Molenaar et al., 2018), as
well as syntrophic propionate oxidizer cultures (Mollaei et al.,
2017).

2.4. Experimental strategy

Bioelectrochemical systems were first inoculated with 1% v/v of
inoculummixture to 10mM ethanol in synthetic medium suited for
bioelectrochemical systems (as described in the media section) and
precultured until achieving reproducible electrical current pro-
duction at �0.3 V vs. 3 M Ag/AgCl. All potentials in this work are
reported versus Ag/AgCl reference electrodes (þ205 mV vs NHE).
Preculturing was performed until similar current over time profiles
for at least two previous consecutive batches were observed and
data reported here was collected thereafter.

Similar to the approach described by Parameswaran et al.
(2009), preculturing was accomplished by replacing the medium
Table 1
Overview of experimental conditions applied (in chronological order from top to bottom)
duplicates. * Biofilm previously grown in presence of 50 mM 2-BrES, but absent in this e

Substrate electron donor Eanode, applied [V vs. Ag/AgCl] c substrate, dis

EtOH �0.3 10

5

1

EtOH þ acetate 1 þ 1

EtOH �0.3/open circuit 17� 1

H2 �0.3 0.5

0.5
each time after exponential development of electrical current was
observed. Yet, as major difference in the preculturing approach, the
electrode with grown biofilm was retained at each replacement.
During replacement, anode and cathode compartments were
gently rinsed with deionized water to dilute remaining suspended
microorganisms that were less likely than biofilm microorganisms
to partake in current generation. This medium replacement was
omitted for experiments of carbonate addition with gaseous H2 as
electron donor.

Before the start of each batch, anode potentials were controlled
at �0.3 V vs. 3 M Ag/AgCl by a potentiostat (Ivium-N-stat, Ivium
Technologies, the Netherlands) and both compartment headspaces
purged with N2 for 30min. For experiments with gaseous H2, a gas
volume equivalent to the charge of 5mM EtOH in 0.15 L medium
was added as H2 gas volume with a syringe.

Charge from conversion to electricity was only calculated until
less than 10% of maximum electrical current was observed. This
ensured that little to no H2 of diffusion from cathode to anode was
taken into account for the charge balance. Anode potentials and
substrate concentrations were chosen to gradually select for
hydrogenotrophic EAMs rather than methanogens as described in
Table 1 (from top to bottom).

2.5. Sampling and analysis

Sampling and analysis were conducted as described in supple-
mental information.

3. Results and discussion

3.1. Thermodynamic considerations for acetate and H2 in
methanogenesis, electrogenesis and acetogenesis

Several reactions are involved in the electron flow from ethanol
to the final electron acceptors which can be either the anode or CH4
(described as pathways b-f in Fig. 1):

Acetoclastic electrogenesis: Ac� þ 4 H2O / 2 HCO3
� þ 9 Hþ þ 8 e�

(b)

Hydrogenotrophic electrogenesis: H2 / 2 Hþ þ 2 e� (c)

Hydrogenotrophic acetogenesis: 4 H2 þ 2 CO2 / Ac� þ Hþ þ 2 H2O
(d)

Hydrogenotrophic methanogenesis: 4 H2 þ CO2 / CH4 þ 2 H2O (e)
. For calculations see supplemental information. All experiments were carried out in
xperiment.

solved [mM] Qsubstrate [C] c HCO3
� [mM] c 2-BrES [mM]

1737 e e

50
868 e

50
174 e

50
174 þ 116 e

50
17� 174 e

e *

868 e

50
50 e

50
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Acetoclastic methanogenesis: Ac� þ H2O / CH4 þ HCO3
� (f)

The Gibbs free energy change at certain reaction conditions
dG(r) was calculated for each of these reaction equations as
described in Supporting information A1. This is the maximum
theoretical energy available for the microorganisms catalyzing the
reactions under specific conditions commonly found in our ex-
periments. Calculations were based on conditions of pH 7 and 25 �C
as well as concentrations of bicarbonate of 3.3mM (in equilibrium
with 0.01 atm CO2), 1mM acetate (Ac) and 13 mM dissolved CH4 (in
equilibrium with 0.01 atm CH4).

The dG(r) for reactions that use an anode as electron acceptor
depends on the applied anode potential. Microorganisms can gain
energy from a reactionwhenever the anode potential is higher than
the equilibrium potential of the reaction under specific conditions.
Furthermore, reactions involving protons, either directly or in form
of protonation dependent bicarbonate, give dG(r) values relative to
the pH, At a high H2 partial pressure of 0.1 atm and pH 7, an anode
potential more positive than �0.5 V vs. 3M Ag/AgCl allows aceto-
clastic electrogens and hydrogenotrophic electrogens to gain en-
ergy from catalyzing their respective reactions (Fig. 2 A). At anode
potentials higher than �0.35 V, electrogens gain more energy from
Ac oxidation than any hydrogenotrophic microorganisms (ace-
togens, electrogens or methanogens) could gain from H2 oxidation.
However, hydrogenotrophic electrogens only gain more energy
than methanogens at potentials above þ0.15 V. Acetoclastic
methanogenesis yielded even lower dG(r) than H2 consuming
methanogensis and was therefore considered negligible.

Increasing the pH for hydrogenotrophic reactions allows to
generate more energy for electrogenic H2 conversion (Fig. 2 B).
However, the increased energy gain for electrogens at high H2
partial pressure is still lower than for methanogens.

A lower H2 partial pressure of 10�5 atm results in less energy
gained for all hydrogenotrophic microorganisms (Fig. 2 C), so much
so that acetogens can no longer sustain themselves (in accordance
Fig. 2. Gibbs free energy dG(r) change for reactions at varying anode potentials (in
Volt) at pH 7 (A, C) and at varying pH (B, D). Fig. 2 A and C evaluate hydrogen gas (H2)
or acetate (Ac) as substrate. Fig. 2 B and D evaluate H2 as substrate at different pH
values. All substrate conversions to electricity (e�), methane (CH4) or Ac are indicated
next to their respective lines. 0.1 atm gas partial pressure represents an excess of
available H2 with 78 mM being dissolved in the medium (A, B), 10�5 atm H2 a scarcity
with 7.8 nM being dissolved (C, D) (Lever, 2012).
with Lever, 2012). Electrogens need a higher anode potential
of �0.35 V to gain energy from H2 oxidation, but also gain more
energy than methanogens at potentials above �0.2 V.

Increasing the pH at low H2 partial pressure enables electrogens
to gain more energy than methanogens at anode potentials
above �0.3 V or pH higher than 8 (Fig. 2 D). Higher substrate
concentrations increase the energy gained from any energy
yielding reaction. Therefore, both acetoclasts and hydrogenotrophs
profit from a close spatial association with fermenters since
fermentative Ac and H2 are produced in locally high concentrations.
However, high H2 concentrations give an advantage to metha-
nogens compared to electrogens in terms of energy gained per
reaction. Therefore, lower H2 concentrations allow electrogens to
generate comparable energy from H2 conversion as methanogens.
Yet, hydrogenotrophs cannot gain enough energy to sustain
themselves from indefinitely low H2 concentrations, i.e. acetogens
at 10�5 atm H2 partial pressure.

Lever (2012) proposes different ecological niches as an expla-
nation for why hydrogenotrophic acetogens still do co-exist in deep
sea sediments together with methanogens. This is justified on the
grounds that acetogens are specialized in fast turnover with low
energy gain and methanogens in slower turnover with high energy
gain. A similar ecological niche could hypothetically be occupied by
hydrogenotrophic EAMs, as indicated by the low energy gain of
direct H2 oxidation that would make metabolic maintenance
impossible without fast turnover. The anode potential for the ex-
periments was therefore chosen to be �0.3 V to allow minimal
energy gain from direct H2 oxidation even at H2 partial pressures
below detection limit (10�5 atm, Fig. 2 C).

3.2. Ethanol fermentation in bioanodes indicates fermentative
hydrogen can be used for electricity production

These thermodynamical considerations were taken into account
to study the possibility of designing and steering a syntrophic
biofilm to efficiently convert H2 from EtOH fermentation into
electricity. EtOH is a common intermediate of complex waste
fermentation. It is a goodmodel source of fermentative H2 since it is
directly fermented into H2 and Ac. Both H2 and Ac can then directly
be converted into electrical current. As indicated above, it is para-
mount to control the pH and to keep H2 concentrations in the
headspace low to achieve high conversion efficiencies to electricity.
Here, pH control was achieved using a buffer solution of 50mM PBS
at pH 7.8 (acid buffer capacity of 45mM).

In a first set of experiments, different biofilms were developed
in presence or absence of 2-BrES through succeeding batch in-
cubations with medium containing 10mM EtOH and replacing the
medium periodically when less than 10% of maximum current was
observed. Electron balances were established once similar
maximum current density and charge conversion to electrical
current was observed for at least three succeeding batches (Fig. 3).
Experimental duplicates are displayed separately in Fig. 3 since
standard deviations would otherwise not be visible in the figure,
but the duplicates will be described as averages in the following.

All reactors showed similar maximum current densities of 5e8
A m�2 for 10mM EtOH (Fig. 3 A). Maximum current densities in
presence of 2-BrES are generally lower and substrate conversion is
50e100% slower than in absence of 2-BrES. The delayed conversion
in presence of 2-BrES may be caused by the inhibition of meth-
anogenesis and therefore possible lack of sufficient H2 scavengers,
which would delay the EtOH fermentation due to thermodynamic
inhibition by H2.

All reactors showed similar final substrate conversion to elec-
tricity with 69± 6% in absence and 67± 5% in presence of 2-BrES
(Fig. 3 B). Only 0e2% of EtOH was still detectable in solution and



Fig. 3. Development of current density over time for 10mM EtOH as substrate (A) and
respective electron balance after 26 h (B), as well as electron balances for 5mM EtOH
after 26 h (C) and 1mM EtOH after 18 h (D). Experimental duplicates are displayed
separately.
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less than 0.2% of total charge was detected as gaseous H2. No CH4
was observed for experiments with 2-BrES, while only 2.5± 1% of
total charge was converted into CH4 in absence of 2-BrES. The
25e35% unknown fraction of total charge was composed of about
20% of soluble COD, less than 5% of suspended biomass and the rest
undefined microbial products.

The pH dropped from 7.8 to 6e6.5 for experiments using 10mM
EtOH, which may limit bioelectrogenesis from direct H2 oxidation
(Fig. 2 D) and therefore lead to fermentation inhibition by H2
accumulation. Therefore, lower concentrations of 5 mM (Fig. 3 C)
and 1 mM EtOH (Fig. 3 D) were used in a second and third set of
experiments, both with and without 2-BrES.

Decreasing the substrate concentration to 5mM neither led to a
higher conversion efficiency to electrical charge nor changed the
conversion to CH4 (Fig. 3 C). Gaseous H2 concentrations were still
observed at the limit of detection and the pH stayed between 6.5 in
presence and 7 in absence of 2-BrES.

Lowering the EtOH concentration further to 1mM led to a pH
staying above 7.0 and higher conversion to electrical charge with
87± 2% in absence and 85± 4% in presence of 2-BrES compared to
higher substrate concentrations (Fig. 3 D). In the experiment
without inhibitor, methanogenesis was slightly reduced compared
to the higher EtOH concentrations at 0.7± 0.5% conversion to CH4,
while EtOH could still be detected at the limit of detection at the
end of the experiment, but H2 could not. This shows not only that
methanogens do not necessarily consume most H2 from EtOH
fermentation, but also that EAMs can use this H2 in a biofilm to
produce electrical current. All experiments show at least 63% EtOH
conversion to electrical current, which was higher than the 60%
observed by Parameswaran et al., (2009) in absence of 2-BrES.
However, the complete conversion of 84% EtOH into electricity
(with 16% electrons going into biomass) reported by Parameswaran
et al. in presence of 2-BrES is achieved here for 1mMEtOH at 87% in
absence of 2-BrES. This is likely due to the medium replacement
strategy applied here that would allow a syntrophic microbial
biofilm community to stay partially intact while planktonic mi-
croorganisms are removed with the spent medium. This could
result in a biofilm that predominantly has the anode as electron
acceptor and would therefore require interspecies electron transfer
from fermenters to electrogens. This would predominantly produce
electricity and lower local H2 concentrations for fermentation to
commence (Stams and Plugge, 2009). Higher conversion of sub-
strate to electricity for lower substrate loadings has also been re-
ported by Sleutels et al. (2016).

3.3. Consecutive addition of EtOH shows EAMs can outcompete
methanogens

After high conversion to electricity was observed for 1mM
EtOH, further additions of 1mM EtOH were carried out without
replacing the medium (Fig. 4), but in absence of 2-BrES for all ex-
periments. This allowed methanogens to grow in the mediumwith
less competitive advantage of the EAM biofilm and without being
constrained by their slow growth, washout or 2-BrES. Furthermore,
methanogenic activity was confirmed after 14 days of polarizing
the anode at �0.3 V by applying an open circuit for 3 days. EtOH
conversion to electricity was only recorded until the cut-off at 5% of
maximum current, which results in a conservative estimate of how
much current is generated from substrate conversion. This is done
to prevent side reactions that generate current, such as H2 diffusion
from cathode to anode, and to add noticeable electrical charge to
the electron balance.

This cut-off may be part of the reason why conversion effi-
ciencies dropped as low as 45% after the first 3e5 days, as not even
all Ac from EtOH fermentation was converted into electricity.
Furthermore, frequent addition of substrate might have led to a
surplus in available substrate and thereby higher biomass yield as
observed for higher EtOH concentrations in Fig. 3. However, most
EtOH injections led to conversion efficiencies above 66% even after
two weeks without medium replacement. This means that the
biofilm maintained conversion of fermentative H2 into electricity
even after methanogens were no longer removed by medium
replacement and able compete for the available substrates. This is
contrary to conclusions of Parameswaran et al. (2009), where an
increase in fermentative H2 after twoweeks led tomore than 15% of
EtOH charge conversion into CH4.

Methanogenesis for experiments without methanogenesis in-
hibitor 2-BrES increased quickly to around 2% of substrate con-
version after 2 days and only slowly increased over the following
two weeks to 4%. Once the anode potential was no longer
controlled and left at open circuit, EtOH additions resulted in
increasing parts of substrate conversion to methane of up to 8% of
supplied substrate in absence of 2-BrES. Experiments with biofilms
formed previously with methanogenesis inhibitor did not produce
CH4 while the anode was polarized even though no 2-BrES was
present in this experiment. Yet, one replicate showed up to 4%
substrate conversion to methane when left at open circuit, indi-
cating that methanogens were still present and active in this
replicate. The general presence of methanogenesis and its
increasing ratio of substrate conversion at open circuit proves that
the electrogenic biofilm did outcompete methanogens for all
available substrates (EtOH, Ac, H2) at closed circuit.

3.4. More current produced from EtOH than Ac shows fermentative
H2 is oxidized

In order to show that the converted charge came from H2 con-
version and not exclusively from acetate (Ac), an experiment was
conducted where first 1mM EtOH was added and then 1mM Ac
was added afterwards in presence and absence of 2-BrES (Fig. 5). Ac
conversion resulted in double the maximum current density than
EtOH conversion (Fig. 5 A). As for EtOH conversion, Ac conversion to



Fig. 4. Cumulative addition of 1 mM EtOH (indicated by “þ “) to anodes polarized at �0.3 V vs. Ag/AgCl and open circuit (blue background). Solid circles indicate ratio of substrate
converted into electrical current for biofilms previously grown in absence of 50 mM 2-BrES, empty circles conversions for biofilms previously grown in presence of 2-BrES (left y
axis). Solid triangles indicate ratios of substrate converted into methane for biofilms grown in absence of BrES, empty triangles in presence thereof (right y axis). The red dashed line
indicates 66.6% conversion to e� above which H2 from EtOH fermentation must have been converted into electrical current. Same gray and black symbols are experimental du-
plicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Successive addition of 1mM acetate after conversion of 1mM EtOH displayed
as current density generated over time (A) and as electrical charge generated (B). The
dashed lines in (B) indicate the charge at which 100% of each substrate would have
been converted into electricity.

Fig. 6. Anodic electron balance for conversion of gaseous H2 (A) and gaseous H2 with
addition of 50mM NaHCO3 (B) in absence and presence of methanogenesis inhibitor 2-
BrES after 7 days. The first duplicate in (B) indicated by “*“ experienced an early gas
leakage and is therefore not a representative duplicate. No medium replacement was
carried out between experiments.
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electricity in presence of 2-BrES is slightly slower than in absence of
2-BrES. Converted charge to electrical current was slightly higher
from EtOH with 2-BrES (130± 2 C) than without 2-BrES
(122± 0.5 C), while it did not differ significantly for Ac conversion
(101± 8 C with 2-BrES versus 104± 1 C without 2-BrES, Fig. 5 B). In
general, EtOH conversion yielded 20% more charge than Ac con-
version in absence of 2-BrES and 30% more in its presence. Calcu-
lating the total charge as electricity generated divided by the
initially added charge as substrate gave a conversion efficiency of
88± 2% for Ac and 73± 1% for EtOH (indicated in Fig. 5 B). This
shows that approximately 20e30% additional charge was produced
from EtOH as substrate compared to Ac as sole fermentation
product and indicates the use of fermentative H2 for electricity
generation. Thereby slowly released low concentrations of H2 at a
relatively high pH of 7.8 could move methanogens from their
ecological niche of slow metabolism e high energy gain to a low
energy gain niche. This may allow electrogens with a faster meta-
bolism than that of methanogens to kinetically outcompete
methanogens for H2 as substrate (Lever, 2012). Conversion of only
88% Ac furthermore indicates that 10e15% were likely converted
into biomass and secondary metabolites, as predicted by
Parameswaran et al., (2009) for a mixed microbial community of
fermenters and EAMs.

3.5. Addition of dissolved gaseous hydrogen shows that efficient
direct production of current is possible

The conversion of an electron equivalence of 5mM EtOH as
gaseous H2 to electricity was tested over 7 days in absence and
presence of 2-BrES as well as under carbon source limiting condi-
tions (Fig. 6 A) and with addition of 50mM bicarbonate (HCO3

�,
Fig. 6 B). Without additional carbon source, the ratio of H2 con-
version to electricity was similar to EtOH conversion with 68± 2%
in absence and 76± 12% in presence of methanogenesis inhibitor
(Fig. 6 A). 17± 2% of electrons from H2 conversion ended in CH4 as
electron sink in absence of 2-BrES. This was around one order of
magnitude more than observed for EtOH conversion, yet it is only
one quarter as much as H2 conversion to electricity. Only 3± 1% in
absence and 6± 1% in presence of 2-BrES are stored in planktonic
biomass and soluble microbial products. These should mainly come
from detached biofilm since the only carbon source available was
the biofilm (i.e. less than 0.2% CO2 in headspace at all times, data
not shown). 12± 6% of electrons in initially added gaseous H2 in
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absence and 14± 11% in presence of 2-BrES remain in the anode
unconverted, which closes the electron balances for all experi-
ments under carbon limiting conditions with 96e101% of total
available electrons being accounted for. This remaining H2 even
after 7 days stands in difference to the more than 98% of substrate
converted in 1 d for EtOH conversion experiments, likely due to the
low solubility of H2 inwater (less than 0.8mMatm�1; Sander, 2015)
and diffusion of H2 from cathode to anode.

In presence of 50mM HCO3
�, H2 conversion to electricity differs

strongly between experiments with and without added methano-
genesis inhibitor (Fig. 6 B). In both cases, more than 98% of initially
added H2 is converted. Absence of 2-BrES led to 69± 11% conver-
sion into CH4, which is a four-fold increase compared to carbon
source limiting conditions. This confirms that carbon availability
was limiting methanogenesis in the previous experiments.
Furthermore, higher abundance of methanogens could have
contributed to that as well since only the gases and not the medium
were replaced between experiments.

When comparing experiments with and without methano-
genesis inhibitor separately, the carbonate concentration had only a
marginal effect on the H2 conversion to electricity. In absence of 2-
BrES and under carbonate limiting conditions, 68± 2% were con-
verted to e� (Fig. 6A), compared to 53± 5% when carbonate was
added (Fig. 6B). In absence of inhibitor, the conversion of H2 to
electricity (53± 5%) and CH4 (69± 11%) remained comparable. This
indicates competitive equality under these conditions for H2 con-
version between the developed electrogenic biofilm and metha-
nogens. The resulting total electron balance in absence of 2-BrES of
around 120% further implies that H2 diffusion from cathode to
anode took place. An increased conversion to electrical charge of
91% in presence of 2-BrES and additional carbon source compared
to 76± 12% under carbon limiting conditions suggests the presence
of homoacetogens. These could convert the present HCO3

� into ac-
etate which could generate additional electricity (Rodenas et al.,
2017). However, no volatile fatty acids were detected at any time
of any experiments with gaseous H2, which means that acetate
produced by homoactogens would have needed to be oxidized as
fast as they had been produced.
4. Conclusion

This work confirms that H2 both from fermentation and in
gaseous form could be an electron donor in BES. Comparison with
other work in the literature further indicates that in order to ach-
ieve high H2 conversion to electricity, a specialized biofilm needs to
be developed first. Furthermore, a low substrate concentration and
constant removal of planktonic biomass (here by operation in fed-
batch mode) can create a sufficiently high advantage of electrogens
over methanogens.

Furthermore, low H2 concentrations at high pH increase the
advantage of electrogens over methanogens to gain more energy
from H2 conversion. Combining these two principles (specialized
biofilm and lowH2 concentration) in BES could potentially make H2
feasible as an additional electron donor. This H2 could for example
be recycled from the cathode in a similar principle as in a hydrogen
recycling electrochemical system, and thereby create a stepping
stone for the applicability of bioelectrochemical technologies for
recovery of nutrients.
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