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Thesis abstract

Nowadays wastewater treatment is an energy-intensive process, even though
wastewater contains a large amount of chemical energy stored within the organic
contaminants. Microbial electrolysis cells (MEC) are able to recover part of this energy as
hydrogen by applying an electric potential. However, there are still important

hurdles to overcome before implementation at full-scale of this technology.

In this thesis, the scale-up potential of single-chamber MEC was first evaluated. Single-
chamber configuration has as advantage the simple design and operation and lower
energy requirements. However, the availability of hydrogen for other microorganisms
can reduce both its recovery and purity. The long-term operation of MEC allowed
qguantifying hydrogen losses related to the consumption by either homoacetogens or
methanogens for acetate and methane production, respectively. In both cases the

recovery of hydrogen was low and therefore this configuration was excluded.

Two-chamber configuration prevents hydrogen to be consumed, but on the drawback
side, the presence of a membrane causes potential losses associated to pH gradients. For
this reason, much of the reported experiments at lab-scale have been carried out with
media with high buffering capacity when compared to that in wastewater. The
performance of MEC with non-buffered medium was assessed and it was observed that
both anode and cathode had a higher overpotential than when working with buffered
media. The overpotential of the anode, however, was significantly higher as it is a

biological system and thus, more sensitive to pH changes.

A pH control was implemented to improve the performance of two-chamber MEC. It was
observed that the biological activity could be maintained by controlling the anodic pH at
a value close to 7. Furthermore, thermodynamics of the system was favoured by
controlling the cathodic pH at low values, leading to hydrogen productions with an energy
content 8 times higher than the energy invested on producing it. Thereafter, pH control
in the cathode was replaced by the use of an acid effluent from the dairy industry as

catholyte.

During this thesis, preliminary experiments regarding inoculation and discontinuous

operation were carried out in one unit that will be part of a pilot-scale MEC. The obtained

| XI
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results were quite promising but some modifications are required for improving the cell
performance. Hydrogen recovery must be improved and the duration of batch cycles
must be reduced in order to minimize the organic matter consumption by other
microorganisms and maximize therefore, the energy recovery from wastewater as

hydrogen.

Finally, the resistance of exoelectrogens to starvation was also investigated. It was
observed that biological activity was not affected by a period up to 10 days without
substrate as long as an electric voltage was applied, thus allowing the consumption of the

accumulated substrate as polymer inside the bacterial cell.

With the work developed in this thesis it was concluded that the implementation of MEC
aiming at hydrogen production at full-scale has opportunities if a series of strategies are
addressed: (i) working in two-chamber configuration thus, preventing hydrogen
consumption by other microorganisms, (ii) avoiding a large pH drop in the anode and (iii)
reducing the applied potential requirements for hydrogen production by following

strategies similar to the use of acid effluents as catholytes.

Xl
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Resum de la tesi

El tractament d’aiglies residuals és avui en dia un procés energéticament intensiu, tot i
I'energia quimica emmagatzemada dins la matéria organica contaminant. Mitjangant
I'aplicacié d’un potencial eléctric, les cel-les d’electrolisi microbiana (MEC) permeten
recuperar part d’aquesta energia en forma d’hidrogen. Aquesta tecnologia, pero, encara

ha de superar obstacles abans de poder ser implementada a escala real.

En aquesta tesi, es va avaluar el potencial d’ampliacié de MEC en configuracié d’una sola
cambra, la qual presenta un disseny i operacid més senzills i uns requeriments energetics
inferiors. Per contra, la disponibilitat de I'hidrogen per altres microorganismes en pot
reduir la recuperacié i la puresa. L'operacié a llarg termini d’'una MEC va permetre la
guantificacio de les perdues d’hidrogen lligades al seu consum per part d’"homoacetogens
0 metanogens per a la produccié d’acetat i meta, respectivament. En tots dos casos, la

recuperacié d’hidrogen va ser baixa, i per tant, aquesta configuracio va ser exclosa.

La configuracié de MEC en doble cambra evita que I’hidrogen sigui consumit, pero la
preséncia d’'una membrana provoca pérdues de potencial associades a gradients de pH.
Per aix0, una gran part dels experiments a escala laboratori reportats s’han dut a terme
amb medis amb una alta capacitat tamponant en comparacié a la de les aiglies residuals.
Aixi doncs, el funcionament de les MEC treballant amb un medi de cultiu sense tamponar
va ser avaluat. Es va observar que tant I’'anode com el catode presentaven unes pérdues
de potencial més grans que amb el medi tamponat, sent aquestes pero, més elevades en
el cas de I'anode pel fet de tractar-se d’un sistema biologic i per tant, més sensible als

canvis de pH.

Per tal de millorar el funcionament de les MEC en doble cambra, es va implementar una
estrategia de control de pH. Controlant el pH de I’'anode a valors propers a 7, |'activitat
biologica es mantenia. A més, la termodinamica del sistema va ser afavorida controlant
el pH del catode a valors baixos, la qual cosa va permetre produir hidrogen amb un
contingut energetic fins a 8 cops superior a l'energia invertida en produir-lo.
Posteriorment, el control de pH al catode va ser substituit per I’Us d’un efluent acid de la

indUstria formatgera com a catolit.

Xl
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Durant aquesta tesi es van dur a terme les primeres proves d’inoculacié i operacié en
discontinu en una unitat que formara part d’una planta pilot MEC. Els resultats van ser
satisfactoris, si bé és cert que algunes modificacions sén necessaries per tal de millorar-
ne el funcionament. En aquest sentit, s’"haura de millorar la recuperacié de I'hidrogen i la
duracié d’un cicle en discontinu s’haura de reduir per tal de minimitzar el consum de
materia organica per part d’altres microorganismes, i maximitzar per tant, la recuperacié

energetica de les aigles residuals en forma d’hidrogen.

Per ultim, es va investigar la resisténcia dels exoelectrogens a la inanicid. Es va observar
gue l'activitat biologica del sistema no es veia afectada per un periode de fins a 10 dies
sense substrat sempre i quan el potencial eléectric es mantingués aplicat, ja que d’aquesta

manera, es permetia el consum del substrat acumulat com a polimer a l'interior cel-lular.

Segons el treball desenvolupat en aquesta tesi, la implementacié de les MEC a escala real
per a la produccié d’hidrogen sera possible si: (i) es treballa en configuracié de doble
cambra evitant el consum d’hidrogen per part d’altres microorganismes, (ii) s’evita un
gran descens en el pH de I'anode i (iii) s’aconsegueix reduir el potencial eléctric aplicat
per a la produccio d’hidrogen seguint estratégies similars a la utilitzacié d’un efluent acid

com a catolit.
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Resumen de la tesis

Actualmente el tratamiento de aguas residuales es un proceso energéticamente
intensivo, a pesar de la energia quimica almacenada dentro de la materia organica
contaminante. Mediante la aplicacién de un potencial eléctrico, las celdas de electrolisis
microbiana (MEC) permiten recuperar parte de esta energia en forma de hidrégeno. Sin
embargo, esta tecnologia aun debe superar algunos obstaculos antes de poder ser

implementada a escala real.

En esta tesis, se evalud el potencial de ampliaciéon de MEC en configuracion de una sola
cdmara, la cual presenta un disefio y operacion mas sencillos a la vez que unos
requerimientos energéticos inferiores. No obstante, la disponibilidad del hidrogeno para
otros microorganismos puede reducir su recuperacion y pureza. La operacion a largo
plazo de una MEC permitié la cuantificacion de las pérdidas de hidrogeno asociadas a su
consumo por parte de homoacetégenos o metandgenos para la produccion de acetatoy
metano, respectivamente. En ambos casos la recuperacién de hidrégeno fue baja, y por

lo tanto, esta configuracion fue excluida.

La configuracion de MEC en doble camara evita que el hidrégeno sea consumido, pero la
presencia de una membrana provoca pérdidas de potencial asociadas a gradientes de pH.
Por esta razon, una gran parte de los experimentos a escala laboratorio reportados se
han llevado a cabo con medios con una alta capacidad tamponante, en comparacién a la
de las aguas residuales. Asi pues, el funcionamiento de las MEC trabajando con un medio
de cultivo sin tamponar fue evaluado. Se observd que tanto el anodo como el catodo
presentaban unas pérdidas de potencial mayores que con medio tamponado, siendo
éstas mas elevadas en el caso del anodo por tratarse de un sistema bioldgico, y por lo

tanto, mas sensible a los cambios de pH.

Para mejorar el funcionamiento de las MEC en doble cdmara se implementd una
estrategia de control de pH. Controlando el pH del dnodo a valores cercanos a 7 la
actividad bioldgica se mantenia. Ademas, la termodinamica del sistema fue favorecida
controlando el pH del catodo a valores bajos, lo cual permitié producir hidrégeno con un

contenido energético hasta 8 veces superior a la energia invertida en producirlo.
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Posteriormente, el control de pH en el cadtodo fue reemplazado por el uso de un efluente

acido de la industria quesera como catolito.

Durante esta tesis se realizaron las primeras pruebas de inoculacién y operacién en
discontinuo en una unidad que formara parte de una planta piloto MEC. Los resultados
fueron satisfactorios, aunque para mejorar el funcionamiento tendradn que realizarse
algunas modificaciones. En este sentido, la recuperacion de hidrogeno tendra que ser
mejorada y la duracion de un ciclo en discontinuo tendra que ser reducida para minimizar
el consumo de materia organica por parte de otros microorganismos y maximizar, por lo

tanto, la recuperacién energética de las aguas residuales en forma de hidrdgeno.

Por ultimo, se investigo la resistencia de los exoelectrégenos a la inanicidn. Se observd
gue la actividad biolégica no se veia afectada por un periodo de hasta 10 dias sin sustrato
siempre y cuando el potencial eléctrico se mantuviera aplicado, ya que de esta manera,

se permitia el consumo del sustrato acumulado como polimero en el interior celular.

Segln el trabajo desarrollado en esta tesis, la implementacion de las MEC a escala real
para la produccion de hidrogeno sera posible si: (i) se trabaja en configuracion de doble
camara evitando el consumo de hidrégeno por parte de otros microorganismos, (ii) se
evita un gran descenso en el pH del dnodo vy (iii) se consigue reducir el potencial eléctrico
aplicado para producir hidrégeno siguiendo estrategias similares a la utilizacion de un

efluente acido como catolito.

XVI
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1.1 Energy from wastewater

Activated sludge process for domestic wastewater treatment involves high operating
costs due to large energy requirements for aeration, pumping and solids disposal. In
Spain, 13,592,255 m? of wastewater were daily treated in 2012 [1] with an estimated
energy cost of 0.67 Kwh/m? [2], which means that approximately 1.4 % of the energy

consumption in Spain was used for wastewater treatment [3].

This situation is projected to worsen in the coming decades due to the increase of the
population and the economic growth, which will result in an increase
of wastewater generated. Moreover, as fossil fuels become increasingly scarce, prices

will inevitably rise leading to higher wastewater treatment costs.

However, the amount of chemical energy stored in organics within wastewater is 10-fold
higher than the amount of energy to treat it [4,5] and therefore, wastewater treatment
may become an energy neutral or even a net energy producer process by recovering part
of the energy content of wastewater. Furthermore, the carbon footprint of wastewater

treatment and the associated greenhouse emissions could be reduced.

Anaerobic digestion could be an alternative to the aerobic activated sludge treatment for
domestic wastewater, by which methane can be produced from organic matter. This
methane can be later combusted to produce electricity with an efficiency of 35 % [6]. In
addition to energy production, the quantity of digested sludge resulting from anaerobic
treatment would be much lower than with aerobic treatment and hence, the costs
associated to solids disposal will be lower. However, the organic matter removal would
probably not be enough and a post-treatment step would be required. Moreover, low
temperatures and low organic matter concentrations have been reported as

unfavourable conditions for anaerobic treatment [6].

Recently, bioelectrochemical systems (BES) have emerged as a promising technology for
wastewater treatment and valorisation. Nevertheless, BES are in their early stages of
development and further research is still required to increase its efficiency and to reach

full-scale application.
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1.2 Bioelectrochemical systems (BES)

BES are an emerging technology, which use microorganisms to catalyse oxidation or
reduction reactions at an electrode surface to either produce electrical power in systems
known as microbial fuel cells (MFC) or a wide range of value-added compounds (such as
hydrogen) by applying a small voltage in systems known as microbial electrolysis cells
(MEC). As previously stated, BES are being nowadays studied as an alternative for
wastewater treatment, as they would allow recovering part of the energy contained in

wastewater.

1.2.1 Principles of bioelectrochemical systems

BES are based on the capability of exoelectrogenic bacteria or anode respiring bacteria
(ARB) to transfer electrons out of the cell, thus coupling their metabolic pathways to
external solid electron acceptors under anaerobic conditions. In BES, ARB oxidize organic
compounds from wastewater and use a solid anode, where they grow as a biofilm, as
electron acceptor under anaerobic conditions. The electrons obtained from the oxidation
reaction flow through an electric circuit to the cathode, where a reduction reaction takes
place. Both the anodic and cathodic processes can be physically separated by an ion
exchange membrane (IEM), selectively allowing cations flow (cation exchange

membrane, CEM) or anions flow (anion exchange membrane, AEM).

MFC usually operate with cathodes exposed to air and thus, oxygen is reduced at the
cathode. By contrast, in MEC aiming at hydrogen production, the cathode is kept also
under anaerobic conditions and protons are reduced, producing hydrogen gas. Figure 1.1

shows the schematic representation of both MFC and MEC.
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Figure 1.1 Schematic diagram of (A) microbial fuel cell (MFC) and (B) microbial electrolysis

cell (MEC) aiming at hydrogen production.

The half-reactions at the anode and cathode of an MFC with acetate as electron donor

and the corresponding standard reduction potentials are summarized in Table 1.1.

Table 1.1 Electrode half-reactions in MFC and standard reduction potentials.

Electrode Reaction E® (V) vs SHE
Anode 1. CH3COO +4H;0 - 2HCOs3+ 9H* + 8e” 0.187

2. O+ 4H*+4e = 2H,0 1.229
Cathode

3. 02+ 2H,0+4e = 40H" 0.401

The half-reactions at the anode and cathode of an MEC producing hydrogen with acetate
as electron donor and the corresponding standard reduction potentials are summarized

in Table 1.2.

Table 1.2 Electrode half-reactions in MEC and standard reduction potentials.

Electrode Reaction E® (V) vs SHE
Anode 1. CHs3COO + 4H,0 - 2HCO3+ 9H* + 8e” 0.187

4. 2H"+2e > Hy 0
Cathode

5. 2H,O+2e = Hy+ 20H" -0.828
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Note that the cathodic reaction in both MFC and MEC can be described either as protons
consumption or hydroxyls production, since protons and hydroxyls are always in
equilibrium with each other through the water dissociation constant (K = [H+]-[OH-] =

1.1014),

1.2.2 Anode respiring bacteria (ARB)

ARB have the ability of transferring electrons out of the cell and thus, they use
extracellular electron acceptors. In nature, Fe(lll) and Mn(lll/1V) oxides are two common
electron acceptors in the absence of oxygen [7]. This ability was exploited to reduce solid

conductors, which led to the development of BES.

Electrical current generation has been reported for alpha-, beta-, gamma-, and delta-
proteobacteria, as well as for firmicutes, acidobacteria and yeasts [8]. Examples of
microorganisms with exoelectrogenic capabilities are: Geobacter sulfurreducens [9],
Geobacter metallireducens [10], Shewanella oneidensis [11], Pseudomonas aeruginosa
[12], Desulfuromonas acetoxidans [10], Rhodoferax ferrireducens [13] and Geothrix

fermentans [14].

Several mechanisms have been proposed for the extracellular electron transfer (EET) by
ARB (Figure 1.2), which include among others direct electron transfer to the anode via c-
type cytochromes located on the outer cell surface [15]. This EET mechanism requires
physical contact between cells and the anode surface. However, anodic biofilms may
have a relatively large thickness and bacteria at a greater distance from the anode also
contribute to current intensity generation through a conductive biofilm matrix containing

cytochromes or through electrically conductive pili called “nanowires” [16,17].

Electron transfer between cells and the anode can also be mediated by soluble electron
shuttles: compounds that are sequentially reduced by bacteria and then oxidized by the
anode. Electron shuttles can be produced by bacteria themselves or artificially added

[18].
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Figure 1.2 Extracellular electron transfer for ARB (A) Direct transfer by direct contact or
through a conductive biofilm matrix (B) Direct transfer by conductive pili and (C) Indirect

transfer by means of electron shuttles.

Simple fermentation products, such as acetate, are the most common substrates used in
BES. However, research is currently being done with a wider range of substrates with the
aim of applying BES for a sustainable wastewater treatment. In this framework, studies
have been carried out with substrates, such as propionate, butyrate, glucose [19], lactate
[20], starch [21,22], xylose [23], oxalate [24] or even with domestic, brewery [25,26],
chocolate industry [27] and paper recycling [28] wastewaters among others. As
substrate-utilization capabilities of ARB are mainly limited to simple fermentation
products, the development of syntrophic consortia between fermenters and ARB are

required to treat complex wastewaters [22,29].

1.2.3 Thermodynamics and electromotive force

Electrical power will be produced in an electrochemical system if the overall reaction is
thermodynamically favourable, which can be evaluated in terms of Gibbs free energy
(equation 1.1). If the Gibbs free energy is positive, then the process is non-spontaneous
and it requires an external energy input to drive the reactions. In contrast, if it is negative,

then the process is spontaneous and occurs without an external energy input.

AG, = AG’ +RTIn(M) (1.1)
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where AG; (J mol?) is the Gibbs free energy for the specific conditions, AG?: (J mol?) is
the Gibbs free energy under standard conditions (T=298.15 K, concentration =1 mol L?
and P=1atm), R is the universal gas constant (8.31447 J mol* K1), T (K) is the temperature
and ITis the reaction quotient calculated as the activities of the products divided by those
of the reactants, each raised to the power of its stoichiometric coefficient. The standard
reaction Gibbs free energy can be calculated from the tabulated energies of formation of

organic compounds in water.

However, thermodynamics in electrochemical systems are evaluated in terms of the
electromotive force, Eemf, which indicates the theoretical maximum attainable potential
of an spontaneous process (Eemf>0) or the voltage required to drive the reactions of a
non-spontaneous process (Eemf <0). Both AG, and Eemf can be related by the following

expression [30]:

Eemf - (1-2)

where Eems (V) is the electromotive force, b is the number of moles of electrons
transferred in the reaction (per mole of reactant or product) and F is the Faraday’s

constant (96485 C/mol e).

Moreover, Eems is calculated as the difference between the theoretical cathodic and
anodic potentials (equation 1.3) [30]. Therefore, a process is spontaneous only if the

cathodic potential is higher than the anodic potential.

c g _ge (1.3)

emf cathode anode

where E®9athode (V) and E®%node (V) are the theoretical cathodic and anodic potentials

(equilibrium potentials) at specific conditions.

1.2.3.1 Thermodynamics of MFC

The standard reduction potential (E®) of a certain half-reaction is tabulated relative to the
standard hydrogen electrode (SHE), which, by convention, is zero at all temperatures to
form a basis for comparison with all other electrode reactions. These values, however,

must be corrected by means of the Nernst equation when the conditions are other than
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standard. The Nernst equation is function of the activities of the species involved in the
redox equation. However, since the activity coefficients tend to be unity at low
concentrations, activities in this equation are frequently replaced by simple

concentrations.

The theoretical reduction potential for an anode in which acetate is oxidized according

reaction 1 in Tables 1.1 and 1.2 at specific conditions can be calculated as follows [30]:

Fed g0 RT n CCH3COO’

2 9
. cC _“C,
Ac HCO3 H

(1.4)

where E%node (V) is the standard reduction potential for reaction 1 (0.187 V vs SHE), bac
is the moles of electrons transferred per mole of acetate (8 mol e mol™ Ac), and Ccrscoo™
, Chcos™ and Cy* (mol L) are the concentrations of acetate, bicarbonate and protons,
respectively. By assuming standard conditions at a pH of 7, the theoretical reduction

potential of acetate is -0.27 V vs SHE.

The theoretical reduction potential for a cathode in which oxygen is reduced to water

according reactions 2 and 3 can be calculated as in equations 1.5 and 1.6 [30,31].

RT 1
eq —g© -
E cathode _EcathodE_H+ bo Fln[ pO 'CH+4J .
) 2
4
RT . \Co
Fed _go - m(cm) (1.6)

cathode —
cathode_OH
O b pO,

where E%athode H+ and E%athode or- are the standard reduction potentials for reactions 2
(1.229 V vs SHE) and 3 (0.401 V vs SHE), respectively, bo is the moles of electrons
transferred per mole of oxygen (4 mol e mol? 03), pO2 (atm) is the partial pressure of
oxygen and Con- (mol L) is the concentration of hydroxyls. By assuming a temperature
of 293.15 K, a pH of 7 and atmospheric oxygen concentration (0.21 atm), the theoretical
reduction potential of oxygen is 0.81 V vs SHE. Note that the theoretical reduction

potential is the same using either of the two equations.

The Eemt for an MFC with acetate as electron donor at pH 7, calculated by means of

equation 1.3 as the difference between the theoretical cathodic and anodic potentials, is
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1.1 V, which indicates that the overall process is spontaneous and that a maximum

voltage of 1.1 V is attainable.

r'
4
e Cathode
A
MFC
LL’ -
=) E e Attainable voltage, E
ARB % - Anode v
A
|:‘|> e ARB e
© Substrat :
SUbStrate ubstrate Applied voltage, E,,
y
e Cathode

Figure 1.3 Electron flow according to electrodes potentials. Arrows indicate the direction

of electron flow, which is spontaneous only from lower to higher potentials.

Figure 1.3 shows a schematic diagram of the electron flow according to electrode
potentials. For an MFC, the anodic potential is lower than the cathodic potential, thus the

reaction is spontaneous and the electron flow is favoured.

According to equations 1.4, 1.5 and 1.6, the reduction potentials of reactions 1, 2 and 3
are pH-dependent. In addition, the anodic pH would not only affect thermodynamics, but
also the performance of the anodic biofilm, since it is a biological system and thus,
sensitive to pH changes. The effect of pH on the theoretical reduction potential of the
oxygen reduction reaction (ORR) in the cathode and the Eemf of MFC is displayed in Figure
1.4. An increase of the cathodic pH entails a more negative cathodic potential (Figure

1.4A), which in turn, reduces the attainable voltage (Figure 1.4B).
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Figure 1.4 Effect of pH on the (A) theoretical reduction potential of the cathode (E®*%athode)
and (B) cell electromotive force (Eems). For spontaneous processes, Eems is above the
dashed line, whereas for non-spontaneous processes Eems is below. MFC (@) and MEC
(O). For the Eems calculation, biological standard conditions (pH of 7) were assumed for

the anode (adapted from Rozendal [31]).

1.2.3.2 Thermodynamics of MEC
The anodic reaction in an MEC is the same as in an MFC, thus the theoretical reduction

potential of acetate would be 0.27 V vs SHE at pH 7.

For the hydrogen evolution reaction (HER), the theoretical reduction potential can be

calculated by means of either equation 1.7 (reaction 4) or equation 1.8 (reaction 5)

131,32].
RT pH

. Lo _ nb M2

cathode _Ecathode_H+ by Fln( CH+2J .
2
RT (p 2)

eq g0 I

Ecathode _Ecathode_OH’ b Fln HZ COH_ (18)
Hy

where E%thode H+ i the theoretical cathode potential at standard conditions for reaction
4 (0 V vs SHE) and E%athode on- is the theoretical cathode potential at standard conditions
for reaction 5 (-0.828 V vs SHE), bu, represents the moles of electrons transferred per

mole of hydrogen (2 mol e mol™* Hy) and pH, (atm) is the partial pressure of hydrogen.
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By assuming standard conditions at a pH of 7, the theoretical reduction potential of

hydrogen is -0.41 V vs SHE. Again, E®%athode IS the same using either of the two equations.

The Eemt at pH 7 for an MEC with acetate as electron donor, calculated by means of
equation 1.3 as the difference between the theoretical cathodic and anodic potentials, is
-0.14 V. Eemf is negative, since the anodic potential is higher than the cathodic potential
(Figure 1.3) and then, the overall process is non-spontaneous. According
thermodynamics, a minimum applied voltage of -0.14 V will be required to drive the

reactions.

The theoretical reduction potential of HER is also pH-dependent and the higher the pH,
the more negative the cathodic reaction potential is (Figure 1.4). Moreover, the higher
the cathodic pH, the higher the energy requirements to drive the process. In fact, at a
very low cathodic pH the process in an MEC aiming at hydrogen production could even

be spontaneous according to thermodynamics.

1.2.4 Potential losses

In practice, the voltage that can be achieved in an MFC or that it is required in an MEC
differs from the thermodynamic values. This is due to a whole variety of voltage losses
occurring in the system (overpotentials), which decrease the attainable voltage in MFC

and increase the voltage requirements in MEC.

The real voltage obtained in an MFC can be expressed as follows [30]:

EceII :Eemf _ncathode _nanode _nohm (19)

where Ecen (V) is the real voltage of an MFC, Ncathode (V) and Nanode (V) are the
overpotentials at the cathode and the anode, respectively, and Nonm (V) is the ohmic

overpotential.

Similarly, the real voltage requirements for an MEC can be calculated as in equation 1.10

[32].

(1.10)

Eap = Eemf - r]cathode - r]anode - r]ohm
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where Eap (V) is the applied voltage requirements of an MEC. Note that Eap is negative in

value according to the previous equation.

The overpotentials of both the cathode and the anode can be calculated as the difference
between the real (measured) electrode potential and the theoretical reduction potential

at specific conditions:

Ncathode — Ecathode - Eiz?thode (111)

Nanode — Eanode _Ezgode (112)

where Ecathode (V) and Eanode (V) are real electrode potentials for the cathode and the

anode, respectively.

Moreover, overpotentials are a combination of activation, concentration and bacterial

metabolic losses. Thus, the following can be stated [30,32]:
r]cathode = r]act,c +r]conc,c (113)
r]anode = r]act,a +nconc,a +nbact (114)

where Nactc (V) and Nacta (V) are the activation losses for the cathode and the anode,
respectively, Neconc,c (V) and Neonca (V) are the concentration losses for the cathode and
the anode, respectively and Nuact (V) are the bacterial metabolic losses for the anodic

biofilm.

1.2.4.1 Activation losses

The activation losses represent the voltage loss required to initiate a reaction, i.e. the
overpotential required to overcome the activation energy of an electrochemical reaction
on a catalytic surface. The activation losses depend on the type of catalyst used: a better
catalyst decreases the activation energy and hence causes lower activation losses. The
relation between the activation losses and the current intensity is described by the Butler-
Volmer equation, which is the key equation in electrochemical kinetics [33]. For instance,

the Butler-Volmer equation for the ORR of MFC according reactions 2 and 3 is [34]:
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* * 4
C C . -ab, F 1-a)b, F
=1y || -2 | exp T7P0, Mot —exp ( 100, Nacc (1.15)
11 cB c® RT RT
02 H+
(c b c Y 1-a)b
-abg F - —-a F
|:|OC 0, exp 0, r]act,c _ OH exp ( ) 0, r]act,c (116)
e RT c _ RT
02 OH

where | (A) is the current intensity, loc (A) is the exchange current intensity (background
current or current intensity at zero overpotential), C* (mol L) stands for the
concentration at the catalyst surface, C® (mol L) indicates concentrations at the bulk
solution and a is the transfer coefficient. Both lo,c and a are parameters related to the
catalyst activity and should be determined for each specific case. A low exchange current
intensity corresponds to a high activation energy [35]. A concentration gradient of oxygen
from the bulk solution to the catalyst surface can be neglected in MFC cathodes, since
oxygen transport limitations occur at very high intensities, which have not been yet
achieved in MFC [34,36]. Therefore, the term (C02/C%02) in equations 1.15 and 1.16 could

be eliminated.

For the HER at the cathode of an MEC, this relation can be written as in equations 1.17

and 1.18 for reactions 5 and 6, respectively.

* 2 *
=1, G exp R AUEC: _| S exp (1= 0, P (1.17)
Sl Ch, RT c’ RT
H 2
_ R
| = |0C exp h aszFnact,c _ COH‘ CHZ exp (1- a)szFnact,c (118)
' RT ¢t _Jlc RT
OH 2

There are several approximations to the Butler-Volmer equation such as the high-field
approximation (or Tafel equation) or the low-field approximation (or the linear current-
potential equation). However, the conditions for its applicability must be validated in

each case.

In the anode of both MFC and MEC, ARB serve as catalysts and therefore, reduce the

activation losses of the oxidation reaction. Hence, differences between a well-inoculated
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and a non-inoculated anode are found in the activation losses. As previously stated, the
Butler-Volmer relationship describes electron transfer kinetics. However, the process
occurring at the anode is governed by both enzyme kinetics (conversion of organics into
carbon dioxide, protons and electrons) and electron transfer kinetics (electron transfer
from microorganisms to the anode). In this context, several works have dealt with the

kinetics of the bioanodes and proposed several models.

The Nernst-Monod model, for instance, is a modified version of the Monod model by
considering the anode as a final electron acceptor [37]. Hence, it describes the bioanode
kinetics as a function of the substrate concentration and the anode potential. The Nernst-

Monod model is written as follows:

1 C
| =1 > 1.19
max _L(Eanode_EKA) [KS +C, j ( )

where Imax (A) is the maximum current intensity determined by the enzymatic reaction,
Exa (V) and Ks (mol L) are the anode potential and the substrate concentration at which
the current intensity is half the Imax, respectively and Cs is the substrate concentration

(mol L1).

The Butler-Volmer-Monod (equation 1.20), meanwhile, improves the previous model in
those cases in which the electron transfer is not that fast when compared to the

enzymatic reaction [38].

F
~oNanode

1—e RT

F F
Kl B (1 a)ﬁnanode +K2 o Enanode +(Ks +1j
C

S

(1.20)

where Nanode is the anodic overpotential (V), K1 is a lumped parameter describing the ratio
between the biochemical and the electrochemical reaction rates and K; is a lumped
parameter describing the ratio between the forward and the backward biochemical rate
constants. The anodic overpotential (Nanode) is used in the Butler-Volmer-Monod equation
instead of the anodic activation losses (Nact,a), Which means that the different anodic

overpotentials are considered in this model. However, it has to be noted that
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experiments for fitting the model were conducted avoiding mass transfer limitations,

thus the anodic concentration losses (Nconc,a) could be neglected.

1.2.4.2 Concentration losses

Concentration losses (Nconc) affect the thermodynamics of a reaction and are caused by
reactant or product diffusion limitations between the bulk solution and the electrode
surface. Neonc Can be estimated as the difference between the theoretical reduction
potential calculated at the bulk solution concentrations (E®%) and at the local electrode

concentrations (indicated by the superscript *).
r]conc,c = Eggthode _Ecathode (1~21)

—req _r*
I’]conc,a_Eanode Eanode (1-22)

As previously discussed, concentration overpotentials related to oxygen on the cathodes
of MFC can be neglected and, therefore, concentration losses are only associated to
either protons or hydroxyls. Equation 1.23 and 1.24 can be obtained by combining

equation 1.21 with equations 1.5 and 1.6, respectively.

no =R, e (1.23)
conc,c bOZF C*+
¢
RT :
Neonee = ¢ F'” - (1.24)
of (C,

Similarly, assuming that concentration overpotentials related to hydrogen are negligible
(as its diffusivity is higher than that of oxygen), the cathodic concentration losses of MEC
for reactions 5 and 6 can be obtained by combining equations 1.21 with equations 1.7

and 1.8, respectively.:

Neonce = bHZFln c;+ (1.25)
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« 2
— RT OH~
nconcp - bHZFln C?)H_ (1.26)

According to the previous equations, a local pH increase at the cathode surface entails
potential losses that reduce the attainable voltage in MFC and increase the voltage
requirements in MEC. In fact, the Nconc,c increases 0.059 V for each unit increase of pH at

25°C.

For the anodic reaction, Nenca can be associated to either acetate (reactant) or both
bicarbonate and protons (products) mass transport limitations. In the case of
proton transport limitations, the pH would decrease inside of the biofilm, which might
not only affect to reaction thermodynamics, but also to the bioanodes kinetics as the
anodic biofilm is a living catalyst. Hence, Imax in both equations 1.19 and 1.20 would be

lower if proton transport limitations out of the biofilm arises.

1.2.4.3 Bacterial metabolic losses

Bacterial metabolic energy is generated by transporting electrons from a substrate to a
final electron acceptor, which in BES, is the anode. The difference between the anode
potential and the redox potential of the substrate will determine the metabolic energy

gain for bacteria [8].

1.2.4.4 Ohmic losses

The ohmic overpotential, Nonm, is caused by the resistance to the flow of ions in the
electrolyte and through the ion exchange membrane (if present) and the resistance to
the flow of electrons through the electrodes and interconnections. These losses can be

calculated from Ohm’s law (equation 1.27) [8].
Nohm = Rint (1.27)

where Rint (Q) is the internal resistance of the cell.
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1.2.4.5 Use of potentiostats in BES

Current intensity in BES is limited by the different presented overpotentials. However,
the processes occurring at the working electrode (in most cases, the anode) can be
studied separately from the other processes of the system when using a potentiostat. A
potentiostat is a powerful electrochemical tool, which provides an electrical voltage to
compensate for the overpotential of the auxiliary electrode (the cathode) and the ohmic
losses. Therefore, current intensity is only limited by the processes at the working

electrode [39,40].

In contrast, current intensity is limited by all the processes taking place within the reactor,
including both the anodic and cathodic overpotentials and the ohmic losses when using

an external resistance in MFC or applying a cell voltage with a power supply in MEC.

Power
source

RE WE AE

Figure 1.5 Schematic representation of the experimental setup when using a potentiostat.
RE: reference electrode, WE: working electrode, AE: auxiliary electrode, V: voltmeter, A:
ammeter. The voltage between the WE and the RE is measured and controlled by
modifying the applied voltage between the WE and the AE. The response of the system

in terms of current intensity is measured between both the WE and the AE.

1.2.5 Major achievements in BES
Since the first observation of electroactive microorganisms, many achievements and
relevant applications have been developed in the field of BES, which are summarized in

Table 1.3.

18 | Chapter 1 —General Introduction



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

Table 1.3 Major achievements and applications of BES.

Year  Achievement / Application

1911 First report on electricity generation by microbial cultures. An electrochemical
potential was generated when the yeast Saccharomyces cerevisiae and the bacterium
Escherichia coli were provided with different organic substrates [41].

1931 Operation of microbial fuel cells connected in series, which were capable of providing
over 35 volts at a current intensity of 0.2 mA [42].

1963 MFC technology proposed by NASA as an opportunity to recycle astronauts’ waste to
electricity during space flights [43-45].

1993 Studies on electron mediators addition to enhance both current density and power
output in MFC [46].

1999 The biggest breakthrough in MFC after discovering that chemical mediators did not
need to be artificially added [47,48].

2004  Air-cathode MFC first used with the aim of increasing the energy output and reduce
the operating costs of MFC. Higher power densities were obtained at expenses of
lower coulombic efficiencies, i.e. less substrate recovered as current intensity [49].

2005 Development of MEC for hydrogen production by two different research groups [50-
52]

2007 An MFC with a biological anode and cathode proposed for simultaneous removal of
organic substrates, power production and complete denitrification [53].

2008 Development of Plant-MFC, in which plants and bacteria converted solar energy into
electricity [54].

Hydrogen production in a single-chamber MEC lacking a membrane [55].

2009 MEC proposed for methane production [56].

A microbial desalination cell successfully used for desalinating water by taking
advantage of the electrical field created [57].
BES for removal of recalcitrant pollutants, such as nitrobenzene [58].

2010 MFC used as biosensors, in which anodic exoelectrogenic bacteria act as the
biological sensing element. MFC proposed for the measurement of biological oxygen
demand (BOD) [59], microbial activity [60], toxicity [61-63] and dissolved oxygen (DO)
[64].

Microbially catalysed reduction in MEC for hydrogen production by means of

biocathodes [65].
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Year  Achievement / Application

First report on microbial electrosynthesis, i.e. the production of organic compounds
from carbon dioxide by means of biocathodes [66].
Production of NaOH in BES both with synthetic wastewater and a real effluent of a
brewery site [67].
Development of microbial electrodialysis cells to simultaneously desalinate water
and produce hydrogen by applying an electrical voltage [68].

2011  First single-chamber pilot-scale MEC for hydrogen production operated with winery
wastewater [26].

2013 Alteration of fermentation pathways by supplying electrical current to microbial
communities at the cathode of BES [69].
Operation of a two-chamber pilot-scale MEC for simultaneously domestic

wastewater treatment and hydrogen production [70].

1.3 Hydrogen as fuel

Among all the possible renewable energy sources, hydrogen gas is one of the most
attracting alternatives for the scientific community and has great potential as fuel of
future. It is a clean energy carrier, without an impact on the greenhouse gas emission at
the point of use and a high combustion heat (-143 kJ g') when compared to other
possible biofuels (CHa, -50 kJ g or ethanol, -26.8 kJ g!) [71]. Moreover, hydrogen can be
very efficiently converted into electricity by means of chemical fuel cells when compared
to biogas [72]. Besides being an important energy carrier, hydrogen is also an important

feedstock to the chemical industry.

Nowadays most hydrogen is produced by steam methane reforming, a process in which
steam reacts with methane to yield carbon monoxide and hydrogen at high temperatures
(700-8502C) under 3-25 bar pressure in the presence of a metal-based catalyst [73].
Hydrogen can also be produced from coal by gasification. As these are non-sustainable
technologies, research is focused on the development of alternatives for renewable

hydrogen generation.

Among the different alternatives, electrolysis of water, i.e. the decomposition of water

into oxygen (0;) and hydrogen gas (Hz), is a promising technology when renewable
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energy sources such as solar and wind power are used to fulfill the energy requirements

of the process (minimum of 1.23 V).

Hydrogen can be also produced biologically, which has great advantages over steam
methane reforming, since hydrogen would be a renewable and carbon-neutral fuel.
Biological hydrogen production can be achieved by photosynthesis, dark fermentation in
addition to bioelectrochemistry. Despite its great advantages, bio-hydrogen is not yet

practical because of limitations inherent to each technology [74].

In photosynthesis, water is dissociated into oxygen and hydrogen using solar energy and
photosynthetic microorganisms (green algae and cyanobacteria). Hydrogenase and
nitrogenase are the enzymes involved in hydrogen production. However, both enzymes
are very sensitive to the presence of oxygen, which is the major technical challenge of

this technology.

Hydrogen is also produced when bacteria use protons as an electron sink during dark
fermentation of organic substrates. The main advantages of this process are the high
hydrogen production rates and the possibility to produce it from complex organic

sources. On the drawback side, however, low conversions are achieved [74].

At the present time, several significant challenges must be overcome before the
transition from a fossil-fuel dependent economy into a hydrogen-based economy can
occur. First, the cost of an efficient and sustainable hydrogen production technology must
be reduced. Hydrogen storage systems also require further development, since an
efficient and cost-effective storage technology will be critical in view of
commercialization of hydrogen. Nowadays, hydrogen is stored in compressed gas
tanks (700 bar) and cryogenic liquid hydrogen tanks. However, up to 20 % and 40 % of
the energy content of hydrogen is required to compress and liquefy the gas, respectively
[75]. Hydrogen can be also stored as solid fuel, in which hydrogen atoms or molecules
are tightly bound with other elements in a compound. In this sense, intensive research
has been done on several different materials such as metal hydrides, adsorbent materials,
and chemical hydrides. Chemical and physical solutions for hydrogen storage offers great

promise, but challenges regarding capacity, uptake and release of hydrogen among
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others need to be overcome [76]. The cost of hydrogen-based technologies such as fuel

cells must be also reduced.

Moreover, demonstrated safety in the production, distribution and use of hydrogen will
be critical to establish public confidence and successfully implement a hydrogen

infrastructure.

1.3.1 Hydrogen production in MEC

As previously introduced, the production of hydrogen at the cathode is possible under
complete anaerobic conditions and supplying an energy input. This alternative to
electricity generation in BES is very attractive from an economic point of view, since the
economic value of hydrogen is higher than the value of electricity [77,78]. The production
of hydrogen in MEC have given very promising results at lab-scale but its feasibility at
pilot and full-scale conditions is, at this moment, still to be proven. The presence of
hydrogen scavengers and the need of high applied voltages are the major limiting

weaknesses of this technology [79].

The development of single-chamber MEC allowed producing hydrogen with lower energy
requirements [55]. However, the lack of membrane contributes to the growth of
hydrogen scavengers, such as hydrogenotrophic methanogens [80], hydrogen oxidizing
ARB [81] and homoacetogens [82], which limit significantly the overall performance of
hydrogen production. Different operational procedures, such as periodic air exposure
[83-85], low pH [83], high applied voltages [86] and low temperatures [83], have been
proposed to reduce methane production in MEC. Nevertheless, none of these
approaches can satisfactorily suppress hydrogenotrophic activity. Reduction of hydrogen
retention time by nitrogen sparging was also proposed to avoid methanogenesis [87].

However, this strategy was not equally efficient for all substrates [22].

The presence of an IEM avoids the growth of hydrogen scavengers [26,82] at expenses of
higher costs, since membranes increase the internal resistance of the cell and generate

pH gradients, thus higher applied voltages are required [88].

The highest hydrogen production up to now in a single chamber MEC was reported by

Call and Logan [55] (3.12 m®m=d?) using a platinum based cathode at 0.8 V of applied
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voltage. Nevertheless, first trials on single-chamber pilot-scale MEC could not avoid

methanogens proliferation [26].

In contrast, the maximum hydrogen production in two-chamber configuration (50 m*m-
3d1) was observed by Jeremiasse et al. [89] using a nickel foam cathode at 1 V of applied
voltage. However, this hydrogen production rate was not measured but calculated based
on the current densities. Moreover, the MEC performance decreased over time. First
trials on two-chamber pilot-scale MEC showed a high purity gas but the electrical energy

input could not be totally recovered as hydrogen [70].

The use of effective catalysts other than platinum, which is highly expensive, would be
also critical in view of the real implementation of this technology. Alternative catalysts

such as nickel, stainless steel or metal alloys have been also proposed [90-92].
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This thesis is framed in one of the research lines of the GENOCQV group (Research Group
on Biological Treatment and Valorisation of Liquid and Gas Effluents) from the
Department of Chemical Engineering at the Universitat Autonoma de Barcelona.
GENOCOV was established in 1994 to research on improving biological processes for the
treatment of urban and industrial water and gaseous effluents. In 2009, the research line
on Bioelectrochemical Systems was born within the new focus of the group: not only
optimising wastewater treatment, but also recovering most of the chemical energy
contained in it as hydrogen. This is the third thesis in the research line and was started in
2011 with the initial goal of understanding the fundamentals of bioelectrochemical
systems from an engineering point of view in order to bridge the gap between lab-

experiments and full-scale implementation.

2.1 Background of the research group in bioelectrochemical systems

Although the research line of Bioelectrochemical Systems in GENOCOV was recently
created, at the time this thesis began, a low-cost procedure to select ARB from anaerobic
sludge was already developed [93]. Moreover, most of the analytical techniques for
volatile fatty acids and hydrogen/methane analysis were already set up. The group had
also incorporated polarisation curves as a routine technique for the analysis and
characterization of MFC through a multi-resistance board and had studied many different

cell configurations at lab scale for both MFC and MEC.

Significant research was conducted in parallel to this thesis by other PhD students in the
field such as the development of a syntrophic consortia between fermentative bacteria
and ARB, able to degrade different complex carbon sources (methanol, milk, starch)
[22,29] and even treat real industrial effluents such as crude glycerol from the biodiesel

industry or whey from the dairy industry in BES.

Moreover, the performance of different cathode materials at neutral and basic pH was
also assessed [92], an strategy to avoid methanogenesis in MEC by reducing the hydrogen
retention time was developed [87] and the possible degradation of the chemical inhibitor

sodium 2-bromoethanesulfonate was evaluated in both MFC and MEC [94]. Finally,
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technigues in molecular biology such as real-time PCR were optimized in order to analyse

the microbial communities in BES [95].

During this period the group was funded by grants from the Spanish Government
(Explora-Ingenio 2010, CTQ2009-06842-E/PPQ) and the Catalan Government (VALTEC13-

1-0140) and by an agreement with Carburos Metalicos S.A (Air Products Group).

2.2 Research motivations

The full-scale implementation of MEC for hydrogen production from wastewater will be
only possible if it becomes cost-effective, i.e. the energy recovered as hydrogen is higher
than the energy invested to produce it, or more profitable than other technologies in
direct competition. This goal will be only accomplished if high hydrogen production rates

are achieved at low applied voltages and hydrogen is not lost during the process.

In a single-chamber MEC, the required potential is theoretically lower when compared to
a two-chamber cell and therefore, it might seem a more suitable configuration for scale-
up. However, hydrogen scavenging can become a serious obstacle in single-chamber
configuration, since hydrogen usage by other microorganisms decreases hydrogen
recovery and purity. In contrast, the hydrogen produced at the cathode is not consumed
in a two-chamber MEC, but the energy requirements are much higher due to the

presence of a membrane and the consequent pH gradients.

This previous premises motivated the study of the benefits and drawbacks of both
configurations in terms of energy recovery as well as the development of a strategy to
reduce the required voltage for hydrogen production. Furthermore, the fact that this
technology is aimed at treating wastewaters motivated the evaluation of the
performance of MEC with a culture medium similar to real wastewaters in terms of buffer

capacity and conductivity.

2.3 Obijectives

The main objective of this thesis is to investigate the potential scale-up of MEC as a cost-

effective wastewater treatment for organic matter removal and hydrogen production.
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This objective includes the study of different cell configurations and strategies to improve

its energy efficiency. For this aim, the following specific goals have been set:

- Understanding the fate of hydrogen in membrane-less MEC through the
development of electron equivalent balances.

- Assessment of MEC performance decrease with a culture medium similar to real
wastewaters in terms of buffer capacity and conductivity, both in single-chamber
and two-chamber MEC.

- Development of strategies to reduce the applied potential and, thus, improving
the energy efficiency of MEC.

- Design, building and monitoring of an MEC at pilot-scale.

2.4 Thesis overview

This document is divided into eight chapters. Chapter 1 comprises a general introduction
to the topic and a literature review of the state of the art. In Chapter 2, in which this
section is included, the main objectives of this thesis are presented. Chapter 3 comprises
the lab setups and the analytical procedures followed in this work. The main results of
this thesis are presented from Chapters 4 to 7. Chapter 4 aims at quantifying hydrogen
losses in a single-chamber MEC. Chapter 5 discusses the main limitations of MEC when
working with non-buffered and low-conductivity media. Chapter 6 describes a pH control
strategy to enhance the operation of two-chamber MEC and to reduce the energy
requirements for hydrogen production. Chapter 7 details the start-up of one of the
modules of the upcoming pilot-scale MEC and discusses the resistance to starvation in
MEC. Chapter 8 summarizes the main conclusions drawn from all the work presented and
outlines some directions for future research. Additionally, a brief study on the limitations
of the cyclic voltammetry in biological anodes with large surface area is included as

appendix.
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3.1 Reactor configurations and inoculation procedures

Reactors with different configurations and volumes have been used in this thesis. The

main characteristics of each one are described below:

3.1.1 Concentric MEC

The concentric MEC (CC-MEC) was a single chamber membrane-less MEC consisting of a
1300 mL glass vessel provided with several lateral openings tightly sealed with
polytetrafluoroethylene (PTFE) rubber caps, which were used as sampling ports (Figure

3.1).

The anode was a handmade graphite fiber brush (70 mm diameter x 70 mm length; = 0.8
m?; fibers of 7.2 pm diameter; PANEX®33 160 K, ZOLTEK) wound into a titanium wire [96].
The titanium wire was protected with a plastic sheath to prevent short
circuit between anode and cathode. The brush was thermally treated in a muffle furnace
at 4502C for 30 minutes to increase the active area due to microfractures generation and

thus, enhance biomass adhesion [97].

The cathode (340 cm?) was carbon cloth coated with platinum in carbon powder (0.5 mg
Pt/cm?, Electrochem Inc., United States) on the inner side. The catalyst coating was
prepared by mixing the platinum suspension (Pt/C) with deionized water (4.15 plL/cm?)
using borosilicate glass balls and a vortexer. Later, 2-propanol (16.7 ulL/cm?, Sigma-
Aldrich) and Nafion (33.4 uL/cm?, Sigma-Aldrich) were added to obtain a binding paste
and the solution was mixed again. The obtained paste was applied to the carbon cloth

using a paintbrush. The coating was allowed to air-dry for 24 hours [98].

Both electrodes were arranged concentrically with the cathode in the outer perimeter,
so that all ends of the anode were at the same distance from the cathode. Both the
titanium wires of the anode and the cathode were pierced on the lateral openings for the
electrical connections. Both electrodes were connected to a power supply (TTI QL355TP),
which applied the desired potential. An external resistance of 12 Q was serially connected
to the circuit for monitoring purposes. An Ag/AgCl reference electrode (+210 mV vs SHE,

Crison reference electrode 5240) was used to monitor the electrode potentials.
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The top of the cell was connected to a 0.5 L gas sample bag with a twist type valve (Cali-
5-Bond, Ritter), where hydrogen was collected. Previously to its use, the gas bag was filled
with nitrogen gas and vacuumed three times. The reactor operated in batch mode and
with constant agitation. Both a schematic diagram and an image of the cell are presented

in Figure 3.1.
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Figure 3.1 (A) Schematic diagram and (B) image of the CC-MEC.

3.1.2 Small-scale air-cathode MFC

One of the drawbacks of the two-chamber MFC configuration is the aeration
requirements in the cathodic chamber for the oxygen reduction reaction (ORR) to take
place. In this sense, the small-scale air-cathode MFC (SSAC-MFC) configuration

overcomes this disadvantage by direct exposure of the cathode to air.

SSAC-MFC were first introduced in Liu and Logan [49]. SSAC-MFC were cylindrical vessels
with an empty volume of 28 mL. The body of the cell was a methacrylate cube (4.4 cm
length x 5 cm width x 5 cm height) provided with a lateral aperture (3 cm diameter). The
cube-shaped body was assembled with two lateral methacrylate endplates by means of
O-rings and gaskets to prevent liquid leakages. Pieces were kept together by tightening

wing nuts onto bolts.

One of the endplates was perforated and clamped the cathode, which, as previously

described, was carbon cloth coated with platinum in carbon powder (0.5 mg Pt/cm?,
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Electrochem Inc., United States) on the inner side. On the outer face of the cathode,
meanwhile, a PTFE diffusion layer permitted oxygen diffusion into the cell while
preventing water leakage [99,100]. For its preparation, a mixture of carbon black (1.56
mg/cm?, Vulcan XC-72) and 40 wt% PTFE solution (18.7 pL/cm?) was first applied using a
paintbrush, air-dried for 2 hours and then heated at 370 2C for 30 minutes. Later, a
diffusion layer was prepared by applying a coat of 60 wt% PTFE solution to the previously
coated side using the paintbrush. The coating was allowed to air-dry for 10 minutes and
then heated at 370 2C for about 10 more minutes. This process was repeated to obtain a
total of 4 PTFE coatings [98]. The area of the cathode was 7 cm?. A lateral tiny hole was
used to introduce a protruding titanium wire, which allowed the connection with the

cathode. A drop of an epoxy glue was applied to seal the hole and fix the wire in place.

The anode was an industrially manufactured graphite fiber brush (20 mm diameter x 25
mm length; 0.18 m?; fibers of 7.2 um diameter; PANEX®33 160 K, ZOLTEK) wound into a
titanium wire of 2 mm diameter [96]. Industrial manufacturing ensured the same

characteristics for all anodes.

The cell was also provided with two additional holes (1 cm diameter) tightly sealed by
means of a silicone septum, which allowed introducing the anode and a reference
electrode (RE-1B, +210 vs SHE, BAS Inc, Japan) if required. The distance between the
anode and the cathode was 2 cm. Both electrodes were connected by means of an
external resistance of 1000 Q. Figure 3.2 presents a schematic diagram and an image of

the SSAC-MFC.
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Figure 3.2 (A) Schematic diagram and (B) image of the SSAC-MFC.
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The main advantage of the cube-shaped cells was that they could be used with different
configurations, and even be arranged together with other cells. Its robust design in terms
of electrode position enhanced repeatability. Moreover, its smaller electrode

surface area made easier the electrochemical analysis of the cells (see Appendix).

3.1.3 Small-scale MEC
The small-scale MEC (SS-MEC) was an adaptation of the SSAC-MFC and was first
presented in Call and Logan [55]. In SS-MEC, none of the endplates was perforated, thus

anaerobic conditions were kept also in the cathode.

The anode was a graphite fiber brush as in SSAC-MFC and the cathode was carbon cloth
coated with platinum in carbon powder as described before. However the PTFE diffusion
layer was not applied on the outer side, since when dealing with MEC the cathode is not
exposed to air and therefore, neither the diffusion of air nor the prevention of water

leakage are necessary.

The vessel was provided with a glass cylinder at the top, tightly sealed with a PTFE rubber
cap that enables gas collection. The cell was filled with 32 mL of medium to avoid gas

leakages through the junction between the glass tube and the body of the cell.

The gas produced was further collected in a 0.1 L gas sample bag with a twist type valve
(Cali-5-Bond, Ritter) connected to the glass cylinder by means of a PVC tube inserted in
the rubber cap. The anode and the cathode were connected to a power supply (TTI
QL355TP / HQ Power PS-23023), which applied the desired potential. An external
resistance of 12 Q was serially connected to the circuit for monitoring purposes. Figure

3.3 presents a picture and a scheme of this cell.
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Figure 3.3 (A) Schematic diagram and (B) image of the SS-MEC.

3.1.4 Two-chamber small-scale MEC
SS-MEC were easily converted to a double chamber MEC by coupling an identical module
and placing an ion exchange membrane in between them. Under this configuration the

distance between electrodes increased to 6 cm.

Different types of ion exchange membrane were used: (i) anion exchange membrane,
AEM (AMI-7001, Membranes International INC) and (ii) cation exchange membrane, CEM
(Nafion N-117, fuelcellstore.com). Before its use, ion exchange membranes were pre-
treated to allow for membrane hydration and expansion. The AEM was soaked overnight
in a 5 wt% sodium chloride solution at 379C according to the supplier indications. The
pre-treatment procedure for the CEM, meanwhile, consisted of boiling the membrane in
a 3 wt% H,0; solution, followed by boiling it in deionized water and then, boiling itin 0.5
M H,SO4 for at least 1 h each step. Finally the membrane was boiled in deionized water

for a further 1 h to remove the remaining H,SO4 [101].
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In some experiments, however, no membrane was placed in between the modules, so
the cell could work as single-chamber MEC and maintain the distance between the

electrodes at 6 cm for comparison purposes.

Gas sample bag|

Septum for gas|
sampling

Glass cylinder

for gas collection

S
ey
P e B R = = e
Titatium wire Titatiumi wire

5 2

lon exchange Cathodie

membrane
i + -
L T EEEREEEE Power supply }----------oo .-

Figure 3.4 (A) Schematic diagram and (B) image of the two-chamber SS-MEC.
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3.1.5 Inoculation procedure
Different inoculation procedures were followed depending on the type of cell and anode.
In most cases, anodes were first inoculated as MFC due to the simplicity of its operation

and the enriched anodes were later transferred to MEC.

The inoculation procedure used for the handmade anodes (70 mm diameter x 70 mm
length) was based on the sediment/benthic MFC (Sed-MFC) presented in Ribot-Llobet et
al. [93].

This cell is an adaptation of the benthic MFC concept with a simplified lab-configuration.
A benthic MFC harvest energy in natural environments by placing an anode in the
sediment and connecting it with an electrical circuit to the cathode, which is placed in the
overlying water layer [102-106]. The laboratory cell consisted of a plastic vessel of 1 L of

capacity with the anode connected to a cathode according to Figure 3.5.
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The titanium wire of the anode was protected with a plastic sheath to prevent short
circuit between anode and cathode. The anode was placed in an anaerobic sludge blanket
at the bottom of the cell, thus conditions were maintained anaerobic. The cathode was
commercial stainless steel wool, a low-cost material with a high specific surface area,
which counterbalances its low catalytic power. The cathode was floating in the upper
layer of the cell in contact with the medium and the atmosphere, allowing oxygen to react

on the cathode surface.
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Figure 3.5 (A) Schematic diagram and (B) image of the Sed-MFC.

The cell was filled with 500 mL of anaerobic sludge from the anaerobic digester of an
urban wastewater treatment plant (Manresa, Barcelona), which was used as inoculum
since it is easily available and contains a high diversity of bacterial communities, including
electrochemically active strains of bacteria [107]. The vessel was filled with the usual
culture medium up to 1 L. The final conductivity and pH of the cell were adjusted (when
required) to be between 15-25 mS/cm and 7, respectively. The circuit was then closed by
connecting an external resistance (1000 Q) between the anode and the cathode. During
the inoculation period, fresh medium was regularly added to avoid substrate depletion
and to ensure good contact between the cathode and the medium, thus otherwise

reaction could not have taken place.
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According to Ribot-Llobet et al. [93], a period of 30 days ensured an acceptable biofilm
development. After this enrichment step, the handmade graphite fiber brush was
carefully washed to remove the remaining sludge and relocated in an air-cathode MFC

(AC-MFC) of 400 mL to allow ARB growth.

The design of the AC-MFC of 400 mL was based on the same concept as in SSAC-MFC, a
single-chamber MFC with the cathode directly exposed to air, thus aeration was not
required. The AC-MFC consisted of a 400 mL glass vessel with a lateral aperture (6.3 cm
diameter). The cathode was carbon cloth with the same characteristics as in SSAC-MFC,
but with an area of 31 cm?. The cathode was clamped between the glass vessel and a
perforated glass endplate with a protruding titanium wire for its electrical connection.
The titanium wire of the anode was pierced on a cap provided with a silicone septum
used to maintain anaerobic conditions near the anode. An external resistance of 1000 Q
was used to connect both electrodes through the titanium wires. After a period of 10-15
days, the anode could be transferred to the CC-MEC. A schematic diagram and a picture

of the cell are presented in Figure 3.6.
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Figure 3.6 (A) Schematic diagram and (B) image of the AC-MFC.
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Cube-shaped cells were inoculated from existing MFC to reduce the startup time. In the
laboratory there were four AC-MFC (called “farmhouses”) in which no experiments were
carried out, but they were aimed at maintaining an ARB-enriched biomass for
bioaugmentation purposes. They were fed with acetate pulses when the voltage
decreased below 100 mV and the medium was renewed only once a month to maximize

the concentration of ARB in suspension.

To inoculate the anode, SSAC-MFC was filled first with 15 mL of broth from the
“farmhouses”, 15 mL of fresh medium and acetate at a final concentration of 1.5 g/L. As
previously stated, although the objective was to work in a SS-MEC, the inoculation was
conducted in a SSAC-MFC. The circuit was then closed with the external resistance. The
voltage across the external resistance was monitored and when decreasing below 100
mV, the medium was replaced by fresh medium and the anode was reinoculated with
50% reactor broth of the previous batch cycle. This procedure was repeated until the
behaviour of the SSAC-MFC was the same in two consecutive cycles. From that moment,

the medium was completely renewed when substrate was depleted.

This inoculation procedure lasted about 15 days. Hence, it was significantly shorter than
the inoculation process by means of Sed-MFC, since in this case we started from an ARB-

enriched biomass.

3.2 Monitoring of the current intensity

The voltage across the external resistance of both MFC and MEC was monitored by using
a 16-bit data acquisition card (Advantech PCI-1716) connected to a personal computer
with software developed in LabWindows CVI (2010-2014) (named Addcontrol) for data
acquisition. In the case of MFC, the external resistance was used for both closing the
circuit and monitoring, whereas in MEC the external resistance was serially connected to
the circuit exclusively for monitoring purposes. A low external resistance (12 Q) was used

to avoid the resistance to interfere in the cell performance.
The current intensity was calculated from the voltage data according to the Ohm’s law:

| = V/Rext (3.1)
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where | (A) is the current intensity, V (V) is the voltage drop across the resistance and Rext

(Q) is the external resistance.

3.3 Culture medium

The synthetic medium used in this thesis was defined according to Parameswaran et al.
[82]. This medium was chosen to ensure no lack of compounds like nitrogen and iron.
Nitrogen is an essential element in the protein structure, which in turn compose the
nanowires by which ARB transfer the electrons to a solid acceptor. Iron is the central
atom in the heme group of cytochromes, components of the electron transport chain. In
fact, electron transport in bacterial nanowires is reported to consist of a

hopping/tunnelling between cytochromes [108].

The macronutrients solution contained per liter: 12.04 g Na;HPO2 and 2.06 g KH,PO4, so
that the final phosphate buffered saline (PBS) concentration was 100 mM, 0.2 g NH4Cl, 4
mg FeCl,, 6 mg NaS and 5 mL of a mineral media solution. The reduced form of iron (Fe?*
instead of Fe3*) and sulphur (S* instead of SO4%") were used to avoid them to be used as
electron acceptor. In Parameswaran et al. [82] a concentration of 0.41 g/L NH4Cl was
used. However, this concentration had to be reduced due to inhibition problems. The

macronutrients solution was stored at 49C until use.

The mineral medium stock solution contained per liter: 1 g EDTA, 0.164 g CoCly-6H0,
0.228 g CaCly-2H,0, 0.02 g H3BOs3, 0.04 g NaxMo04-2H,0, 0.002 g NaySeOs, 0.02 g
Na;WO4-2H,0, 0.04 g NiCl,-6H,0, 2.32 g MgCly, 1.18 g MnCl,-4H,0, 0.1g ZnCly, 0.02 g
CuS04-5H,0 and 0.02 g AIK(SOa4)>.

Sodium 2-bromoethanesulfonate was added to chemically inhibit methanogenic growth
and activity [109]. However, the utilization of this chemical inhibitor is not economically
feasible at a real scale. Acetate was used as substrate in most of the experiments. The
initial pH and conductivity of the medium was around 7.5 and 13 mS/cm, respectively.

Cells were sparged with nitrogen for 10 minutes to remove dissolved oxygen after

medium replacement in MEC.
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3.4 Analytical methods

3.4.1 Acetate

Acetate concentration was analyzed with gas chromatography (Agilent Technologies,
7820-A) using a DB-FFAB column (30 m x 250 um x 0.25 pum; length x internal diameter x
film thickness) and a flame ionization detector. A sample of 1 pL was injected at a
temperature of 2752C under split conditions (29 psi). The carrier gas was helium with a
split ratio of 10:1. The column temperature was set to 852C for 1 min, followed by a first
increase of 32C mint until a stable value of 1302C was reached and then 352C min™ up
to 2209C. The detector temperature was set at 2752C, with 350 mL mint air, 40 mL min-

L hydrogen and 30 mL min't make up gas (helium) supplied. The run time was 19 min.

The procedure for the sample preparation consisted of pippeting 0.6 mL of 0.22-um
filtered samples in a glass vial of 1.5 mL together with 0.75 mL of deionized water and
0.15 mL of a preserving solution. Sample vials were then stored in the freezer (-202C)

until being analysed.

The preserving solution used in sample preparation was used as internal standard as well
as for sample storage purposes. It contained the following componentsin 1 L of deionized
water: 2 g of HgCl,, 2 g of hexanoic acid and 33.7 g of orthophosphoric acid. The solution
was sonicated in an ultrasonic bath for a complete dissolution of the compounds.

Hexanoic acid was used as internal standard in peaks quantification analysis.

3.4.2 Glucose
Glucose concentration was measured with an YSI Biochemistry Analyser (2700 SELECT

Biochemistry Analyser).

3.4.3 Gas composition

Hydrogen, oxygen, nitrogen and methane were analysed with the same gas
chromatograph using a HP-mole sieve column (30m x 320 um x 12 um; length x internal
diameter x film thickness) and a thermal conductivity detector. A sample of 1 mL was
manually injected by means of a gas tight syringe (1 mL Hamilton Samplelock Syringe) at

a temperature of 2002C under split conditions (8 psi). The carrier gas was argon with a
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split ratio of 44:1. The column temperature was set to 402C. The detector was set at
2209C, with 20 mL min-! reference flow (argon) and negative polarity signal. The run time

was 6 min.

The total hydrogen or methane production was calculated using the “Gas Bag Method”
presented in Ambler and Logan [110]. The procedure followed consisted of first analysing
the initial composition of the gas in the bag. After that, a known volume of a tracer gas
(nitrogen) was added in the gas bag using a gastight syringe (10 mL Hamilton Samplelock
Syringe) and then, the new composition was also analysed. From these two analyses and
as shown in the following calculation procedure, the initial total volume of gas within the

bag and therefore, the volumes of hydrogen and methane could be estimated.

Calculation procedure for the Gas Bag Method
The initial volume of nitrogen in the gas bag (V1p,) can be calculated as the product of
the initial nitrogen mole fraction in the gas bag (Xt,) and the initial total volume of gas

in the bag (Vy,) as shown in equation 3.2.
Vb, = X700 [V, (3.2)

After the analysis of the initial composition of the gas (which implies gas volume losses)
and the addition of a certain volume of nitrogen, the mole fraction of nitrogen can be

calculated as follows:

X = Vipi+Vrpa -\ X7y,
Th,f =
Voi + Vipa =V

(3.3)

where Xtps is the mole fraction of nitrogen after the addition of a known volume of

nitrogen (V1p,a) and Vi is the total gas volume lost from the bag due to the analysis.

By combining equations 3.2 and 3.3 and rearranging the terms, the initial total volume of

the gas in the bag can be calculated from the data obtained from both analyses.

“Vrpa ¥V Bopi + Vg, Kppe -V Xppe
Vi = =SV + Ve,
’ Xrp =X X =X
Toi ~AThf Thf ~ AT,

1= Xqps

(3.4)
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The total volume of hydrogen and methane can be calculated as the product of their
initial mole fraction and the volumes of gas in the bag and the headspace of the reactor
(previous tests showed that the gas composition of the headspace was practically the

same as that on the gas bag).
Vio = Xg i L (Vi + Vi) (3.5)

where Vi is the volume of hydrogen produced, Vi is the volume of the headspace of the

reactor and Xua,b,i is the initial mole fraction of hydrogen in the gas bag.
Vera = Xenia,b,i L (Vi + Vi) (3.6)

where Vcna is the volume of methane produced and Xcuapb,i is the initial mole fraction of

methane in the gas bag.

The moles of hydrogen and methane corresponding to that volume were calculated

assuming a pressure of 1 atm in the reactor-bag system and room temperature.

3.4.4 pH and conductivity
A pHmeter (Crison micropH 2001) and a conductimeter (Crison microCM 2100) were
used for routine pH and conductivity measurements at the initial and the final time of a

batch experiment.

3.5 Electrochemical techniques

3.5.1 Polarization curves

The performance of MFC in terms of internal resistance (Rint) and maximum power output
(Pmax) was assessed by means of polarization and power curves. Polarization curves were
obtained with a multi-resistance board which allowed changing the external resistance
of the cell. The set of external resistances used was 470 kQ, 218 kQ, 44.2 kQ, 24.1 kQ,
12.1kQ, 6600 Q, 3300 Q, 2000 Q, 1650 Q, 1000 Q, 825 Q, 470 Q, 250Q, 218 Q, 100 Q,
50 Q and 25 Q.

The medium was renewed previous to the recording of polarization curves to ensure

substrate availability during the experiments. The cells were then connected to their
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usual external resistance and once a steady state current was achieved, they were left in
open circuit (OC) for 30 minutes. After that, a polarization curve was performed by
changing the resistances from the highest to the lowest one. A 10 min period was used
for voltage stabilization at each resistance. The voltage drop across each resistance was
measured by means of a multimeter. Current intensity was calculated by Ohm's Law

(equation 3.1) and power by the following relationship:
P=V-| (3.7)
where P (W) is the power output.

An example of a polarization and power curve is presented in Figure 3.7. The
overpotentials are current dependent and as a result, the polarization curve can be
divided into three clearly differentiated regions (Figure 3.7A) with different prevailing
potential losses [30]. In the first region, where the voltage undergoes a rapid decrease at
low current intensities, the activation losses become especially apparent. In the second
region, the ohmic losses prevail over the others and produce a nearly linear decrease in
voltage. Finally, in the third region the voltage drops back quickly at high current

intensities due to the concentration overpotentials.
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Figure 3.7 Example of a polarization curve (A) and a power curve (B) in an MFC.

In the second region, the current-voltage curve follows the Ohm’s law, since the decrease

in voltage is linear. Hence, the slope of the curve can be assumed to be the Rint of the cell.
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The Pmax can be easily deduced from the maximum value in the power curve of Figure

3.7B.

3.5.2 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique that is used to characterize the
electron transfer processes. The application of CV is nowadays a very common practice
in the study of BES to characterize the electron transfer interactions between

microorganisms and anodes [111].

In a CV, the reaction occurring at the working electrode is studied through the analysis of
the current response when a cyclic potential sweep is imposed on this electrode (i.e. the
working electrode potential is ramped linearly versus time and when it reaches a set
potential, the ramp is reversed) (Figure 3.8A). The working electrode potentials (E) are
measured relative to the reference electrode, whereas intensity is measured between
the working and the auxiliary electrode (Figure 3.8B). The applied potential sweep is
characterized by four parameters: the scan rate and the initial (Ei), switching (Es) and final
(Ef) potentials. The scan rate is the rate of the sweep of potential, while E;, Es, and Ef set
the potentials at which ramp is started, reversed and finished, respectively. Ei and Ef
usually have the same value. CV is represented by the plot of the current versus the

potential at the working electrode (Figure 3.8C) [112].
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Figure 3.8 (A) Potential waveform (B) current-time and (C) current-potential

representations for a CV experiment.

CV was conducted by using a Multi Autolab system (Ecochemie, Utrecht, Netherlands).
CV were recorded either in two or three-electrode mode. In the two-electrode

configuration the anode was the working electrode and the cathode was used as both
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the auxiliary and the reference electrodes, thus current intensity was obtained for each
applied cell potential. CV were recorded from 0 V to 1.2 V. In the three-electrode mode,
the anode was the working electrode and the cathode was the auxiliary one. An Ag/AgCl,
NaCl 3M electrode (BAS Inc, Japan) was used as reference electrode. CV were recorded
from the anode open circuit potential to 0.5 V vs SHE unless otherwise specified. In most
experiments, the scan rate was set at either 0.1 mV/s or 1 mV/s. As with polarization
curves, medium was renewed before CV recording to ensure substrate availability during
the experiment. In the same way, cells were operated at their usual operating conditions

until reaching a steady current intensity. Then, cells were left 30 minutes in OC.

3.5.3 Linear sweep voltammetry

Linear sweep voltammetry (LSV) was recorded by means of a power supply (TTI QL355TP).
The cell applied potential was swept from 0V to 1.0 V in steps of 0.1 V. A 10 min period
was used for current stabilization at each voltage. In single-chamber configuration, an
Ag/AgCl was placed in the cell allowing the measurement of the individual electrode
potentials with a multimeter. In two-chamber configuration, a second reference

electrode was required to measure the potential of both anode and cathode.

LSV was also recorded by means of a Multi Autolab system (Ecochemie, Utrecht,
Netherlands) in three electrode configuration, so that the anode was the working
electrode and the cathode the auxiliary one. An Ag/AgCl electrode was used as reference.
The potential of the working electrode was ramped from the anode open circuit potential

to 0.5 V vs SHE at a scan rate of 1 mV/s.

3.5.4 Chronoamperometry

A chronoamperomtric (CA) method of the Multi Autolab system (Ecochemie, Utrecht,
Netherlands) was used in MEC to poise the anode at a potential instead of applying a cell
potential by a power supply. The anode was used as the working electrode and the
cathode as the auxiliary one. The same Ag/AgCl was used as reference electrode.

In some of the experiments (CV and CA) a special 3-Divider cable was connected to the
potentiostat. This cable allowed to monitor the cell applied potential when controlling

the working electrode at a certain value.
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3.5.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful electrochemical technique,
which also is being widely used in BES. In EIS, a small AC voltage signal is applied to the
system and the AC current response is analysed to determine the impedance of the cell
at a certain frequency. The different sources of polarization can be separately quantified

when performed over a wide frequency range [113].

The graphical representation of the impedance measurements is made by means of
Nyquist and Bode plots. Nyquist plots are obtained by plotting the real part of the
impedance (X-axis) versus the imaginary part (Y-axis). In Figure 3.9A the Nyquist plot
shows a semicircle. Each point of the plot represent the impedance of a certain frequency
(although frequency is not explicit in such plots). The impedance at the high-frequency
limit is the ohmic resistance (Ra), whereas the diameter of the semicircle is the
polarization resistance (Rp, associated to the activation overpotentials). Thus, the
impedance at the low frequency limit is Ra + Rp. The Bode plot, meanwhile, presents

information of the impedance modulus, frequency and phase angle (Figure 3.9B).

Impedance data can be adjusted to equivalent circuits consisting of resistors, capacitors

and inductors for obtaining more refined values of each of the individual impedances

[113].
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Figure 3.9 Example of impedance measurement of the cathode of an MEC (A) Nyquist

plot and (B) Bode plot: logarithm of impedance modulus (@) and phase angle (L1).
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In this thesis, EIS was only used for the quantification of Ra. Impedance was measured by
means of a Multi Autolab system equipped with a FRA32M module (Ecochemie, Utrecht,
Netherlands) using a two-electrode configuration. The anode was used as the working
electrode and the cathode as both the auxiliary and reference electrodes. EIS analyses
were recorded at the cell open-circuit voltage (OCV) in a frequency range from 100 kHz
to 10 mHz and with an amplitude of the AC perturbation of 10 mV. Cells were acclimated

to the applied potential for 30 min previous to any impedance measurement.

3.6 System performance indexes
The performance of both MFC and MEC was evaluated by means of coulombic efficiency
(CE), i.e. the ratio of the coulombs recovered as current intensity to the coulombs that

could be theoretically generated from the substrate oxidation. CE was calculated as in

equation 3.8.
jtFldt
CE=— "o (3.8)

Fbg Vi Ac M

where to and tr (s) are the initial and final times of a batch experiment, F is the Faraday’s
constant (96485 C/mol e), bs is the number of e transferred per mole of substrate, Ac (g
L'1) is the substrate concentration change over a batch cycle, Ms (g mol?) is the molecular
weight of the substrate and V. (L) is the volume of liquid in the reactor (or in the anodic

chamber if working in two-chamber configuration).

Moreover, MEC performance was also assessed by means of the cathodic gas recovery
and energy efficiencies. The cathodic gas recovery (rcar) compares the coulombs
consumed in hydrogen production with the coulombs arriving to the cathode as current

intensity. rcat was calculated as in equation 3.9.

-1
Viy, by, F Vi,

e (3.9)
f Idt
to

feat =
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where Vi, (L) is the volume of produced hydrogen, buy is the number of moles of e
transferred per mole of hydrogen (2 mol e mol? H,) and Vm is the molar gas volume

(24.03 L mol1) at 20 2C.

The energy recovery of the cell, i.e. the amount of energy produced as hydrogen with
respect to the energy input, was calculated in relation to: (i) the electrical input (re), (ii)
the energy content of the substrate (rs) and (iii) both the electrical input and the energy
content of the substrate (re+s) as described in Selembo et al. [91]. rg, rs and ress were

calculated by means of equations 3.10, 3.11 and 3.12, respectively.

Wy, ng AH

(3.10)

e = W & 5
e [ "1y ~ PRy )dt

to
where Wy, (kl) is the energy content of the produced hydrogen, We (kJ) is the energy
input by the power supply, nu2 are the moles of produced hydrogen, AHy; is the heat of
combustion of hydrogen (-285.83 kJ mol?) and Eap (V) is the applied voltage.
WHz B nHZAHHZ

re = = (3.11)
W,  n¢AH

where Ws (kl) is the energy content of the substrate, ns are the moles of consumed

substrate and AHs (kJ mol™?) is the heat of combustion of the substrate.

-1

W,

eas =t 1,1 (3.12)
We + W e Ts

Two different substrates have been used in this thesis, acetate and glucose. The following

table summarizes the values of bs, Ms and AHs for each substrate.

Table 3.1 Summary of the parameter values for acetate and glucose

Substrate, S bs (mol e mol1S) M; (g S mol1S) AHs (KJ mol1S)
Acetate 8 59 -870.28
Glucose 24 180,1 -2812
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Equations 3.10, 3.11 and 3.12 were also used to calculate the energy efficiency of the
system when methane was recovered rather than hydrogen. In these cases, equations

were modified by considering the moles of recovered methane and its heat of

combustion (-890 KJ mol?).
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Chapter summary

One of the main hurdles that microbial electrolysis cells for hydrogen production needs
to overcome is the requirement of a high applied voltage that results from voltage losses
in the system. A single chamber membrane-less configuration reduces to large extent the
voltage losses and has as advantage the simple construction and operation. Therefore it
is, a priori, a more suitable configuration for scale up of the process. However, this
configuration causes the proliferation of hydrogen scavengers, which drastically reduces
the cell efficiency leading to unrealistic very high coulombic efficiencies (CE) and very low
cathodic gas recoveries (rcar). This chapter provides a novel theoretical approach to
understand, through electron equivalent balances, the fate of hydrogen in these systems.
It was validated with a long term operated single-chamber membrane-less MEC. Two
clearly differentiated stages were observed in the short and in the long term, where H-

recycling and methanogenesis prevailed, respectively.

4.1 Introduction

Electrical energy needs to be supplied to produce hydrogen in MEC and, therefore, real
implementation of this technology will only be possible if the energy obtained as
hydrogen is higher than the energy supplied or if MEC becomes more economically

feasible than other existing technologies for wastewater treatment.

The energy requirements can be reduced when working in single-chamber configuration
and thus it is apparently a good option for scale-up. Nevertheless, in single-chamber
configuration, hydrogen is available for other microorganisms, which decreases hydrogen

production and purity.

The contamination of hydrogen with methane in bioelectrochemical systems has been
widely reported (e.g. [55]). Methane production from organic carbon sources results in a
decrease of the system efficiency, since less electrons of those contained in the substrate
are converted into current. Moreover, when working with fermentable substrates, the
hydrogen generated in fermentation can be used for methanogenesis as electron donor,
which can account for important electron losses [114]. This hydrogenotrophic

methanogenesis becomes even more important when operating single-chamber
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membrane-less systems, since the hydrogen electrochemically formed in the cathode can

also be used as electron donor.

The presence of different hydrogen scavengers other than methanogens has also been
observed. On the one hand, the effect of homoacetogenic bacteria (e.g. strictly anaerobic
bacteria that produce acetate with hydrogen as electron donor and inorganic carbon) in
two-chamber MEC with fermentable substrates was reported to have a positive effect,
since they allow the electron recovery from the produced hydrogen in fermentation
[114]. However, in single-chamber MEC, homoacetogens can have a detrimental effect
since they can transform back to acetate the hydrogen produced in the cathode. This H,-
acetate loop can result in an increase of the cycles duration and thus, more input energy
requirements and lower hydrogen recoveries [82]. Nevertheless, the low hydrogen
recoveries in single-chamber MEC due to Hj-recycling are not only as a result of the
homoacetogenic activity, but the use of hydrogen as electron donor by ARB has also been
reported [80]. In this sense, Lee and Rittmann [81] studied the contribution of H,-
recycling in a continuous single-chamber MEC by minimizing the methanogenic activity,
obtaining that from the 62 to the 76 % of the total current intensity was as a result of Hy-
recycling. However, methanogenic activity was not completely suppressed and therefore,

the contribution of Hy-recycling could have been even higher.

A whole understanding of the competition between the different hydrogen scavengers
in single-chamber MEC systems has not been reported yet, although it was found that
methanogenesis inhibition could favour homoacetogenic growth [114]. Lee and Rittmann
[81] observed that H-recycling and methane production occurred in the system
simultaneously. Parameswaran et al. [115] found that homoacetogens could survive in a
cell working at low HRT (with high BES concentration) indicating that homoacetogens

could compete with hydrogenotrophic methanogens in real systems.

4.2 Objectives

The aim of this chapter is to experimentally assess the long term operation of a single-
chamber membrane-less MEC with continuous dosage of BES. Long and fully monitored
cycles and electron equivalent balances are used to understand the existing hydrogen

losses due to the competition between homoacetogens, ARB and hydrogenotrophic
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methanogens for hydrogen. The effect of H,-scavenging on the energy efficiency of the

system is also evaluated.

4.3 Materials and Methods

4.3.1 Reactor description and operation

A concentric MEC (CC-MEC, see Materials and Methods in Chapter 3) was used to
conduct the experiments. A constant voltage of 1.2 V was applied. Acetate was used as
carbon source at an initial concentration of 235 mg/L (4 mM). Sodium 2-
bromoethanesulfonate was used at a concentration of 50 mM except as indicated, where

it was increased to 90 and 120 mM.

4.3.2 Batch experiments

Batch experiments were carried out to assess the cell performance over time. Culture
medium was renewed prior to each cycle monitoring. Acetate concentration, gas
production/composition and current intensity were measured along the cycles (see
Materials and Methods in Chapter 3). Obtaining experimental profiles in time and not

only start/end measurements was essential for a better understanding of the system.

4.3.3 Presence of homoacetogens

The presence of homoacetogenic bacteria was tested through an experiment similar to
that in Parameswaran et al. [82]. Culture medium was replaced and no acetate, but
sodium bicarbonate (3 g/L) was added. The MEC was operated with the applied voltage
of 1.2 V. Hydrogen, stored in a gas sampling bag of 1 L, was intermittently sparged from
the bottom of the reactor and collected in another gas sampling bag located at the top
of the cell. Once the bag at the top was full, the position of the bags was reversed in order
to continue sparging hydrogen from the bottom of the cell. This operation was repeated
nine times between hours 0 and 8 and nine times more between hours 22 and 30 of the

experiment.
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4.4 Results and Discussion

4.4.1 CE and rCAT as MEC performance indicators

The performance of an MEC is commonly assessed through the calculation of the
coulombic efficiency (CE, equation 3.8) and the cathodic gas recovery (rcar, equation 3.9).
CE compares the coulombs recovered as current intensity with the coulombs that could
be theoretically generated from the substrate oxidation by ARB, while rcat compares the
coulombs consumed in hydrogen production with the coulombs arriving to the cathode

as current intensity.

However, under certain scenarios, these efficiencies may be misleading and some

considerations need to be taken into account when analysing the results.

Hydrogen is a suitable electron donor and, as such, its presence may induce the growth
of hydrogenotrophic bacteria. Hydrogen is either electrochemically produced at the
cathode or appears as a subproduct from the fermentation of organic products. Then,
the proliferation of hydrogen scavengers in MEC systems is frequent, particularly when
operating under single-chamber configuration. The most common scenarios in acetate-
fed single-chamber MEC are: i) neither methanogenesis nor Hy-recycling, ii) only Ha-

recycling, iii) only methanogenesis and iv) both H,-recycling and methanogenesis taking

place.
Table 4.1 Stoichiometry of the possible reactions occurring in an MEC.
Reaction / Microorganisms Stoichiometry
1. Acetate oxidation / ARB CH3COO" + 4H,0 = 2HCO3 + 9H* + 8e”
2. CHaformation / Acetoclastic methanogens CH3COO + H,0 = CH4 + HCO5
3.  CH4 formation / Electromethanogenesis CO; + 8H* + 82 = CH4 + 2H,0

4.  CH4formation / Hydrogenotrophic methanogens 4H; + CO; 2 CHy + 2H,0

5. Acetate formation / Homoacetogens 4H; + 2C0O; = CHsCOO™ + H* + 2H,0
6. H, oxidation / ARB H, = 2H" + 2e”
7. H,formation / chemical reaction 2H" +2e > Hy

In view of simplification, it has been assumed that methane formation comes only from

hydrogenotrophic methanogens and thus, acetate is not a carbon source for
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methanogenesis. The suppression of acetoclastic methanogenesis (reaction 2 in Table
4.1) in single-chamber acetate-fed systems has already been reported and it is justified
by the ARB having higher acetate affinity than methanogens [116]. Anyway, the absence
of acetoclastic methanogens in our systems was ensured by monitoring acetate
concentration in a batch experiment during 70 h without applying any voltage (Figure
4.1). Acetate concentration remained practically constant indicating that acetate
consumption related to non-ARB microorganisms was negligible. The absence of
acetoclastic methanogens was also corroborated through advanced microbiological
analyses showing that only 2 % of the Archaea present in the anode were acetoclastic
[95]. It should be noted that if a fermentable substrate different than acetate was used,
hydrogen from fermentation should be also considered and the system would become

much more complex.
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Figure 4.1 Acetate concentration versus time in the MEC without applied voltage.

The electrochemical methane production through carbon dioxide reduction (reaction 3
in Table 4.1) has been also reported in MEC [117,118]. This process produces methane
directly from carbon dioxide without hydrogen as intermediate. It can theoretically occur
at a less negative cathode potential (-240 mV vs SHE) and therefore, the energy

requirements could be lower [119].
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Evidences for electromethanogenesis in the literature [117] are mainly based on the
comparison of the performance of both a plain carbon cathode and a methanogenic
biocathode. The current intensity with the abiotic cathode was lower and the measured
hydrogen production rates were insufficient to explain the methane production rates
with the biocathode, which suggested methane production by direct electron transfer

[117].

However, electromethanogenesis has not been considered in this work, since Siegert et
al. [119] claimed that with platinum cathodes, which exhibit an excellent electrocatalytic
activity towards the hydrogen evolution reaction, the rate of methane production was
consistent with hydrogen production rates measured in abiotic controls. Hence it could

be assumed that all methane was produced by hydrogenotrophic methanogenesis.

The utilisation of CE and rcar to evaluate the MEC performance is not valid when Ha-
recycling is occurring. Moreover, rcar cannot be used when hydrogenotrophic
methanogenesis is taking place. In these cases, an extended approach should be used.
Nevertheless, obtaining unrealistic CE and rcar results would be a good indicator of some
hydrogen being lost: CE higher than 100% suggests Hx-recycling, whereas very low rcat

denotes hydrogen losses probably as a consequence of methanogenesis or Hy-recycling.

4.4.2 Including Hz-recycling (with or without hydrogenotrophic methanogenesis)

When Hj-recycling is taking place the estimated CE values are excessively high (even
higher than 100%). Then, the MEC performance becomes much more complex to
evaluate and a different approach is needed. In this case, we have used electron
equivalent balances (i.e. balances in terms of coulombs) for a better description of the
cell performance. As it can be observed in Figure 4.2, electron equivalent balances are
stated for both anodic and cathodic processes, which are linked by the coulombs
recovered as current intensity and the coulombs recycled as hydrogen by ARB and

homoacetogens.
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Figure 4.2 Reaction pathways and parameters of electron equivalent balances in an

acetate-fed single-chamber MEC.

Regarding anodic processes, the coulombs recovered as current intensity may come from
three different sources: i) the oxidation of the external acetate initially added, ii) the
oxidation of the acetate resulting from homoacetogenesis and iii) the oxidation of part of
the hydrogen produced in the cathode. Moreover, it should be considered that a fraction
of this acetate / hydrogen is not addressed to current intensity but to the growth of the

biomass. The balance in the anodic side can be written as in equation 4.1.

ARB _ ~ARB
C C

Co=Cact G+ G, -G -G (4.1)

where C¢jare the coulombs recovered as current intensity, Cac are the coulombs obtained
from the oxidation of the external acetate, Cy" are the coulombs obtained from the

oxidation of the acetate produced by homoacetogens, Chz r are the coulombs obtained

from the oxidation of the hydrogen produced on the cathode by ARB while CQEB and

Cﬁ?B are the acetate and hydrogen fractions addressed to biomass growth (ARB) in terms

of coulombs.
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In the case of cathodic processes, the coulombs recovered as current intensity are all
used for hydrogen production which, in turn, has four theoretical different endings: i)
being captured in the gas bag, the most desirable, ii) being consumed by methanogens,
iii) being consumed by homoacetogens, iv) being consumed by ARB. Equation 4.2

represents the previous processes in terms of coulombs.

Co =G+ Cous Gy + Gy (4.2)

where Cy; are the coulombs consumed in the production of the measured hydrogen and
Ccra, Cx and Cuor are the coulombs consumed in the production of hydrogen

subsequently consumed for the production of methane, acetate and current intensity.

Although hydrogen losses due to leakage (Ch2 L) are not considered in equation 4.2,
practical knowledge suggests that, in some cases, they might be required to completely
solve the equations system. Chz ( can be taken into account in terms of coulombs by

modifying equation 4.2 as follows:
Ca=Cp+Cauy +C+Cy,  +Cp, (4.3)

Thus, the fate of the electrons would be completely described with equations 4.1 and 4.2
(or 4.3). However, each of the parameters in these equations needs to be

estimated/measured.

4.4.2.1 Contribution of the growth processes

The fraction of acetate addressed to ARB growth in terms of coulombs, Chr°, can be

estimated from equation 4.4.

. 100-CE |
CQSB = YAACRB [{C,. +C') = TAI [{Cs. +C)") (4.4)

where Yo® is the biomass/substrate yield of ARB when consuming acetate and CEa; is

the real coulombic efficiency of the cell, i.e., the CE of the cell when H,-recycling does not
occur and thus, current intensity is entirely produced from the oxidation of the externally
added acetate. Thus, equation 4.4 calculates the product between the fraction of acetate

consumed but not recovered as current intensity and the coulombs obtained from
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acetate oxidation either from the externally added or the produced by homoacetogens.
Note that using either Ya'° or CEa1 in the calculation of Cir° implicitly assumes that

acetate is only consumed by ARB. Sleutels et al. [120] used CE to assess the competition
between ARB and methanogens with acetate as substrate by considering the electrode
and methane as the main electron sinks. As previously stated, the presence of
acetoclastic methanogens in our system was negligible and therefore, it could be
assumed that the acetate not recovered as current intensity was uniquely addressed to

ARB growth.

The CEa1 could be either theoretically estimated or experimentally assessed. For the
latter, two additional experiments besides the abovementioned standard monitoring are
required. On the one hand, acetate evolution and current intensity are measured in a cell
with constant N; sparging to evaluate the ARB activity without Hj-recycling (experiment
Al). The obtained results could be misleading if acetate stripping is simultaneously
occurring and this is why the extent of this stripping is evaluated in a second experiment
where acetate is monitored with constant N sparging and no applied voltage
(experiment A2). The experimental estimation of CEa1 should be more reliable if it is

calculated specifically for each system.

Part of the hydrogen consumed by homoacetogens (reaction 5 in Table 4.1) is also
addressed to biomass growth and can be calculated as follows:

oM =¢,,-¢,' (4.5)
where CH?MO are the coulombs equivalent to the hydrogen addressed to

homoacetogens growth.

Similarly, part of the hydrogen oxidized by ARB is also consumed for growth and not
recovered as current intensity (Cﬁ?B ). Both C:;)MO and Cﬁ?B can be also calculated from

the biomass/substrate yield as shown in equations 4.6 and 4.7.
covo - yfove g, (4.6)

A A
CH;B = YHZRB [Ty, (4.7)
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where Y,_T'ZOMO and YF/ERB are the biomass/substrate yields of homoacetogens and ARB

when consuming hydrogen.

Cac, Ch2, Ccna and Cgi can be calculated from off-line/online measurements. The following

paragraphs detail how to do so.

4.4.2.2 Coulombs obtained from the oxidation of the externally added acetate, Cac

The moles of electrons obtained from acetate oxidation are calculated from the amount
of the external acetate consumed (reaction 1 in Table 4.1) and converted to coulombs
using the Faraday constant (equation 4.8). The reactor volume remained practically
constant during all the experiment (less than the 2 % of the total liquid volume was

extracted for sampling).
Cp =AMV, B, [B (4.8)

where Ac (g Ac L) is the acetate concentration change, M is the molecular weight of
acetate (59 g mol™), Vi (L) is the volume of liquid in the reactor, bac is the number of e
transferred per mole of acetate (8 mol e mol™* Ac’) and F is the Faraday’s constant (96485

Cmolte).

4.4.2.3 Coulombs consumed in the production of the measured H;, Ch2
Chz is estimated by calculating the moles of electrons consumed during the production

of hydrogen (reaction 7 in Table 4.1) and converting them to coulombs (equation 4.9).

Ciz =Ny [by [F (4.9)

where nyzr are the moles of hydrogen captured and bz is the number of e transferred

per mole of hydrogen (2 mol e mol™ H,).

4.4.2.4 Coulombs consumed in the production of H, converted to CHa, Ccra
Ccha includes the coulombs consumed in the production of hydrogen converted to
methane without considering biomass growth (Ccha’) and the hydrogen consumed for

ET)

hydrogenotrophic methanogens growth in terms of coulombs (Cw2 . Ccra can be

calculated with equation 4.10.
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Cena = Copa l"'C'CI/leT = “ﬁ;ﬁ b, & (4.10)
where nS7“ are the moles of hydrogen consumed to produce methane.

H2,F

CH4

nﬁ;”F is calculated from the volume of hydrogen consumed to produce methane, V5 ,

which, in turn, is calculated according to the proper stoichiometry (reaction 4 in Table
4.1) and considering the fraction of hydrogen consumed for biomass growth (equation

4.11).

V,
Vipe =40 (4.11)
’ 1-Y
where Vcuar is the final volume of methane and YmETis the biomass/substrate yield of

hydrogenotrophic methanogens when consuming hydrogen.

4.4.2.5 Coulombs recovered as current intensity, Cq
Caiis calculated by integrating the current intensity from the initial to the final time of the

batch experiment.
Cy = I:Fldt (4.12)
0

Note that being able to calculate Cac, Chz, Ccha and Cei (equations 4.8, 4.9, 4.10 and 4.12)

we have a system of six linear equations (4.1, 4.2, 4.4, 4.5, 4.6 and 4.7) and six degrees of
freedom (Cx, C, Co_r, Cooe, Ci2MO and C/5P). Thus, electron equivalent balances can

be solved. All the parameters used to calculate the electron equivalent balances are

summarized in Table 4.2.

Moreover, two interesting performance parameters, the fraction of the current intensity
generated due to the oxidation of the externally added acetate (fc_ac) and due to recycled
hydrogen (fc_r2), can be also estimated from the parameters calculated by the electron

equivalent balances (equations 4.13 and 4.14).

100-CE
ARB 1- Al [Ty CEar [C
(1- Yac )EEAC 100 _ 100 *°
foi ac = = - (4.13)
Ca Ca Ca

Chapter 4 — Long term operation of a single- chamber membrane-less microbial electrolysis cell: electron equivalent balances 65



:

Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

CEm ARB
' [C,'+Cy, , -C
:cRB)m:H +Cy o - Chiy HoTHZr T

_ H2 _ 100
fCI_H2 = = (4.14)
Ca Cq
Table 4.2 Nomenclature and description of parameters.
Parameter Description Dimension
ba b Number of e” transferred per mole of acetate (8 mol e mol*  mol e mol?
Ac DH2 Ac’) and H; (2 mol e mol™ H,) substrate
c Coulombs obtained from the oxidation of the initially added c
Ae acetate
Coulombs consumed in the production of H, converted to
Ceha C
CHa
Coulombs consumed in the production of H, converted to
Ccha’ CH4 (without considering hydrogenotrophic methanogens C
growth)
Cai Coulombs recovered as current intensity C
c Coulombs consumed in the production of H, converted to c
" acetate by homoacetogens
o Coulombs obtained from the oxidation of acetate produced c
" by homoacetogens
Chz Coulombs consumed in the production of the measured H; C
Ch2 L H, losses due to leakage C
Cro_r Coulombs obtained from the oxidation of H; C
caxe Acetate consumed for ARB growth in terms of coulombs C
che H, consumed for ARB growth in terms of coulombs C
cHomo H> consumed for homoacetogens growth in terms of c
H2 coulombs
CMET H, consumed for hydrogenotrophic methanogens growth in c
H2 terms of coulombs
CE Coulombic efficiency =
CEa1 Coulombic efficiency in experiment Al (no H,-recycling) C
Ac Acetate concentration change over tr and to gAc L?!
F Faraday constant (96485 C mol™ e) Cmolte
. Fraction of the current intensity generated due to the )
o oxidation of the external acetate initially added
. Fraction of the current intensity generated due to H»-
Cl_H2 _

recycling
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Parameter Description Dimension
| Current intensity A
M Molecular weight of the acetate (59 g mol*Ac’) g mol*?
NH2,F Moles of H; at the end of a batch experiment mol
CHa Moles of H, converted to CHs4 at the end of a batch
NoF . mol
: experiment
reat Cathodic efficiency -
t,toand tr  Time / Initial and final times of the batch experiments S
Ve, Final volume of gas L
Vhar Final volume of H, L
Vie Final volume of the gas i L
Vi Volume of liquid in the reactor (1.3 L) L
Vi Molar gas volume (24.03 L mol?) at 202C L mol*t
Vﬁ;é Volume of the H, consumed to produce CHs4 L
T Volume of H; produced including that consumed to produce
Viar
CHa
Xi,F Final composition of the gas i -
. ) ) mol e” biomass mol*
yore Biomass/substrate yield for ARB when consuming acetate )
e substrate
ARB . ) ) mol e~ biomass mol?
Yo Biomass/substrate yield for ARB when consuming H» X
e substrate
y Homo Biomass/substrate yield for homoacetogens when mol e” biomass mol™?
H2 consuming H, e substrate
y MET Biomass/substrate yield for hydrogenotrophic methanogens  mol e biomass mol?
H2

when consuming H; e substrate

4.4.3 Including hydrogenotrophic methanogenesis when no Ha-recycling is occurring

The previously developed electron equivalent balances can be used even when no Hs-
recycling is occurring but most parameters would be zero. In this sense, the following
simplified approach can be more practical. Thus, if hydrogenotrophic methanogens are
present in the system, rcar will be underestimated since the amount of hydrogen
produced and sequentially diverted to methane would not be considered. Although CE
would not be affected, the calculation of rcar would need a correction by including the

hydrogen theoretically converted into methane. Then, the real volume of hydrogen

T

H2,F) would include the measured hydrogen and the hydrogen converted to

produced (V,
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T

methane according to the proper stoichiometry (reaction 4 in Table 4.1). Then, Vy, .

should be used when estimating rcar (equation 3.9).
Vit = Vi + Vi (4.15)

where VHTz,F is the total volume of hydrogen produced and Vi w2 is the measured hydrogen

production.

4.4.4 Experimental study: Occurrence of Ha-recycling

A 1.3 L MEC was operated for 8 months with BES dosage using an ARB-enriched anode.
BES concentration was initially set at 50 mM, a value theoretically high enough to supress
methanogenic activity [82]. Under these conditions (i.e. single-chamber membrane-less
MEC with BES and under batch operation), methanogenesis could be avoided. However,
Hy-recycling was favoured and then, efficient hydrogen production was still hindered.
Practically from the first days of operation it was observed that the duration of the cycles
was not in agreement with the monitored intensity resulting in CE higher than 100 %.
Moreover, the highest hydrogen production was detected after adding fresh medium in
the cell, whereas hydrogen concentration in the gas sampling bag was decreasing along
the cycle, resulting in rcat values close to 0 %. Thus, the most plausible option was H»-
recycling either by homoacetogens or Hj;-consumers ARB. Figure 4.3 shows an
experiment where sodium bicarbonate and hydrogen were added as sole carbon source
and sole electron donor, respectively. Acetate concentration was initially zero and it
increased over time reaching values of around 70 mg/L. Meanwhile, current intensity also
increased and reached values close to 9 mA. Thus, homoacetogens were present and
consumed H; and CO; to form acetate. Acetate could be subsequently used by ARB to
generate current from acetate. However, current intensity due to direct oxidation of

hydrogen could not be ruled out.
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Figure 4.3 Batch experiment with the addition of sodium bicarbonate and H; sparging (A)
Acetate concentration and (B) Current intensity over time. Current intensity is shown

from time 5 hours due to monitoring problems.

Electron equivalent balances were calculated to gain insight on the cell performance
under Hy-recycling conditions and hence a cycle was monitored during approximately 100
hours.

Figure 4.4 shows the experimental results obtained during the characterisation of the

operation with Hz-recycling. As previously detailed, two additional experiments were
required for the calculation of CQEB: A1) ARB activity was measured in an MEC with

continuous Nz sparging to avoid hydrogen utilisation by both homoacetogens and ARB
and A2) acetate concentration was measured with N, sparging but with no applied

voltage to estimate acetate stripping.
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Figure 4.4 Monitoring of the MEC with Hj-recycling (A) Current intensity under

conventional operation (solid) and with N2 sparging (experiment Al) (dashed), (B) Acetate

concentration under conventional operation (®), with N, sparging (experiment A1) (A)

and with N, sparging and no applied voltage (experiment A2) (1) and (C) Gas production

under conventional operation: H, (®) and CHs (V).

70 | Chapter 4 — Long term operation of a single- chamber membrane-less microbial electrolysis cell: electron equivalent balances



| Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

Figure 4.4A compares the cell current intensity with (A1) and without N, sparging
(conventional operation). As it can be observed, the duration of the cycle was completely
different (in spite of having the same initial acetate concentration): the cycle was
completed after 50 hours with N, sparging whereas under conventional operation, the
current intensity remained at values around 22 mA after 100 hours. In A1 hydrogen was
removed from the system by stripping, while under conventional operation, hydrogen
was used by homoacetogenic bacteria to produce acetate or by ARB to generate
electricity thus, extending the cycles. Regarding acetate measurements, acetate
decreased under conventional operation during the first 20 hours of the cycle and
remained almost constant during the following 80 hours. In contrast, when N, was
sparged, acetate was consumed in 50 hours. The decrease in acetate concentration was
not related to stripping: Figure 4.4B shows that when the cell was disconnected and
sparged with Ny (A2), acetate concentration did not decrease but slightly increased,
probably as a result of water evaporation. Finally, Figure 4.4C presents the bag
composition and shows that the hydrogen increased, reached a maximum (100 mL) and
then decreased. Methane concentration was scarce indicating that hydrogen

consumption was not addressed to methanogenesis.

On the one hand, the CE under conventional operation was, as expected, much higher

than 100 % (463 %). However, when N; was sparged, Ce decreased to 90.4 %, thus only
the 9.6 % of the acetate is consumed for the growth of the biomass (Y/fcRB ). Therefore,

CEa1 (i.e. the real CE excluding the Hy-recycling effect) was 90.4 %. On the other hand,
rcat was around 4 %. The coulombs generated from acetate oxidation according to the
experimental acetate measurements, Cac, were 1555 C, whereas the coulombs recovered

as current intensity, Cq, were 7203 C and the coulombs consumed in hydrogen

production, Cha, 292 C. For Y:zomo and Y5 it was assumed a value of 0.1 mol e” biomass

mol™' e substrate, i.e. a value similar to that estimated for ARB when consuming acetate.

Substituting the values of Cac, Cr2, Ccha, Ccl, CEa1, YﬂfMoand YﬁzRB in equations 4.1, 4.2,

44,45, 4.6 and 4.7 it was obtained that:

5648=C,'+Cy - Ce- - Cliy° (4.16)
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6911=C, +Cps , (4.17)
Cht® =149.18+0.096(C,,' (4.18)
Ml =c,-c, (4.19)
cioM =o0.100T, (4.20)
C/5° =0.10[T,, (4.21)

The equation system (equations 4.16 to 4.21) solution is summarized in Table 4.3. The
fraction of hydrogen recycled by homoacetogens, calculated as Cn/(Cu+Ch2 (), was 71 %,
whereas the fraction of hydrogen recycled by the direct oxidation of hydrogen by ARB,

calculated as Cua /(Ch+Cr2 (), was 29 %. Moreover, coulombic losses due to biomass

growth were mainly caused by the consumption of acetate by ARB (CQEB) and the

consumption of hydrogen by homoacetogens (C:?MO).

foi_ac and fo_m2 were 19.5 % and 80.5 % respectively (equations 4.13 and 4.14), showing
that the effect of Ho-recycling can be far from negligible (e.g. in our system, 80.5 % of the
current intensity was generated due to Hx-recycling). Moreover, the recycled hydrogen
in terms of coulombs (Cy+Ch2 ) was in just five days around 1.7 times the amount of

coulombs that could be generated if all the acetate externally added had been consumed.
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Table 4.3 Summary of the electron equivalent balances during a cycle with Hx-recycling.

Parameter Normal operation ~ With N3 sparging

CE 463 % 90.4 %
rcat 4% -
Ce 7203 C 2989 C
Cac 1555 C 3306 C
Ch2 292 C --
Ccha 0C -
o 4893 C 0C
Cy' 4403 C 0C
Cho r 2018 C 0C
CLre 572 C 317C
CHomo 489 C 0C
che 202 C 0cC
foi_ac 19.50 % 100 %
fo_n2 80.50 % 0%

The energy recovery of the cell under the Hj-recycling scenario was calculated with
respect to the electrical input (re, equation 3.10) and both the electrical input and the
energy content of the substrate (ress, equation 3.12). The results showed how detrimental
H>-recycling could be, since only the 6.3 % of the invested electrical energy was recovered
as hydrogen. The energy recovery in the form of hydrogen was even lower (5.0 %) when

the energy content of acetate was also considered.

4.45 Experimental study: Presence of methanogens

At week 9 of operation, batch experiments suggested growth of methanogens even
though there was a BES concentration of 50 mM. It was increased to 90 and subsequently
to 120 mM and, surprisingly, methane formation was detected even at those high
concentrations. Our results suggest that methanogens grew in the MEC even at higher
BES concentrations, either as a result of a too thick biofilm preventing BES to penetrate

inside or as a result of a development of BES resistance by methanogens [121].
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Figure 4.5 shows the evolution of the methanogenic activity during the cell monitoring
performed at different weeks of operation. At weeks 9-10, the ratio H,/(H2+CH4) only
started to decrease (i.e. methane was formed) approximately 70 hours after the renewal
of the medium. At week 16, Hy/(H,+CHi) decreased to 35 % in just 45 hours. BES
concentration was increased to 120 mM at week 19 and although methanogenic activity
was reduced, it was far from supressed. At week 22 of operation, BES concentration was
decreased to 50 mM to obtain results comparable to the literature. Under these
operational conditions, most of the hydrogen produced was converted to methane at the
end of the monitoring, as shown in Figure 4.5 for week 34. Thus, it was observed that BES
may not be an adequate long term solution for methanogenic inhibition when hydrogen

is widely available (i.e. batch conditions with high retention time).
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Figure 4.5 Methanogenic activity vs time represented as the ratio Ho/H,+CHs at different
weeks of operation. Week 9 (®), week 10 (X), week 16 (O), week 19 (A), week 29 ()
and week 34 (V) of operation. Concentration of BES: 90 mM (solid), 120 mM (dashed)
and 50 mM (dash-dotted).

Figure 4.6 shows an example of the monitoring of a cycle (week 34) where methanogenic
activity was significant. As it can be observed the cycle lasted approximately 50 hours,
during which acetate concentration was decreasing (Figure 4.6B). Regarding gas

production, hydrogen reached a maximum volume between hours 3 and 4 of monitoring
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and then it started decreasing. In contrast, methane production was increasing during all
the cycle.

The CE of the cell was 74.5 %, whereas the rcar if only comparing the coulombs recovered
as hydrogen to those recovered as current intensity was 0. A much more realistic rcar
value of 94.5% was calculated by computing methane into the balance, assuming that all

methane produced came from hydrogen [86] and transforming moles of methane into

moles of hydrogen by considering a YF'YZ'ETof 0.1 mol e biomass mol? e substrate

(equations 4.11 and 4.15). Acetate-driven methanogenesis could be discarded since it
would have resulted in a much lower CE. These results show that when methanogenesis
became important, Hx-recycling, if still occurring, lost importance since only the 5.5 % of
the coulombs recovered as current intensity were not subsequently recovered as

hydrogen or methane.
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Figure 4.6 Monitoring of the MEC with the presence of methanogens (A) Current
intensity, (B) Acetate concentration and (C) Gas production: H, (®) and CHs (V). Note

the different scales in (C).
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As previously stated, the electron equivalent balances can also be used to describe the
behaviour of the cell under methanogenesis conditions. In the presented case, the
calculated CE suggested that H-recycling was not occurring, thus Cy, C4” and Chz_r could
be neglected. Therefore, the previous system of equations (equations 4.1, 4.2, 4.4, 4.5,

4.6 and 4.7) could be reduced to only three linear equations:

Ce =Cpe -Ca” (4.22)

Co=Cha +Copa (4.23)
100-CE

Cao = 00 [Ca (4.24)

Note that CEa1 was replaced by CE in equation 4.24 since CE did not need to be corrected
by H,-recycling. According to the measurements/calculations, Cac was 3378 C, Cc was
2518 C, Chz2 was 0 and Ccna was 2379 C. Substituting these values into equations 4.22,
4.23 and 4.24 it was obtained:

-860=-Cp"° (4.25)
2518 =2379 (4.26)
100-CE
ChR® = 3378 (4.27)
100

As it can be observed, to solve the system Chz L had to be included in equation 4.26 as

follows:

2518=2379+C,, | (4.28)

However, as deduced from equation 4.28, the value of Cy, | was very low and can be
assumed as experimental error. Table 4.4 summarizes the results of the CE, rcar and

electron equivalent balances calculations. The use of electron equivalent balances gives
similar information to that provided by CE and rcar, but returns the values of C4*° and

Ch2_L in terms of coulombs.
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Table 4.4 Summary of the results in a cycle with methanogenic activity.

Parameter Value
CE 74.5 %
Fcat 0%
rcat (considering CHa) 94.5 %
Ca 2518 C
Cac 3378 C
Crz 0C
Ceria 2379 C
Ch 0C
Ci oc
Cha_r 0C
Cac’ 860 C
Chg " oc
Cia’ 0cC
Cra_t 139 C
for ac 100 %
fo ocC

The results so far suggest that Hy-recycling took place when the methanogenic activity
was not important. Moreover, the CE evolution showed that CE was higher than 100 %
when methanogens were not dominant. CE decrease to values around 75 % was
proportional to the methanogenic activity increase. Results could also suggest that CE
was decreasing as a consequence of acetate consumption by methanogens. However,
this was ruled out taking into account results in the literature and our own results in the

CE and rcar calculations.

The energy recovery of the cell under this scenario where methanogenesis emerged was
also assessed by calculating re and ress using equations 3.10 and 3.12 for methane as fuel.
These values were compared to the theoretical values if hydrogen would not have been

consumed by hydrogenotrophic methanogens, but recovered.
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Practically all the invested electrical energy was recovered as methane (re of 95.0 %),
although only about 30-40 % of the methane energy can be later converted into
electricity by means of CHs-driven engine-generators [6]. The energy recovery when the
energy content of the substrate was considered (ress) decreased to 38.5 %. In the
theoretical case where hydrogen could be recovered, re and re+s would be 135.6 % and
55.0 %, respectively. As expected, the energy recovery is more positive with hydrogen as
fuel. However, the results evidence that methanogenesis is not such an unfavourable

situation as H-recycling in terms of energy efficiency.

In fact, methane production in single-chamber membraneless MEC has been proposed
as an alternative to hydrogen, since it is very difficult to obtain pure hydrogen and at the
same time methane may offer some advantages over hydrogen [122]. Clauwaert and
Verstraete [56] claimed that methane production in MEC would be more robust than
hydrogen production and that the capital costs would be lower, since ion exchange
membranes would not be required. Cheng et al. [117] highlighted that hydrogen storage
can be problematic, whereas the transport and storage of methane involve mature
technologies. Finally, Van Eerten-Jansen et al. [123] stated that methane production in
MEC would have additional environmental benefits, since CO, could be converted into
additional fuel. Taking advantage of this latter, a new system coupling an anaerobic
digester and an MEC has already been proposed for biogas upgrading by in situ
converting CO; into additional CH4 [124].

However, if hydrogen production remains the objective, the most feasible strategy to
avoid hydrogen scavengers would be preventing hydrogen to be available for the
microorganisms. Some options would be the use of membranes, strategies such as
hydrogen stripping [87] or using reactors with architectures for a fast hydrogen
separation in order to make hydrogen unavailable for these microorganisms [80]. On the
other hand, other possible strategies based on the selective inhibition of methanogens
would not be useful in a system with these characteristics, since Hz-recycling would not

be avoided.
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4.5 Conclusions

In membrane-less single-chamber MEC, the presence of hydrogen scavengers is a
significant hurdle in view of its real application. Under these conditions, the classical

indexes CE and rcar calculated to estimate its performance are no longer valid.

When methanogens are present, rcar should be calculated estimating the amount of

hydrogen converted to methane.

When methanogens are selectively inhibited, Hx-recycling (due to homoacetogenic
bacteria or due to direct hydrogen oxidation) is very likely to occur, causing large
deviations in the estimated CE and rcar values. A different approach based on electron
equivalent balances is presented in this work which, through a better understanding of
the process occurring in the cell, results in the calculation of two new parameters, fci ac

and fc_H2, which are much more realistic indicators of the real cell performance.

Two experimental studies under different scenarios (proliferation of homoacetogens or
methanogens) were presented. The proposed approach based on balances was
successfully applied and under Hj-recycling conditions the estimation of the MEC

performance was much more accurate.

Moreover, electron balances showed that Hj-recycling could be an issue much more
important than methane generation, since the Hz-acetate loop increases the operating

costs and makes infeasible the production of hydrogen in MEC.
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Chapter summary

Microbial electrolysis cells have given successful results in lab-scale experiments with well
buffered media and synthetically-increased conductivity because operational problems
are avoided and the internal resistance of the cell is reduced. This is particularly important
in two-chamber configuration where membranes cause potential losses associated to the
pH gradients across them. However, domestic and many industrial wastewaters have a
limited buffer capacity and low conductivity. In this chapter, the performance of an MEC
with a culture medium similar to real wastewaters, in terms of buffer capacity and
conductivity, was assessed in both single-chamber and two-chamber configurations and
compared to that of a well-buffered cell. Single-chamber MEC tests demonstrated that
the lack of buffer affected both the anodic and cathodic overpotentials, being the latter
significantly higher. In two-chamber configuration, the non-buffered cell failed as a result
of a high pH drop in the anode, which harmed the anodic biofilm. The conductivity

increase did not improve significantly any configuration tested.

5.1 Introduction

At the current state of research, most studies in BES have been conducted with high
buffer concentrations, including phosphate and bicarbonate [125]. The use of buffers in
BES helps preventing operational problems such as proton-transport limitations inside
the biofilm [126,127] and provides conductivity to the culture medium. This, in turn,
reduces the internal resistance of the cells and therefore, increases the attainable power

output in MFC or reduces the applied voltage requirements in MEC.

The use of high buffer concentrations is, however, unrealistic. Real wastewaters have a
relatively low buffer capacity (the equivalent to 1 to 4 mM phosphate buffer) in addition
to lower conductivities (around 1 mS/cm) than those used in most BES lab-scale studies

[128,129].

Chapter 4 concluded that, in single-chamber MEC, the hydrogen produced was, in turn,
consumed by hydrogenotrophic methanogens or homoacetogens [82,130]. Therefore,

many MEC studies worked in two-chamber configuration since membranes prevent
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hydrogen diffusion to the anode. Moreover, membranes are required for obtaining high-
purity hydrogen. Otherwise, hydrogen would be contaminated with the gaseous products
from the metabolic activity in the anode (e.g. CO2, CH4, or H,S) [88]. On the drawback
side, membranes are expensive, increase the internal resistance of the cells leading to
lower current densities and contribute to potential losses due to pH gradients across

them [88], which are very detrimental for the MEC operation.

Besides electrons, protons are also produced in the anode during the biodegradation of
organic matter. Thus, the transport of electrons from the anode to the cathode needs to
be balanced to meet electroneutrality. Ideally, in a two-chamber MEC, protons and
hydroxyls would be responsible for maintaining electroneutrality in the system. Ideally, if
a cation exchange membrane (CEM) is used, protons (from anodic substrate oxidation)
cross the permeable membrane and react in the cathode. In contrast, hydroxyls formed
(as a consequence of the cathodic reaction) diffuse to the anode to compensate charges
when an anion exchange membrane (AEM) is used. However, in reality, electroneutrality
is mostly reached by the transport of ions other than protons and hydroxyls (e.g. Na*, K*,
NH4*, CI" or S*) as they are present in a much higher concentration [131]. The
accumulation of protons and hydroxyls leads to a pH drop in the anodic chamber and a
pH increase in the cathodic chamber [131,132]. Both the cathodic pH rise and the anodic
pH drop lead to a power decrease in MFC or in energetic requirements increase in MEC,
since both theoretical electrode potentials are pH-dependent. For instance, every pH unit
difference between the anodic and the cathodic chambers in MEC leads to an additional

energetic requirement of about 0.13 kWh/m3 H; (0.059 V) [32].

Hence, under two-chamber configuration, buffers become even more important since
they dampen the pH changes caused by the presence of an ion exchange membrane and

therefore, prevent, to some extent, potential losses [131,132].

In this sense, from the stoichiometry of reaction 1 in Chapter 1, it can be deduced that 8
mols of protons are produced for each mole of acetate consumed, thus causing
acidification of the anodic chamber. In the same reaction, 1 mol of buffer is produced as
bicarbonate, which contributes to reduce the pH drop. However, 7 additional mols of

buffer would be required to maintain a neutral pH in the anodic chamber [133].
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So far, several studies have been conducted with non-buffered catholytes, in which the
performance of saline solutions [134-136] or acids such as sulphuric and hydrochloric
[137] were evaluated as catholytes and the performance of different cathode materials
at neutral and alkaline pHs was assessed [92]. However, there is very little research on
non-buffered anodes, although pH changes would have a significant impact on the anode

operation as it is a biological system.

In this framework, Sleutels et al. [127] studied the effect of buffer concentration on MEC
operation obtaining higher current intensities and coulombic efficiencies for the highest
buffer concentration. The performance of both AEM and CEM in a continuous flow two-
chamber MEC with a low PBS concentration (10 mM) was also evaluated in terms of
chemical efficiency and internal resistance and in both cases AEM outperformed CEM

[138,139].

In a further study, Rozendal et al. [140] evaluated the effect of different membranes on
ion transport to that same PBS concentration and concluded that bipolar membranes
could retard the increase of pH in the cathodic chamber. All these works showed how

preventing pH changes in the cell can enhance its performance.

5.2 Obijectives

A full understanding of the effect of buffer/conductivity in both single-chamber and two-
chamber MEC will be very helpful in view of posterior design of practical
bioelectrochemical applications. Moreover, the advantages of choosing anion or cation
exchange membranes in two-chamber configuration under these non-ideal conditions

should also be experimentally assessed and discussed.

Therefore, the aim of this chapter is the systematic performance comparison of an MEC
mimicking real conditions in terms of buffer capacity and conductivity with the same MEC
working with a medium with higher buffer capacity and higher conductivity. Three
different MEC configurations were compared: i) single-chamber, ii) two-chamber with

AEM and iii) two-chamber with CEM resulting in a wide matrix of experimental results.
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5.3 Materials and Methods

5.3.1 Reactors description and medium composition

The same two-chamber small-scale MEC (SS-MEC, see Materials and Methods in Chapter
3) were used (with or without membrane) to maintain the distance between the
electrodes at 6 cm regardless of the cell configuration. The performance of two different
membranes, an AEM and a CEM, was evaluated. Three different MEC were used: BF
(buffered), HC (high conductivity) and LC (low conductivity). The medium composition
was different for each cell. For BF the synthetic medium described in Chapter 3 (100 mM
PBS) was used. The initial pH and conductivity of the medium was 7.5 and 13 mS/cm. In
HC, in contrast, the same medium was used but PBS was not added. NaOH and NaCl were
used to adjust the initial pH and conductivity, respectively, to the same values to that in
BF. In LC neither PBS nor NaCl was added, so only NaOH was used to adjust the initial pH
at 7.5. The synthetic medium without PBS provided already a conductivity of 4 mS/cm to
LC. This value was slightly higher than the conductivity of real wastewaters reported in
Rozendal et al. [128] but, in any case, the differences between low- and high-conductivity

cases could be likewise observed.

The methanogenic inhibitor 2-bromoethanesulfonate was used at a concentration of 50
mM according to the work of Parameswaran et al. [82] and acetate was added as
substrate with an initial concentration of 1 g/L in all cases. The previous media for each
cell were also used in the cathodic chamber when working in two-chamber configuration,

but no acetate was added.

Anodes were inoculated in three different small-scale air-cathode MFC (SSAC-MFC) (see
Materials and Methods in Chapter 3): MFC-1, MFC-2 and MFC-3. The same synthetic
medium with PBS 100 mM was used for the three cells. The anodes worked in MFC mode
with an external resistance of 1000 Q for approximately a month before being

transferred to MEC.
5.3.2 Electrochemical analyses

The MFC performance was assessed by means of polarization curves. The overpotentials

of both anode and cathode in MEC were measured with LSV and the ohmic resistance of
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the cell by means of EIS (see Materials and Methods in Chapter 3). Culture medium was

renewed previous to LSV and EIS experiments.

5.3.3 Batch experiments
For each MEC, experiments were performed in three different configurations: (i) without

membrane (WM), (ii) with AEM and (iii) with CEM. The applied voltage was 1.0 V.

In all experiments, current intensity was monitored and acetate and hydrogen were
analysed (see Materials and Methods in Chapter 3). Moreover, routine pH and
conductivity measurements were done at the initial and the final times of a batch

experiment. The experiments conducted are summarized in Table 5.1.

Table 5.1 Summary of the experimental conditions of batch experiments E1 to E9.

Experiment MEC Buffer Conductivity IEM Applied PH
(mS/cm) potential (V) control
El BF Yes 13 No 1.0 No
E2 BF Yes 13 AEM 1.0 No
E3 BF Yes 13 CEM 1.0 No
E4 HC No 13 No 1.0 No
E5 HC No 13 AEM 1.0 No
E6 HC No 13 CEM 1.0 No
E7 LC No 4 No 1.0 No
ES LC No 4 AEM 1.0 No
ES LC No 4 CEM 1.0 No

5.4 Results and Discussion

The results in this chapter are organized in different sections. The inoculation of the
anodes and their operation in MFC mode will be firstly assessed. Then, the current
intensity profiles of the three cells in each configuration will be discussed. Finally, the
main limitations, in terms of potential losses, of both single-chamber and two-chamber

will be estimated and the performance of each membrane will be detailed.
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5.4.1 Inoculation and MFC operation with buffered medium

The enrichment of the anode in ARB was assessed by monitoring the current intensity in
a set of three identical MFC working with the conventional culture medium. As observed
in Figure 5.1, despite the initial differences in current intensity, MFC-1, MFC-2 and MFC-

3 ended up performing very similar. After only 13 days the three MFC reached a current

intensity close to 0.5 mA. Moreover, the CE was 24-25 % in all cases.
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Figure 5.1 Current intensity profiles of the MFC during inoculation. MFC-1 (solid), MFC-2
(dashed) and MFC-3 (dotted).

After 25 days operating in MFC mode, polarization and power curves were recorded in
order to assess the performance of the anodes of MFC-1, MFC-2 and MFC-3 (Figure 5.2).
The performance of the three MFC was very similar up to 0.35 V (Figure 5.2A), as
expected considering the previous current intensity profiles. From this point, both the
cell voltage and the current intensity decreased in MFC-1 and MFC-2, thus limiting the
observed current intensity to 1.6 mA. This simultaneous decrease of the cell voltage and
the current intensity at reduced external resistances (named overshoot) was already
reported in power and polarization curves [141-145] and can result in underestimation
of MFC performance at high current intensities. However, each study attributed it to a

different cause, from mass transport limitations, ionic depletion or microbial exhaustion
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to insufficient acclimation time for bacteria to a new resistance or voltage. Overshoot was
also observed in MFC-3 at a potential of 0.25 mV and a current intensity of 2.5 mA. The
same trend could be observed on power curves and therefore the maximum power of

MFC-3 (640 uW) was higher than that of MFC-1 and MFC-2 (550 uW).
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Figure 5.2 Performance assessment of the MFC (A) Polarization curves and (B) power

curves. MFC-1 (®), MFC-2 (L) and MFC-3 (V).

In spite of these little differences, it was considered that the cells had the same
performance and anodes were transferred to MEC. The anode of MFC-3, which slightly
outperformed the other two, was transferred to MEC LC (low conductivity). The anode of
MFC-2 to MEC HC (high-conductivity) and finally, the anode of MFC-1 to MEC BF
(buffered). Then, if LC failed (LC presents a priori the most unfavourable conditions), it

could not be attributed to the inoculation step.

MEC worked in single-chamber configuration for several cycles prior to any experiment
with ion exchange membranes in order to acclimate the anodes to MEC operation and to

the new culture media in the case of HC and LC.

Figure 5.3 presents the current intensity response of BF, HC and LC in single chamber
configuration. After 11 days of operation, BF already reached current intensities close to
5 mA. HC, meanwhile, reached lower current intensities but from the second cycle
onwards, the response of the cell was unvarying. From day 40 on, the initial acetate

concentration was increased resulting in higher current intensities at the end of the

Chapter 5 — Performance of microbial electrolysis cells with non-buffered and low-conductivity media ‘ 89



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

cycles. Finally, in the case of LC, it was not until day 40 that the current intensity

developed a growing trend.
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Figure 5.3 Current intensity profiles after transferring the anodes to MEC: (A) buffered
(BF), (B) high conductivity (HC) and (C) low conductivity (LC).
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5.4.2 Current intensity performance in MEC

The conventional current intensity profiles of the MEC BF (buffered), HC (high
conductivity) and LC (low conductivity) working with the three different configurations
are presented in Figure 5.4. Figure 5.4A shows a plateau (around 6.1 mA) rapidly reached
when no membrane was used in BF (E1). The initial current intensity was significantly
lower when an AEM separated the anodic and cathodic chambers due to an increase of
the internal cell resistance (E2). Moreover, the current intensity showed a decreasing
trend throughout the batch cycle. On the other hand, the use of a CEM (E3) resulted in
an initial current intensity near to that obtained without membrane, although the current
intensity decreased even more sharply throughout the batch cycle than in E2. The initial
higher current intensity achieved with the CEM was in accordance with the results in
Sotres et al. [146], where higher current and power densities were obtained in two-

chamber MFC using a CEM (Nafion-117) rather than an AEM (AMI-7001).

The current intensity profiles of HC and LC in Figures 5.4B and 5.4C when working without
membrane (E4 and E7) showed a similar trend, observing an increased current intensity
throughout the cycle without reaching a plateau. The current intensity increase in HC was
higher (188 % for HC whereas only 88 % for LC) and thus, a higher current intensity was
reached at the end of the cycle. The most significant outcome of Figure 5.4 is that the use
of membranes, both AEM and CEM, in combination with a non-buffered medium (ES, E6,
E8 and E9) led to a failed MEC, since the current intensity of HC and LC decreased sharply
to 0. In addition, the anodes were severely damaged and needed several cycles operating
without membrane to recover. Therefore, the use of PBS was demonstrated as essential
for a proper operation of a two-chamber MEC working in batch mode and hence
establishes an important limitation for treating wastewaters with low buffer capacity.
Higher conductivities, meanwhile, slightly improved the operation in non-buffered single-
chamber MEC, but in two-chamber configuration its effect was not relevant due to the

low achieved intensities, which minimized the ohmic potential losses.
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Figure 5.4 Current intensity profiles of (A) buffered (BF), (B) high conductivity (HC) and (C)
low conductivity (LC). MEC without membrane (WM), with an anion exchange membrane

(AEM), and with a cation exchange membrane (CEM).
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5.4.3 Analysis of single-chamber operation

LSV were recorded to assess the MEC performance when working in single-chamber
configuration and for each culture medium (E1, E4 and E7). The electrode potentials were
measured during LSV experiments to determine the main limitation in each case [88]. The
highest current intensity was obtained in BF with a value close to 6.1 mA when 1V was
applied. Both HC and LC only reached a current intensity close to 2 and 1 mA, respectively,

showing the relevance of buffer presence (Figure 5.5A).
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Figure 5.5 Linear sweep voltammetry of the MEC in single-chamber configuration. BF (O),
HC (A) and LC (<). (A) Current intensity profiles and (B) Electrode potentials: anode
potential (open symbols) and cathode potentials (filled symbols). Dashed lines indicate
the theoretical electrode potentials under initial batch conditions (acetate concentration

=1.69-102 M, hydrogen partial pressure = 0.01 atm and pH = 7.5).

The electrode potentials during the LSV are presented in Figure 5.5B together with the
theoretical electrode potentials calculated by means of the Nernst equation at the initial
cycle conditions (equations 1.4 and 1.7 in Chapter 1). The difference between the
measured and the theoretical electrode potential is the so-called overpotential, i.e. the
voltage losses of each electrode. The highest overpotentials were observed in the
cathode, which means that most of the applied cell voltage was lost in the cathode and
therefore, there was more room for improvement in the cathode than in the anode.
Theoretically, by reducing the cathodic overpotential, the same current intensity could

be obtained with lower applied potentials, or higher current intensities could be achieved
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by maintaining the same applied potential. In the case of BF, the overpotentials for the
highest current intensity (6.4 mA at 1.0 V of applied voltage) were 0.28 V and 0.68 V for
the anode and the cathode, respectively. Similar values were obtained for HC and LC
when 1.0 V was applied, as observed in Figure 5.6, which displays the electrode
overpotentials as a function of the applied potential. However, the achieved current
densities were 3-fold and 6-fold lower, respectively. Returning to Figure 5.5B and for a
given current intensity, the differences between the overpotentials in BF and HC and LC
were more significant in the cathode, indicating that at low current densities the
performance of the cathode was more affected by the lack of buffer than that of the
anode. The cathodic overpotential for LC had a similar trend to that in HC but with higher

values.
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Electrode potentials (V) vs SHE
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 5.6 Electrode potentials vs. applied cell potential of MEC in single-chamber
configuration. BF (O), HC (A) and LC (<>). Anode potential (open symbols) and cathode
potentials (filled symbols). Dashed lines indicate the theoretical electrode potentials

under initial batch conditions.

In summary, the major potential losses in single-chamber cells within the presented
current intensity range were located in the cathode regardless of PBS presence. For
instance, the cathodic overpotential was 71 %, 75% and 73% of the total voltage losses
at the electrodes at an applied voltage of 1.0 V for BF, HC and LC, respectively. For a given

current intensity, however, these potential losses became more significant without PBS.
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Moreover, PBS played a more important role than conductivity since overpotentials
differed more between buffered and non-buffered cells than between high-conductivity

and low-conductivity cells with the rest of conditions remaining constant.

The current intensity in HC and LC was quite low, since LSV were recorded after renewal
of the culture medium. Figure 5.4 shows that current intensity in HC and LC increased
over time, indicating that either the overpotential of the anode or the cathode decreased
throughout the batch cycle. Therefore, the results obtained in LSV corresponded to the
initial time of these cycles when the current intensity was still low. E7 was repeated in a
cell of similar characteristics to MEC LC by monitoring the individual electrode potentials
to gain insight on this fact. The results showed that, under single-chamber conditions, the
anodic potential decreased during the batch cycle (from +0.31 to -0.14 V vs SHE). This
means that the anodic overpotential decreased, since the difference between the real
and the theoretical anodic potential became lower. Therefore, the increase of the overall
performance of the non-buffered cells was caused by an improved performance of the
anode (Figure 5.7), so that the cathodic overpotential became even more important

throughout the batch cycle when compared to the anodic overpotential.
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Figure 5.7 Current intensity profile and electrode potentials of LC in single-chamber
configuration using the same conditions as in E7. Current intensity (solid), anodic

potential (dashed) and cathodic potential (dotted).
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5.4.4 Experimental assessment of ion exchange membranes inclusion
The effect of including a membrane in MEC performance was assessed from two different
points of view. On the one hand, its contribution to the internal resistance of the cell and,

on the other hand, the pH gradient across them.

Figure 5.8 presents the Nyquist diagrams of BF without membrane, with an AEM and with
a CEM. The Nyquist plots described a partial semicircle continued by a linear region at
very low frequencies. The ohmic resistance was calculated as the portion in the high-
frequency range, i.e. the intercept of the semicircle with the real axis [147] (see Materials

and Methods in Chapter 3).

The contribution of each membrane to the total ohmic resistance can be estimated by
comparing the ohmic resistance of the cell with and without membrane. The ohmic
resistance of the MEC working with CEM was very similar to that without membrane,
which means that the resistance of CEM was very low (1 Q). These results are in
agreement with those in Rozendal, et al. [1] in which the ohmic resistance of the same
type of membrane (Nafion N-117) was estimated to be 2.2 Q. In that study, it is claimed
that this resistance is too high for practical applications. Hence, in full-scale systems in
which high current intensities would be expected, the ohmic losses related to the
membrane would become important. The ohmic resistance of the AEM was much higher
(14 Q), in agreement with the slightly lower initial current intensity observed in E2 (Figure
5.4). Differences in performance between these two membranes will become more
apparent in larger-scale MEC in which, as previously stated, the ohmic losses will play a

more important role.
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Figure 5.8 Nyquist diagrams of BF at an applied voltage of 1.0 V without membrane (@),
with an AEM (V) and with a CEM ().

Regarding pH, Figure 5.9A shows the conventional pH profiles of a cell with similar
characteristics to MEC BF when working in two-chamber configuration with an initial pH
of 7.5 and using the same conditions as in E2 (AEM) and E3 (CEM). Membrane inclusion
resulted in a decrease of the anodic pH during the cycle and an increase of the cathodic
pH. Both membranes provided very similar MEC performance with respect to pH trends
as already reported by Rozendal et al. [140].

The cathodic chamber reached a slightly higher pH at the end of the cycle with an AEM
(pH = 11.0) compared to a CEM (pH = 10.5) which, in turn, had a steeper growing trend
at the beginning, probably as a result of the higher initial current intensity. Similarly, the
pH in the anodic chamber at the end of the cycle was only slightly lower with the AEM
but in both cases (i.e. AEM and CEM), the pH decreased almost linearly and practically at

the same rate.

Both the anodic pH drop and the cathodic pH increase caused a decrease in current

intensity (Figure 5.4) when compared to the single-chamber scenario.

Besides the effect that the pH changes could have on the operation of the electrodes

(discussed below), the anodic pH decrease and the cathodic pH increase had a
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detrimental effect on the system thermodynamics. Figure 5.9B displays the evolution of
the theoretical anodic and cathodic potentials calculated by means of the Nernst
equation (equations 1.4 and 1.7 in Chapter 1) according to the pH profiles in Figure 5.9A
for a temperature of 298 K. Acetate concentration and hydrogen partial pressure were
assumed to remain constant over time at their initial values (1.69-102 M and 0.01 atm,

respectively) in order to simplify calculations.

As observed, the higher the cathodic pH, the lower the theoretical potential of hydrogen
formation, while the lower the anodic pH, the higher the potential of acetate oxidation.
Thus, taking into account that the minimum theoretical applied potential to drive the
reactions, i.e. the electromotive force, Eemr, (see General Introduction in Chapter 1), can
be calculated as the difference between the theoretical potential of anodic and cathodic
reactions, it can be seen that the energetic requirements according only thermodynamics
increased along the experiments: from 0.05 V to 0.37 V for AEM and from 0.05 V to 0.31
V for CEM. This increase would be even higher if acetate concentration and hydrogen
partial pressure profiles were considered. An increasing applied potential (linked to pH
variations) should have been applied to maintain a constant current intensity in those

cycles with membrane.
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Figure 5.9 Two-chamber MEC BF with an AEM and a CEM using the same conditions as in
experiments E2 and E3. (A) pH evolution and (B) theoretical anodic and cathodic
potentials at the corresponding pH by assuming an acetate concentration of 1.69-102 M

and a hydrogen partial pressure of 0.01 atm. Anode (dashed) and cathode (dotted).
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5.4.5 Analysis of two-chamber operation

The previous results showed that single-chamber MEC were mainly limited by the
cathode overpotential, thus much of the energy requirements are due to the cathodic
reaction. However, these results cannot be extrapolated to a two-chamber configuration
since both the anodic and the cathodic chamber experienced detrimental pH changes
(Figure 5.9). Additional LSV in the two-chamber BF (with AEM) at the best and worst case
scenarios (i.e. initial and final pH, respectively) were recorded to gain more knowledge
from the system. Electrode potentials were measured to monitor the anodic and cathodic
overpotential under each pH condition. Figure 5.10A shows the current-voltage profiles
of BF: (i) without membrane, (ii) with membrane at pHs of 7.5 and (iii) with membrane at
final pHs (i.e. 6 at the anode and 11.0 at the cathode). As it can be observed, the presence
of the membrane slightly reduced the current intensity (25 % at 1.0 V of applied voltage),
due to the contribution of membrane to potential losses. However, the trend of the
current intensity at the initial pHs was very similar to that without membrane. The current
intensity at the final pHs was much lower (a reduction of 80 % at 1.0 V of applied voltage),
reaching values of only 1.3 mA at an applied voltage of 1.0 V. These results indicate that
at such current intensities the membrane effect on the pH change was more important

than the internal resistance increase.
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Figure 5.10 Linear sweep voltammetry of BF without membrane (O), and with an AEM at
the initial (1) and final pHs (V) of a batch experiment (A) Current intensity profiles and
(B) Electrode potentials at final pHs: anode potential (open symbols) and cathode
potentials (filled symbols). Dashed lines indicate the theoretical electrode potentials
under pH final conditions and an acetate concentration of 1.69-102 M and a hydrogen

partial pressure of 0.01 atm.

The electrode overpotentials in two-chamber configuration at initial pHs were practically
the same as without membrane (results not shown). Figure 5.10B only shows the
electrode potentials at the final pHs together with the theoretical electrode potentials.
The difference between the theoretical electrode potentials was higher than in Figure
5.5B, indicating that the minimum applied potential to drive the reaction was higher at
this worst case scenario, as previously discussed. The major overpotential was in the
anode, since a major increase was already observed from low current intensities (an
overpotential of 0.42 V was reached at only 1.3 mA, whereas for the cathode it was 0.23
V). Thus, the anodic pH decrease due to the membrane influenced more than the
cathodic pH increase. Anodic processes are biological thus, more sensible to pH changes.
A near-neutral pH is required for the anode and thus, a decrease of anodic pH would lead
to a severe loss of biological activity. Gil et al. [132] reported that a pH below 6 can inhibit
current generation by ARB. This can explain HC and LC failure under two-chamber
configuration, since anodic pH had probably dropped below values of 6 despite the lower

current intensities.
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Both the decrease in the anodic pH and the increase in the cathodic pH could be to a
certain extent softened if working in continuous mode. However, in the best case, the
scenario would be similar to the one observed in single-chamber configuration, in which
MEC still performed worse than with buffered medium. Therefore, it is necessary to find

strategies to improve the energy efficiency of MEC under these conditions.

5.4.6 Summary of the experimental results

Figure 5.11 presents CE, rcar, energy efficiencies and hydrogen production of the
experiments of Table 5.1. Note that hydrogen production was normalized to the volume
of the anodic chamber, which in single-chamber configuration accounts for 60 mL and in

two-chamber configuration for 30 mL.

The buffered experiments (E1, E2 and E3) resulted in CE and rcar very close to 100 %.
However, the energy efficiencies decreased when a membrane was placed to separate
both chambers, being rs 140%, 135% and 113%, re 182 %, 130 % and 141 % and re+s 79 %,
66 % and 63 % for E1, E2 and E3, respectively. Therefore, from an energetic point of view,
both types of membranes gave fairly similar results. This may seem surprising since the
ohmic resistance of the cell was higher for AEM than for CEM and the increase of the
energetic requirements was slightly higher for AEM. However, the anodic overpotential
increase (linked to anodic pH decrease) caused a decrease in the current intensity of the
cell, which in turn minimized the ohmic losses and the differences between AEM and
CEM. Similarly, differences between the theoretical required potentials in each case lost

importance because of the high anode overpotential.

Hydrogen production was 1.1 m3*m-3d* when BF worked without membrane. It decreased

to 0.78 and 0.50 m3m=3d! when working with an AEM and a CEM, respectively.

Results of E4, in which HC worked in single-chamber configuration, showed a CE close to
100 % and a rcar of 84 %. Energy efficiencies were lower than in E1, being rs 112 %, re 128
% and re+s 60 %. In E5 and E6, in which HC worked in two-chamber configuration, CE was
between 22 and 26 %, a value much lower than in E4. Both the rcar and the energy
recoveries were 0 %, since hydrogen was not recovered at all. The experiment of LC in
single-chamber configuration, E6, had the highest CE, probably as a consequence of the

long duration of the cycles, which may have favoured the proliferation of
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homoacetogens. In this sense, rcat was also low (63.3 %), resulting in low energy
efficiencies as well. When a membrane was placed in LC (E7 and E8) CE decreased and a
rcat of 0 % led to energy efficiencies of 0 %. Low CE in long cycles (E5, E6 and E8) could
be attributed to some oxygen leakage in the cell, which is negligible in conventional cycles

with high MEC performance.
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Figure 5.11 Coulombic efficiency (CE), cathodic gas recovery (rcat), energy efficiencies (rs,
re, rs+e) (bars) and hydrogen production (circles). Note that CE for E9 is not plotted due to

problems with the analysis.

5.5 Conclusions

The results in this chapter evidenced that buffered media were essential for the proper
operation of single-chamber MEC in batch mode, since the electrode overpotentials in
non-buffered cells increased, particularly in the cathode. Experiments with single-
chamber MEC with non-buffered media showed similar results between them, regardless
of the conductivity. In these experiments, current intensity followed an increasing trend
throughout the cycle, though it reached lower values than the buffered system.
Conductivity, however, would play a major role in larger cells, where ohmic potential

losses would become more important due to the higher current intensities.
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The use of buffer became even more critical when working in two-chamber configuration,
because it softened pH changes. Nevertheless, the pH of the anodic chamber of the
buffered system decreased to values close to 6 at the end of the cycle, regardless of the
membrane used. At such low pH, the current intensity was lower and the anode
overpotential was very high. Non-buffered MEC did not work at all in two-chamber
configuration, since in this case the pH drop in the anodic chamber would have been even

higher. Higher conductivities did not improve the operation.
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Chapter summary

The use of membranes in microbial electrolysis cells (MEC) is required to obtain high-
purity hydrogen and to avoid the consumption of hydrogen by undesired
microorganisms. However, as observed in Chapter 5, its utilization results in i) pH
gradients across the membrane, ii) higher ohmic losses and iii) reduced MEC efficiency.
A pH control approach to enhance the performance of two-chamber MEC is presented in
this chapter as a proof of concept. Several pH-controlled and non-controlled scenarios
were evaluated, which evidenced that the pH control was very beneficial for the MEC
performance. On the one hand, the ARB activity remained constant by controlling the
anodic pH at a near-neutral pH, thus largely avoiding the decrease of current intensity
throughout a cycle. On the other hand, controlling the cathodic pH at a low value allowed
hydrogen production at very low applied potentials thus, increasing the energy efficiency
in relation to the electrical input. The presented pH control strategy was firstly tested and
optimized in a well-buffered MEC and then implemented in non-buffered cells. The use

of an acid effluent of the dairy industry was tested as catholyte with fairly positive results.

6.1 Introduction

Chapter 4 evidenced that hydrogen production in a single-chamber MEC was not feasible
in the long-term, since other microorganisms such as homoacetogenic bacteria or
hydrogenotrophic methanogens consumed hydrogen, thus hindering its recovery. The
operation of an MEC with non-buffered medium and low conductivity was assessed in
Chapter 5 for both single and two-chamber configurations. The performance of the non-
buffered MEC in single-chamber configuration was lower than that of the well-buffered
cell. However, hydrogen recovery in single chamber was high and therefore, the energy
efficiency was relatively high. However, in two-chamber configuration, which seems
more appropriate if the final goal is hydrogen production, MEC failed as a consequence
of the pH gradients. Conductivity had a minor effect on the MEC performance since the
achieved current intensities were low in small-scale cells and thus, ohmic losses were not

important.
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Several studies have tried to minimize the efficiency decrease caused by pH gradients
across the membrane, because a priori the use of a buffer is neither economically nor
environmentally feasible. For example, carbon dioxide addition to the cathode of an MFC
was reported [148,149]. Carbon dioxide reacts with hydroxyls to form carbonate species,
which in turn, are transported to the anodic chamber through an ion exchange

membrane, thus sustaining the cathodic pH, while softening the anodic pH decrease.

In Freguia et al. [150], the cathodic compartment of an MFC was fed with the anodic
effluent to minimize the cathodic pH rise. Qu et al. [151] operated a microbial
desalination cell with recirculation of the solutions between the anode and the cathode
to avoid pH imbalances that could inhibit bacterial activity. Sleutels et al. [133] operated
an MEC with three compartments, which provided conductivity and alkalinity to the

anode and thus reduced buffer requirements.

Erable et al. [152] designed a two-chamber air-cathode MFC that allowed the adjustment
of the cathodic pH at a low value by adding concentrated HCI, obtaining current
intensities 2.5-fold higher than those obtained in a traditional air-cathode MFC. Zhuang
et al. [153] followed a similar strategy to improve the performance of an MFC by
maintaining a high pH in the anolyte and a low pH in the catholyte through NaOH and HCI
dosage. However, to the best of our knowledge, pH control approaches have been never

tested in MEC for hydrogen production.

As already stated in Chapter 5, the use of saline catholytes has already been reported
[134-136] and, in some cases, in combination with carbon dioxide sparging. However, in
none of them the catholyte was a real industrial effluent. Cheese brine from the dairy
industry presents pH and conductivity characteristics that makes it a priori a suitable
catholyte for MEC. Cheese brine is used during the salting process for cheese flavouring
and regulating the growth of microorganisms to slow microbial conversion of lactose into
lactic acid and to protect cheese from undesirable microorganisms. Cheese salting also
contributes to the formation of the rind of the cheese. Cheeses are immersed in a brine
bath for a variable period of time and periodically turned over. Brine used in this process
consist of a 19 % NaCl solution with the pH adjusted with lactic acid to the pH of the

cheese. The brine is reused several times after a microfiltration process. However, when
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it cannot be reused, it becomes a waste to be treated due to its high conductivity and low
pH, which implies an additional cost for the dairy industry. In some regions of United

States, brine is already being used along with rock salt to prevent freezing of roads.

6.2 Objectives

The objective of this study is to demonstrate as a proof-of-concept a pH control strategy
for a better performance of a two-chamber MEC, both in non-buffered and well-buffered
cells. Moreover, the benefits of working at a low pH at the cathode will be assessed by
following two different strategies: (i) by increasing the current intensity by maintaining a
high applied potential (1.0 V) to boost hydrogen production and (ii) by maintaining the
same hydrogen production by significantly reducing the applied potential. Finally, the
performance of cheese brine as catholyte will be evaluated as a possible strategy to
improve the energy recovery of two-chamber MEC using an industrial effluent with low

pH.

6.3 Materials and Methods

6.3.1 Reactor description and medium composition

Two-chamber small-scale MEC (SS-MEC, see materials and Methods in Chapter 3) with
AEM were used to conduct the experiments. A glass tube was also provided to the anodic
chamber to allow the increase of reactor volume when pH was controlled. AEM was
chosen since cathodic pH in some experiments was controlled at low values such as 2.0
and, if a CEM was used, protons could have crossed to the anodic chamber resulting in
an increase of pH control requirements. For example, if the pH of the anodic and the
cathodic chambers was 7.5 and 2.0, respectively, the concentration gradients of protons
would be 0.01 M and the gradient of hydroxyls 3.2-10”7 M. Therefore, diffusion of protons
would be favoured with respect to hydroxyls. Thus, an AEM was more indicated in this

scenario.

The cells and media described in Chapter 5 were used: BF (buffered), HC (high
conductivity) and LC (low conductivity). Acetate was used as substrate at an initial

concentration of 1.5 g/L.
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In one of the experiments, the catholyte of MEC BF was replaced by cheese brine from
the dairy industry (Planta de Tecnologia dels Aliments, Universitat Autonoma de
Barcelona), which had an initial pH and conductivity of around 3.75 and 120 mS/cm,

respectively.

6.3.2 Batch experiments and pH control

Current intensity was monitored and acetate and hydrogen were analysed in all the
experiments (see Materials and Methods in Chapter 3). The applied voltage was 1.0 V
unless otherwise specified. Monitoring of the electrode potentials was required in some
of the experiments, thus, an Ag/AgCl reference electrode was placed in both the anodic

and the cathodic chambers.

The pH in the anodic and the cathodic chambers was monitored on-line in all batch
experiments using two pH probes (Crison pH electrode 5233) connected to a pH meter
(Crison MultiMeter 44). Moreover, in most experiments, pH was controlled with acid
dosage to the cathodic chamber and base dosage to the anodic chamber by using an
automatic burette (Crison MultiBurette 2S) as shown in Figure 6.1. The pH controller
actuated in MEC as an on/off controller and was programmed in a PC by using
LabWindows CVI (2014) software. HCl and NaOH stock solutions had a concentration of
1-3 M, which depended on the specific requirements of each experiment and took into
account that the total added volume of acid or base should not be higher than the 10%
of the reactor volume. All experiments in which pH control was implemented were
performed with orbital agitation at 100 rpm (DOS-20L ELMY Sky Line digital orbital
shaker) to ensure liquid homogeneity. During these experiments the acid/base dosage
was monitored. Conductivity was measured at the beginning and at the end of each batch

experiment.
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Figure 6.1 (A) Image and (B) Schematics of the experimental setup.

All the experiments conducted in this chapter are summarized in Table 6.1. In the first
part of this chapter the pH control strategy was first tested in BF, which include: (i) an
experiment without pH control (E1), (ii) batch experiments with pH control only in the
cathodic (E2) or in the anodic chamber (E3), (iii) a set of experiments in which the
cathodic pH was controlled at different values (E4, E5, E6 and E7) and (iv) a batch
experiment with a low cathodic pH (2.0) and low applied potential (0.2 V) (E8). In the
second part, the best conditions obtained with BF were tested in HC (E9) and LC (E10). In
the latter part, the performance of BF was evaluated with cheese brine as catholyte by
setting the anode potential at -0.2 V vs SHE (E11). Note that E1 was conducted under the
same conditions as E2 in Chapter 5, but it was also repeated in this chapter for a better

comparison of the results.
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Table 6.1 Summary of the experimental conditions of batch experiments E1 to E11.

Cathode chamber  Anode chamber Applied

Experiment MEC Agitation
pH control pH control potential (V)
El BF Not controlled Not controlled 1.0 No
E2 BF 7.5 Not controlled 1.0 Yes
E3 BF Not controlled 7.5 1.0 Yes
E4 BF 7.5 7.5 1.0 Yes
ES BF 2 7.5 1.0 Yes
E6 BF 5 7.5 1.0 Yes
E7 BF 12.5 7.5 1.0 Yes
E8 BF 2 7.5 0.2 Yes
ES HC 2 7.5 0.2 Yes
E10 LC 2 7.5 0.2 Yes
Anode at -0.2
E11 BF/ brine Not controlled 7.5 Yes
V vs SHE

6.3.3 Electrochemical analyses

Cyclic voltammetry (CV) was recorded in two electrode configuration from 0 to 1.2 V at
0.1 mV/s. During the experiment, pH was controlled in both chambers with the same set
points as in E5 and E8 and with orbital agitation at 100 rpm. Electrochemical impedance
spectroscopy (EIS) measurements were performed using a two-electrode configuration
to estimate the ohmic resistance under different conditions of conductivity due to
acid/base dosage. Chronoamperometry (CA) was used to poise the anode at a potential
of -0.2 V vs SHE in the experiment with brine as catholyte. The cell applied potential was
monitored with a 3-Divider cable. The anode working potential was previously

determined by means of a LSV.

6.3.4 Calculations
The theoretical and experimental proton production (HPiheo and HPexp, respectively) were

calculated for each chamber when pH was controlled. HPteo Was estimated from the
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measured current intensity and the stoichiometry either of the anodic (equation 6.1) or

the cathodic (equation 6.2) reactions according to Table 1.2 in Chapter 1.

:FldtaAc,
HPypoo = 2 (6.1)
F bAc_
jtFIdtaH
HPtheo tT: b (62)
Hy

where to and tr (s) are initial and final time, | (A) is the current intensity, aac- is the number
of protons produced per mole of acetate (9 mol H* moltacetate), an is the number of
protons consumed (or hydroxyls produced) per mole of hydrogen (2 mol H* mol™* Hs), F
is the Faraday’s constant (96485 C/mol €7), bac- is the moles of electrons transferred per
mole of acetate (8 mol e mol™* Ac’) and by is the moles of electrons transferred per mole

of hydrogen (2 mol emol™* H,).

The HPexp in each chamber was measured indirectly by titrimetry by monitoring the acid
and base dosage profiles required to maintain the pH constant (equation 6.3) [154].

HPexp = CaaseVease-CacioVacio (6.3)
where Vease and Vacip (L) are the accumulated base and acid dosage for a given time and
Cease and Cacip are the base and acid concentrations (mol L). HPeo and HPex took
positive values for the anodic chamber as protons were produced and pH was controlled
by only adding base. Conversely, they took negative values for the cathodic chamber,
where protons were consumed and the pH was controlled by adding acid. Determination
of HP by titrimetry was already reported in Freguia et al. [155] to close proton balances

in the anodic compartment of MFC fed with acetate and glucose.

6.4 Results and Discussion

6.4.1 Experiments with well-buffered medium

6.4.1.1 Enhanced performance of the two-chamber MEC with pH control implementation
As discussed in Chapter 5, the presence of a membrane in two-chamber MEC leads to pH
changes in both the anodic and the cathodic chambers. In this context, a pH control
strategy was designed in order to minimize the detrimental effect of these pH changes in

the cell performance. The first experiment, E1 (Table 6.1), was conducted without pH
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control to be used as a reference operation. Then, pH control was only implemented in
one of the chambers (E2 and E3), so that the effect of controlling the anodic and the
cathodic pH could be studied separately. After that, pH control was applied to both

chambers simultaneously (E4).

Current intensity (mA)

O T T T T
0 10 20 30 40 50

Time (h)
Figure 6.2 Current intensity profiles of the two-chamber MEC in E1 (pH not controlled,
dotted), E2 (cathode at pH 7.5, dashed), E3 (anode at pH 7.5, dash-dotted) and E4
(cathode and anode at pH 7.5, solid).

Figure 6.2 shows the current intensity profiles of these experiments with different pH
control strategies. The current intensity in E1 decreased along the cycle due to the lack
of pH control as already discussed in Chapter 5. Control of the cathodic pH at 7.5 (E2) did
not prevent the decrease in current intensity and a similar profile to that in E1 was
obtained. The decrease in current intensity was even sharper in E2. This could be caused
by an increased transport of anions other than hydroxyls to meet the electroneutrality
condition as the hydroxyl concentration is very low at near neutral pH (7.5) compared to
other anions present in the medium (e.g. CI', S*). However, when cathodic pH reached
values close to 12 (non-controlled pH, E1), hydroxyl concentration increased more than

four orders of magnitude with respect to neutrality. This could favor hydroxyl transfer
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through the AEM and, then, soften the anodic pH decrease. This observation has already

been discussed and experimentally corroborated by Ahn and Logan [134].

When the anodic pH was controlled at 7.5 (E3), current intensity remained practically
constant around 3.8 mA, despite minor fluctuations, until substrate was depleted (33 h).
The area under the curve time-intensity was much higher in E3 than that in E1 and E2,
which suggests a higher ARB activity during the whole batch cycle. Therefore, as
expected, the anodic pH decrease were more critical to the MEC performance since they
result in not only an increase in the energetic requirements, but also in a loss of ARB
activity. This was also observed in Chapter 5, where the anodic overpotential increased

significantly more than the cathodic overpotential as a result of pH changes.

The implementation of anodic and cathodic pH control at 7.5 (E4) showed a current
intensity profile very similar to that obtained in E3. This suggests that when the anodic
pH is controlled, control of the cathodic pH at 7.5 is not that crucial. A similar effect in
relation to the initial pH was observed in Ribot-Llobet et al. [92], where the performance
of an MEC with a platinum cathode was independent of the initial cathodic pH in a range
of 7-12. Zhuang et al. [153] assessed the effect of the cathodic pH on the open circuit
voltages in a two-chamber MFC. The cathode potential decreased linearly with a slope of
-59mV/pH from pH 1 to pH 6, whereas the decrease was much lower for pH values above
6, which was attributed to proton-transport limitations. Therefore, either limitations in
transport of protons from the bulk solution to the cathode surface or hydroxyls from the
cathode surface to the bulk solution might have caused that the same local pH at the
cathode surface was attained regardless of the bulk pH. Thus, working at either pH 7.5 or
12 in the cathodic compartment would have had a minor impact in the overall MEC

performance.

Figure 6.3 summarizes the results in terms of efficiency and hydrogen production for E1
to E8. Note that hydrogen production was normalized to the volume of the anodic
chamber. Results in E1 and E2 were very similar in accordance to the intensity profiles.
Both CE and rcar took values close to 100 %, whereas the values of rs, re, and ress were
118%, 126% and 61% for E1, and 104%, 141 % and 60 % for E2. Hydrogen production was

almost the same in both cases (0.77 m3m=3d for E1 and 0.74 m3m3d for E2).
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Efficiency values in E4 were not higher than in E1 and E2. However, pH control allowed
maintaining the biomass active throughout the batch cycle, so that hydrogen production
was higher (0.88 m3m=d1). Furthermore, the acetate removal efficiency in E4 was higher

(91%) than in the previous cases (69% for E1 and 70% for E2).
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Figure 6.3 Coulombic efficiency (CE), cathodic gas recovery (rcat), energy efficiencies (rs,

re, rs+e) (bars) and hydrogen production (circles) for experiments conducted in this study.

Figure 6.4 shows the pH profiles of E1, E2, E3 and E4. As observed, the anodic pH in E1
decreased almost linearly to a value of 6, whereas the cathodic pH increased rapidly from
7.5t010.8 in the first 10 hours of experiment. When only the pH of the cathodic chamber
was controlled (E2), the anodic pH decreased down to a value of 5.8. Meanwhile, when
only the anodic pH was controlled (E3), the pH in the cathodic chamber increased to 11.8,
which is a parallel trend to that in E1. In E4, the pH of both the anodic and the cathodic
chambers remained practically constant during the whole experiment because of the pH

control.
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Figure 6.4 pH profiles of (A) E1 (pH not controlled) (B) E2 (cathode at pH 7.5), (C) E3
(anode at pH 7.5) and (D) E4 (cathode and anode at pH 7.5). Cathodic pH (solid), anodic
pH (dashed) and setpoint (dotted).

The proton production (HP) was calculated when pH control was activated. The
theoretical proton production (HPweo) was estimated from the measured current
intensity (equations 7.1 and 7.2), whereas the experimental proton production (HPexp)
was measured indirectly by titrimetry i.e. by the numerical analysis of the dosage profile
of the acid/base required to maintain pH constant (equation 6.3). Figure 6.5 shows HPtheo
and HPeyxp when pH was maintained at 7.5 in the cathodic (E2), anodic (E3), or both anodic
and cathodic chambers (E4). The value of HPiheo successfully matched that of HPexp, Which
may open a wide range of different possibilities in pH-controlled MEC. Titrimetric
measurements are simply implementable on-line measurements that provide real-time
information [154], which can be used as an indirect measure of acetate consumption

and/or hydrogen production in two-chamber MEC and as a new variable for modelling or
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control purposes. Note that HP in the cathodic chamber in E2 was slightly lower than that
in E4, as a consequence of the lower intensity in E2 from time 10 h, so that the pH control
requirements decrease up to this point. Conversely, HP in the anodic chamber in E3 and

E4 was almost identical, as a result of a very similar current intensity profile.
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Figure 6.5 Theoretical and experimental proton production (HP) in (A) E2 (cathode at pH
7.5), (B) E3 (anode at pH 7.5) and (C) E4 (cathode and anode at pH 7.5). Cathodic HPexp
(solid), anodic HPeyy (dashed) and HPweo (dotted). Positive HP (proton production)
correspond to the anodic chamber and negative HP (proton consumption) to the cathodic

chamber.

6.4.1.2 Effect of the cathodic pH on the two-chamber MEC performance
Once the pH of the anodic chamber was controlled, the goal was to find the optimal
cathodic pH to optimize the MEC operation. An increase of the cathodic pH increases the

energetic requirements for hydrogen production as the reduction reaction in the cathode
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becomes thermodynamically less favorable. Thus, a low cathodic pH should entail a more

thermodynamically favorable overall process and thus, high current intensities.

Figure 6.6 shows the current intensity profiles when the pH of the anodic chamber was
set to 7.5 and the pH of the cathodic chamber was set to 2.0 (E5), 5.0 (E6), 7.5 (E4) or
12.5 (E7). Under these conditions, the initial theoretical minimum applied potential to
drive the reactions (calculated at the initial concentration and partial pressure values as
in Chapter 5) were 0.28 V for E5, 0.11 V for E6, -0.035 V for E4 and -0.33 V for E7. The
positive values for E5 and E6 indicate that theoretically the application of an electric

potential would not be required if only thermodynamics was considered.

9

Current intensity (mA)

0 10 20 30 40 50

Time (h)

Figure 6.6 Current intensity profiles of the two-chamber MEC in E5 (cathode at pH 2.0,
dotted), E6 (cathode at pH 5.0, dashed), E4 (cathode at pH 7.5, solid) and E7 (cathode at
pH 12.5, dash-dotted). The anodic chamber was controlled at pH 7.5.

The highest current intensity, approximately 8 mA, was obtained in E5 in agreement with
the theoretical foundations of electrochemistry. In E6, current intensity reached a value
of 6.7 mA, whereas in E4 and E7, current intensity reached values close to 4.5 mA. CE
(Figure 6.3) was similar in all cases with values that ranged between 87 and 96%. rcat was

also high and 102 and 101% was obtained for E5 and E6, respectively and 86 and 88% for
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E4 and E7, respectively. As a general trend, the lower the cathodic pH, the higher the
values of rs, re and rsie. However, the overall MEC performance was very similar in all
cases and, after the 48-hour cycle, the benefits of working at low pH in the cathodic
chamber were not readily apparent. Nevertheless, the hydrogen production rate in E5
and E6 was very high in the first hours of operation according to the current peaks and
then decreased (at 5 h and 7.5 h, respectively). This decrease could not be caused by
acetate depletion as the CE calculated by integration of the current intensity from 0 h to
5 h (E5) and from 0 h to 7.5 h (E6) would have been 19.3 % for E5 and 25.4 % for E6.
These values are unrealistic for these systems as high CE is usually reached (see, for
example, experiments E1 to E4). Moreover, this sudden intensity decrease was also
observed in experiments with two-fold the initial acetate concentration (results not

shown).

The pH profiles for E5, E6 and E7 are presented in Figure 6.7. Current intensity decrease
in E5 and E6 was not caused by a pH control failure, as the pH remained close to the

setpoint all the time.
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Figure 6.7 pH profiles of (A) E5 (cathode at pH 2.0), (B) E6 (cathode at pH 5.0) and (C) E7
(cathode at pH 12.5). Cathodic pH (solid), anodic pH (dashed) and setpoint (dotted).

For E7 (cathodic pH of 12.5), controlling cathodic pH was not required because pH did
not change during the experiment and therefore, the cathodic HPeyp was 0. In this
experiment, HPep in both the anodic and the cathodic chambers was much lower than
HPieo, in agreement with the fact that hydroxyls crossed the anionic membrane instead
of other anions to meet the electroneutrality condition. This transfer contributed to
counteract the anodic pH decrease [134] (Figure 6.8). On the other hand, HPheo matched

HPexpin E5 and E6, where the pH of the cathodic chamber was controlled at a low value.
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Figure 6.8 Theoretical and experimental proton production (HP) in (A) E5 (cathode at pH
2.0), (B) E6 (cathode at pH 5.0) and (C) E7 (cathode at pH 12.5). Cathodic HPeyp (solid),
anodic HPexp (dashed) and HPweo (dotted). Positive HP (proton production) correspond to

the anodic chamber and negative HP (proton consumption) to the cathodic chamber.

6.4.1.3 Operational problems with high current intensities

E5 was repeated using in a cell with similar characteristics to BF, but monitoring anodic
and cathodic potentials to investigate the causes of the decrease of current intensity in
E5 and E6. Electrode potentials should theoretically move to more negative values if the
decrease in current intensity was caused by cathodic operational problems (e.g. an
increase of pH at the surface of the cathode) as the cathodic concentration losses would
be higher at this higher pH. On the other hand, electrode potentials should move to more
positive values if the current intensity decreased as a consequence of anodic operational
problems at the anode, as the anode overpotential would be higher. Figure 6.9A shows

the current intensity profile as well as the electrode potential profiles of the
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aforementioned experiment (applied voltage of 1.0 V, anodic pH of 7.5 and cathodic pH
of 2.0). The initial potentials of the anode and the cathode were 128 mV and -750 mV vs
SHE, respectively. The electrode potentials increased along the cycle and reached 730
mV (anode) and -253 mV (cathode) after 48 h. Thus, the cause of the decrease in current
intensity was located in the anode. One of the possible causes of the decrease in the
anodic performance could be the accumulation of protons inside the biofilm [126] at such
high current intensities, which could not have been transported out of the biofilm despite

the use of a high buffer concentration.

Current intensity (mA)
Potential (V) vs SHE
Current intensity (mA)
N~

0 10 20 30 40 50 00 02 04 06 08 10 12

Time (h) Applied potential (V)

Figure 6.9 (A) Monitoring of current intensity (solid), anode potential (dotted), and
cathode potential (dashed) in a replicate of E5 with pH 7.5 in the anodic chamber and pH

2.0 in the cathodic chamber. (B) CV recorded under the same conditions as in E5.

Thus, an important outcome of this work is the experimental observation that a
decreased cathodic pH improves MEC operation but could lead to practical failures.
Although this study was aimed to enhance the performance of two-chamber MEC by
means of pH control, alternative operational conditions with reduced applied voltage
were evaluated. Figure 6.9B shows a CV performed in a cell with the anodic and cathodic
pH controlled at 7.5 and 2.0, respectively. It can be seen that the application of a cell
voltage of only 0.2 V led to a current intensity close to that in E3, E4 and E7, in which the
stability of the MEC, in terms of microbiological activity, was ensured during a whole
cycle. Thus, E8, aimed to reduce the applied potential, was performed by applying a

voltage of only 0.2 V.
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6.4.1.4 Hydrogen production with very low applied voltage

Figure 6.10 shows the current intensity profile of E8. The current intensity remained
between 3.5 and 4 mA during the whole batch experiment until substrate was depleted.
This current intensity was only slightly lower than in E3, E4 and E7. The electrode
potentials, meanwhile, did not increase as in E5 and remained fairly stable during most

of the experiment.
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Figure 6.10 Current intensity (solid), cathode potential (dashed) and anode potential
(dotted) of E8 with pH 7.5 in the anodic chamber and pH 2.0 in the cathodic chamber.

The applied potential was 0.2 V.
Figure 6.11 displays the pH profiles of E8 and HPheo and HPexp When the anodic pH was

maintained at 7.5 and the cathodic pH at 2.0. As in the previous experiments, the pH of

both chambers was kept close to the setpoint and HPeo and HPexp successfully matched.

124 ‘ Chapter 6 — Enhanced performance of two-chamber microbial electrolysis cells using a pH control strategy



| Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

14
12 4

10 +

xa L g L

pH

0 1‘0 2‘0 30 4‘0 50 0 1‘0 2‘0 3‘0 40 50
Time (h) Time (h)
Figure 6.11 E8 (A) pH profiles. Cathodic pH (solid), anodic pH (dashed) and setpoint
(dotted) (B) Theoretical and experimental proton production. Cathodic HPex, (solid),
anodic HPexp (dashed) and HPweo (dotted). Positive HP (proton production) correspond to

the anodic chamber and negative HP (proton consumption) to the cathodic chamber.

Finally, both the CE and rcat were very high and reached values close to 100 %. A very
significant increase was observed in the energy efficiencies, especially in those that
consider the electrical energy input. Hence, taking the highest values obtained so far (E5)
as reference, rs increased from 122 % to 134 %, re from 162 % to 883 % and rs«e from

70 % to 117 % (Figure 6.3).

6.4.1.5 Effect of conductivity on MEC performance

Finally, an additional experiment was designed to discard the relevance of the
conductivity increase caused by HCl / NaOH dosages on the cell performance. The initial
conductivity of the anolyte was 14 mS/cm in all experiments, whereas the conductivity of
the catholyte ranged between 14-19 mS/cm, which depended on the amount of HCl or
NaOH used to adjust the initial pH. During the experiments with controlled pH, the
highest measured final conductivities were between 20-24 mS/cm in both the anodic and

cathodic chambers.

An additional experiment with pH control at 7.5 in both chambers and an initial
conductivity of 24 mS/cm was conducted (results not shown) without any significant
improvement with respect to E4. Then, it was confirmed that these conductivity changes

did not play a significant role in the observed performance enhancement. This was also

Chapter 6 — Enhanced performance of two-chamber microbial electrolysis cells using a pH control strategy | 125



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater ‘

supported by the current intensity plateau reached in most of the experiments (E3, E4,
E7 and E8). A significant effect of increasing the conductivity would have probably

resulted in an increase of the current intensity throughout the batch cycle.

With regard to the different initial cathodic conductivities caused by the different initial
cathodic pH values, impedance measurements showed that the difference in ohmic
resistance with a conductivity of 14 mS/cm (pH 7.5) and 19 mS/cm (pH 12.5) was
approximately 15 Q. For usual operation at 4 mA, this would mean a potential loss of only
60 mV which was only 6 % of the total potential applied (1 V), thus it was assumed that

this effect was minimal.

16
o

14 A °
12‘ O

IS

< 101 o

(@]

~~

=~ g °

N ° ©

E 8 o
4 O
0 N A

0 10 20 30 40 50 60 70 80 90

Re (Z) / ohm

Figure 6.12 Nyquist diagrams of BF with different conductivities in the cathodic chamber:

14 ms/cm (O) and 19 ms/cm (@).

6.4.2 Experiments with non-buffered medium

The pH-control approach was also implemented in the non-buffered cells with the aim of
improving their performance and energy recovery. The best conditions obtained for BF
scenario (anodic pH of 7.5 and low cathodic pH, i.e. 2.0) were tested in both HC (E9) and

LC (E10). Again, Only 0.2 V were applied, since at these pH conditions the overall process

was more favourable thermodynamically.
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Figure 6.13 Current intensity profiles of HC in E9 (solid) and LC in E10 (dashed). The

cathodic pH was controlled at 7.5, the anodic pH at 2.0 and the applied voltage was 0.2V.

Figure 6.13 shows the current intensity profiles of E9 and E10. The pH control strategy
led to successful results in the non-buffered cells: as already discussed in Chapter 5, the
current intensity of HC working with an AEM was very close to 0 mA, whereas the pH
control led to a current intensity higher than 2 mA. Similarly, the current intensity in LC
increased more slowly, although it finally reached values close to 1.5 mA. The oscillations
in current intensity for both HC and LC were probably caused by small changes in pH,

since controlling the pH at a specific value with non-buffered cells was a complex task

(Figure 6.14).
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Figure 6.14 pH profiles of (A) E9 and (B) E10 where the anodic pH of HC and LC was
controlled at 7.5 and the cathodic pH at 2.0. The applied voltage was 0.2 V. Cathodic pH

(solid), anodic pH (dashed) and setpoint (dotted).

The hydrogen production and the efficiencies in E9 and E10 are presented in Figure 6.15.
For an easier comparison, the results of the analogous experiments without pH control
(E5 for HC and E8 for LC) from Chapter 5 are also displayed. In E9, hydrogen production
was 0.46 m®m=3d . Both CE and rcar had values close to 100 %, leading to rs, re and ress of
117 %, 730 % and 101 %, respectively. In E10, meanwhile, hydrogen production was 0.21
m3m=3d? and CE and rcar were 79 % and 76 %, respectively. Thus, rs was 69 %, re was 520
% and ress was 61 %. Although this values are slightly lower than the obtained in the
buffered cells, these results represent a great improvement over the experiments in
Chapter 5, in which the CE was very low, no hydrogen was recovered and as a result, the

energy efficiencies were 0.
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Figure 6.15 Coulombic efficiency (CE), cathodic gas recovery (rcat), energy efficiencies (rs,

re, rs«e) (bars) and hydrogen production (circles) for E9 and E10.

6.4.3 Assessment of the performance of cheese brine as catholyte

The addition of chemicals for pH control may not be in most cases a sustainable full-scale
solution for the pH gradients across the membrane. However, the previous experiments
have shown that the energy efficiency of the cells could significantly increase by
maintaining the anodic pH constant (which can be achieved with a continuous mode
operation, despite the lack of buffer in the medium) and by working at an acid pH at the
cathode. Thereby, the use of cheese brine as an alternative catholyte was tested. Cheese
brine is an effluent of the dairy industry and its high conductivity and particularly its low

pH make it a priori an ideal catholyte for MEC.

The anodic pH was controlled at 7.5 when working with cheese brine as catholyte, since
high alkalinity is required in the anodic chamber when using saline catholytes [136]. The
operational procedure followed in this case was a bit different: current intensity was
maintained constant throughout the experiment by working at a set anode potential
instead of applying a cell voltage. In this manner, the advantages of using cheese brine

on the applied cell potential requirements could be evaluated.
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Figure 6.16 displays a LSV recorded in BF with the anodic pH controlled at 7.5 and cheese
brine as catholyte. As observed, an anode potential of -0.2 V vs SHE was required for
obtaining a current intensity of around 4 mA as in E8. Thus, this value was selected as

anode potential during E11.
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Figure 6.16 LSV recorded in BF with the anodic pH controlled at 7.5 and cheese brine as

catholyte.

Figure 6.17A shows the current intensity profile of BF in E11. The current intensity
remained practically constant during the whole batch cycle as a consequence of having
controlled the anodic pH. So, the performance remained practically the same for a given
anode potential. The cell applied potential, however, increased from 0.48 to 0.64 V during
the first hours of experiment in agreement with the pH evolution in the cathodic
chamber, which increased to 12 after only 8.5 hours of experiment (Figure 6.17B). From
this moment on, the pH of the cathodic chamber remained unchanged and the cell
applied potential only experienced small variations as a result of minor changes in the

current intensity.

The energy efficiencies of BF with cheese brine as catholyte were: rs 136 %, re 234 and
re«s 86 %. Both re and ress were much lower than in E8 but these results represented a
great improvement over those in E4, in which the pH of both the anode and the cathode

was controlled at 7.5.
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Figure 6.17 (A) Monitoring of current intensity (solid) and cell applied potential (dashed)
in E11 with pH 7.5 in the anodic chamber and cheese brine as catholyte (B) pH profiles of

the experiments. Cathodic pH (solid), anodic pH (dashed) and setpoint (dotted).

The cell efficiency could even be improved by continuously circulating the catholyte and,
thus, avoiding high cathodic pH variations. Moreover, the cell applied potential would
remain lower by operating the cathodic chamber as a plug flow reactor (no mixing) and
controlling the output pH at a near-neutral value. In this case, besides organic matter
removal in the anodic chamber and hydrogen production, MEC would partially treat the

cheese brine by adjusting the pH of the stream to an acceptable discharge range.

It should be noted that the high conductivity of the cheese brine would be an additional
advantage over conventional catholytes in a full-scale reactor, where higher intensities
would be achieved and thus, a reduction of the ohmic resistance would be a key factor.

The use of a catalyst with high activity and stability in acidic environments would be also
required. Currently, platinum is the best known HER catalyst, but both its scarcity and
high cost limit its use for large scale applications. Among the non-noble-metal
alternatives, stainless steel, nickel and nickel alloy catalysts have been proven as efficient
cost-effective HER catalysts in either neutral or alkaline media [91,92,156], but they are
not stable in acidic environments. Recently, the high activity of nanostructured nickel
phosphide [157], cobalt phosphide [158], molybdenum sulfides [159,160] and

molybdenum phosphosufide [161] as catalysts for the HER in acidic electrolytes has been
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reported, which together with this work opens up new possibilities of producing

hydrogen at low applied voltages in MEC.

6.5 Conclusions

This work shows the possibility to obtain fairly high hydrogen production in an MEC with
a very low applied potential (0.2 V) through a pH control strategy to control the anodic
pH at a neutral level and the cathodic pH at an acid level. This strategy was tested with

successful results in both well-buffered and non-buffered MEC.

In the case of the well-buffered MEC, hydrogen production at such low applied potential
led to an increase of energy efficiency in relation to the electrical input (re), the energy
content of substrate (rs) and both the electrical input and the energy content of the
substrate (ress) up to 883%, 135% and 117%, respectively. The intensity could have been
doubled by applying a more conventional cell potential (around 1V) but it was also
observed that high current intensities could be detrimental to the biological anode, which
would thus reduce the effectiveness of the pH control. Moreover, when both the anodic
and cathodic pH values were controlled at 7.5, hydrogen production increased by 14%

when compared to a non-controlled two-chamber MEC with the same initial pHs.

The efficiencies of the non-buffered cells when applying 0.2 V were slightly lower than in
the well-buffered cell, but still re was 730 % and 520 % for HC and LC, respectively, which

opens the possibility to treat low-buffered wastewaters in two-chamber MEC.

Although pH control may not be feasible at full-scale, the outcome of this work is that
MEC performance could be enhanced avoiding a large anodic pH decrease and/or when
working with acid catholytes. In reference to the latter, the use of cheese brine of the
dairy industry as catholyte, which had a low pH and high conductivity, was tested with
positive results. Continuous feeding of this catholyte to avoid large increases in pH might

further improve these results.

Furthermore, proton production was successfully described in MEC by means of
titrimetry, which provided real-time information regarding substrate consumption and

hydrogen production.
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Chapter summary

This chapter presents the design, building and preliminary tests in an MEC unit that will
be part of a pilot-scale MEC to be constructed in the near future. Inoculation with
anaerobic sludge by gradually increasing the applied cell potential was carried out
successfully. Preliminary data from the first days of operation showed that only a small
fraction of substrate was consumed for current intensity production, while some

hydrogen was lost. Hence, some design modifications will be required.

The effect of starvation was also studied in this chapter. Preliminary experiments aiming
at understanding the performance of an MEC when subjected to different starvation
periods show that it could resist starvation up to 10 days without any significant decrease
in their performance when endogenous consumption was enabled by applying an
external voltage. By contrast, starvation periods longer than 5 days when the flow of
electrons from the anode to the cathode was not permitted thereby avoiding

endogenous consumption, led to a reversible decrease in the cell performance.

7.1 Introduction

Results in Chapter 4 evidenced that single-chamber MEC was not suitable for hydrogen
production, since output gas will be mainly methane rather than hydrogen in the long-
term. Hence, a two-chamber MEC was proposed for the scale-up from lab- to pilot-scale.
Regarding the influent, the group acquired a background in parallel to this thesis on lab-
scale MEC with different complex carbon sources [22] and even with real industry
effluents. This expertise was summarised in the project VALTEC13-1-0140 granted by
ACCIO (Generalitat de Catalunya) where a pilot-scale MEC will be constructed for

energetic wastewater valorisation.

Building a pilot-scale MEC for real wastewater treatment is not a straightforward issue
and there are very few studies reported. Cusick et al. [26] operated a 1000 L pilot-scale
membraneless MEC with winery wastewater for 100 days. Inoculation of such a large
reactor and hydrogen recovery were the two biggest challenges to face. Moreover,

biogas was mainly composed of methane (up to 86 %), since under this configuration
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hydrogen was consumed by hydrogenotrophic methanogens. Heidrich et al. [70]
operated a 120 L pilot-scale MEC consisting of six two-chamber MEC cassettes fed with
domestic wastewater for over three months. This configuration allowed recovering
hydrogen rather than methane. Because of some hydrogen losses, whole energy recovery
was not achieved. Nevertheless, MEC operation outperformed the activated sludge
process in terms of energy requirements. Moreover, the authors claimed that, with
further design improvements, energy neutral or even positive wastewater treatment
could be obtained with this technology. The long-term operation of the same pilot-scale
MEC was assessed for 12 months [162]. On the one side, low temperatures (1-52C) did
not show any significant effect on the biological activity of the anode. On the other side,
48.7 % of the electrical input could be recovered, while the 41.2 % of the theoretical
produced hydrogen was measured. However, MEC performance deteriorated with time
as a result of a build-up of inactive biomass on the anode and fouling of the membrane

and wire connections.

Experiences with semi-pilot scale MEC have also been reported. Brown et al. [163]
evaluated the effects of technical improvements on a 16 L scale reactor fed with filtered
primary settled wastewater and treatment plant effluent amended with acetate in which
a high COD removal was achieved. Escapa et al. [164] assessed the performance of two 3
L membrane-less MEC that would make up a pilot-scale MEC for domestic wastewater
treatment. A high COD removal was achieved in batch operation but not in continuous
mode. Moreover, the authors had to deal with hydrogen recycling and an inefficient cell
design, which caused insufficient mixing, dead zones and preferable flow paths.
Parameters such as applied voltage, hydraulic retention time and organic loading rate
were also studied and optimized in a tubular MEC in view of the scale-up of the process

[165,166].

All these works showed that MEC may become a viable technology for wastewater
treatment but further efforts are needed to implement MEC at full-scale. When dealing
with biological processes, one has to be aware of the need of maintaining bacterial
activity. In this frame, starvation periods (i.e. periods in absence of substrate) may occur
often in real systems due to technical plant stops and, therefore, in view of the scaling-

up it will be very important to know i) how detrimental will be this period to the biomass
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activity and ii) which are the best conditions for biomass maintenance in case starvation

is unavoidable.

To the best of our knowledge, there is little information about starvation in both MFC and
MEC. Oh and Logan [167] studied the relationship between starvation and voltage
reversal in two MFC stacked together and concluded that starvation periods up to 25
hours were detrimental for the MFC performance. In contrast, Kaur et al. [168] evaluated
starvation as strategy to avoid electron losses derived from methanogenesis and the
results suggested that 12 days of starvation were not excessively harmful for ARB in MFC.
Gao et al. [169] studied the syntrophy between biopolymer-accumulating bacteria and
ARB both in MFC and MEC, which allowed current generation without the addition of an
external substrate for several days. Moreover, the system recovered the initial current

generation when external substrate was added.

7.2 Objectives

The aim of this chapter is to conduct the first tests with an MEC prototype based on the
cassette configuration, the basis of a pilot-scale MEC (PS-MEC). This first MEC prototype
will be fed with synthetic wastewater during start up and discontinuous operation
providing useful information for the pilot-plant to be constructed in the near future.
Moreover, some studies will be conducted at lab scale to shed light on MEC starvation
processes under different operating conditions, which will be very useful when working
with the PS-MEC. The application or not of an electrical voltage was studied in order to
know which condition was better to maintain ARB activity and where was the limit of

starvation time for each case.

7.3 Materials and Methods

7.3.1 Reactors description and medium composition

For the start-up of the pilot-scale MEC (PS-MEC) prototype, the usual culture medium
mixed with anaerobic sludge was used. Under daily operation, the medium was used
alone with acetate and glucose as substrate. The catholyte was a saline solution which
was not renewed throughout the experiments. The applied cell potential was gradually

increased during the inoculation period.
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For starvation experiments, two small-scale MEC (SS-MEC) were used (see Materials and
Methods in Chapter 3). MEC worked for 15 days under pseudo steady-state conditions
prior to the experiments. Under feast conditions, MEC had a constant applied voltage of
0.8 V and an initial acetate concentration of 1.5 g/L. A 50 mM 2-bromoethanesulfonate
concentration was used to selectively inhibit methanogenic activity. Starvation tests in
MEC included tests with applied voltage (MECay) and without it (MECwy). During the
starvation periods in MECwy, the experimental setup remained unchanged but the power
supply was disconnected. Cells were filled with medium without acetate at the end of a
batch cycle and before each starvation period to ensure fully starvation conditions. The
medium was replaced with fresh medium with substrate after each starvation period.
Cycles after starvation periods were monitored to evaluate the potential detrimental
effects of each starvation period on the cell performance. MEC were sparged with

nitrogen for 10 minutes after replacing the medium to guarantee anaerobic conditions.

7.3.2 Batch experiments

The experimental monitored data in the experiments with PS-MEC prototype comprised
acetate and glucose concentration, hydrogen production, current intensity, anodic
potential and pH monitoring. Regarding the starvation experiments, current intensity was
monitored and acetate and hydrogen were analysed (see Materials and Methods in

Chapter 3).

7.4 Results and Discussion

7.4.1 Reactor design

The PS-MEC under development was a two-chamber MEC derived from the cassette
configuration presented in Heidrich et al. [70]. The preliminary experiments were
conducted with only one cassette as a prototype of the full pilot plant, which will be

constructed in the near future.

The cassette (Figure 7.1) consisted of a central PVC frame (3 cm length x 36 cm width x
46 cm height) with an internal cathode section of 3.7 L. The cathode was pressed stainless
steel wool inside this section. A titanium wire was wound into the stainless steel wool and

then brought to outside for its electrical connection. The central frame was provided with
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an olive fitting at the top, where a 0.5 L gas sample bag with a twist type valve (Cali-5-
Bond, Ritter) was connected by means of a flexible PTFE tube and with two additional

ports, which allowed the catholyte circulation if required.
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Figure 7.1 Schematic diagram of the MEC prototype.

The cathode was separated from the anodes using an AEM on both sides (AMI-7001,
Membranes International INC). The anodes consisted of a stainless steel mesh (used as
current collector) wrapped with graphite fibers (fibers of 7.2 um diameter; PANEX®33
160 K, ZOLTEK) thermally treated to enhance biomass adhesion. As before, titanium wires
were wound into the stainless steel mesh and then brought to outside for its electrical
connection. The anodes were placed next to the membranes on both sides of the
cathode. Both the membranes and the anodes were sandwiched between the central
frame and a lateral PVC frame (1 cm length x 36 cm width x 46 cm height). Pieces were
kept together by tightening wing nuts onto bolts through five mm holes in the PVC
frames. The first tests with the prototype were conducted by placing the cassette in a
reservoir of 40 litres, where culture medium was added in batch mode. The anodes, in
the outermost layer of the cassette, were in contact with the medium, so that ARB could
consume the substrate. An Ag/AgCl reference electrode (+210 mV vs SHE, Crison
reference electrode 5240) was used to monitor the anode potential and a pH probe

(Crison pH electrode 5233) to monitor the anodic pH.
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Porexpan balls were placed in the uppermost layer of the reactor to reduce entry of
atmospheric oxygen. Moreover, periodic nitrogen sparging (10 seconds every 3 minutes)
was conducted by means of a circular diffuser placed at the bottom of the reservoir,
which ensured removal of dissolved oxygen and good mixing. Nitrogen sparging periods
were programmed in Labwindows CVI 2014, which sent the signal to an electrovalve

connected to the system. The nitrogen flow rate supplied was not monitored.

The PS-MEC to be constructed will consist of 10 cassettes placed vertically in a stainless

steel tank. Wastewater will circulate through the cell in an S-like flow as in [70].

This design was the result of some modifications made in a preliminary prototype, in
which corrosion problems evolved due to electrical contact between the stainless steel
mesh used as current collector and the bolts used to maintain all pieces together.
Evidence of corrosion was observed from day 6 of operation (Figure 7.2), when the cell
operated with an applied voltage of 0.8 V and a sudden increase in current intensity to
values close to 60 mA occurred. This increase was independent from substrate oxidation
since there had not been sufficient time for biofilm development. Moreover, the anode
potential decreased to a value more negative despite the higher current intensity,

indicating that a different reaction was occurring.

Once the problem was fixed by avoiding contact between the current collector and the
bolts, additional tests were conducted to ensure that current intensity would be
produced only as a result of substrate oxidation. Hence, when substrate was not added,

current intensity remained at very low values (results not shown).
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Figure 7.2 Current intensity, anode potential and applied potential before cell design

modifications in the preliminary prototype.

7.4.2 Reactor inoculation with anaerobic sludge

Anaerobic sludge was used as inoculum for the PS-MEC since, as stated in Materials and
Methods in Chapter 3, it is easily available and contains electrochemically active strains
of bacteria [93]. Moreover, there was no reactor with an ARB-enriched biomass capable
of providing the sufficient amount of inoculum. Culture medium was mixed with 3.5 L of
anaerobic sludge and the cell was placed horizontally in the reservoir to enhance biomass
adhesion. Figure 7.3 shows the PS-MEC performance during the inoculation period
(cycles 1-3). The cell applied potential was gradually increased as in Heidrich et al. [70] to
ensure that the anodic potential did not reach values higher than 0.20 V vs SHE, since
very positive anodic potentials were reported as unfavourable conditions for biomass

growth [170].
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Figure 7.3 (A) Current intensity, anode potential, applied potential and (B) acetate

concentration profiles during inoculation of MEC with anaerobic sludge, cycles 1-3.

The initial applied cell potential was 0.8 V. However, on day 1 it was lowered to 0.7 V to
decrease the anode potential. From day 1 to 8 the current intensity increased from 1.5
to 8 mA and at the same time the anode potential decreased from 0.17 to 0.12 V vs SHE,
indicating a decrease in the anode overpotential, and thus that the anode was being
inoculated. At day 8, the applied voltage was increased to 0.9 V and, one day later, to 1.0
V, reaching a current intensity close to 17 mA. The anode potential, meanwhile, followed
a downward trend. On day 12, the reactor was turned over to promote inoculation of the

anode on the reverse side. A decrease in current intensity was then observed, probably
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due to air-exposition while turning over the cell. The applied potential was decreased
again to 0.7 V and then gradually increased to 1.0 V. On day 16, a current intensity of 17
mA was again achieved. The pH inside the reservoir (which operated as anodic chamber)
did not decrease despite being working in two-chamber configuration, as a result of both
a large liquid volume and buffer addition. Moreover, it slightly increased during some
periods probably due to carbon dioxide stripping by nitrogen sparging. During this first

inoculation process no hydrogen was detected in the gas bag.

Table 7.1 Summary of the efficiencies in batch cycles 1 to 10.

Batch cycle Days CE (%) (m3n|-'|:3 a) reat (%) re (%) Fess (%)
1 0-5 0.12 0 0 0 0
2 5-12 2.1 0 0 0 0
3 12-18 — 0 0 0 0
4 18-28 4.5 0 0 0 0
5 28-39 6.9 0 0 0 0
6 39-54 10 0.003 31 54 4
7 54-64 19 0.005 49 72 8
8 64-76 11 0.003 22 37 3
9 76-93 23 0.001 10 15 2

10 93-109 14 0.006 55 85 9

Table 7.1 shows the results of each batch cycle in terms of CE, rcar, e, ress and hydrogen
production. During the first three cycles, the CE was only 0.12 and 2 % (for the third batch
cycle it could not be calculated) indicating that practically all substrate was consumed by
microorganisms other than ARB. Oxygen could have diffused into the anodic chamber in
spite of the periodical nitrogen sparging and the insulation layer of porexpan balls, thus
promoting aerobic COD consumption. In fact, the presence of a biofilm in the uppermost
layer of water was visually detected. Moreover, acetate consumption by acetoclastic

methanogens must have played a very important role, since anaerobic sludge was mixed
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with the culture medium and chemical inhibitors to supress methanogenic activity were
not used. However, methane production could not be measured in the anodic chamber
due to configuration restrictions. The energy efficiency (re and ress) was 0, since no

hydrogen was recovered at all.

7.4.3 Reactor operation with acetate as substrate

Figure 7.4 displays the MEC performance from days 18 to 64 (cycles 4-7), once anaerobic
sludge was removed and the cell was placed vertically. After medium renewal on day 18
the current intensity decreased to 10 mA, although it followed an upward trend. The
anode potential followed the opposite trend as expected for an anode, which is still being

inoculated. The applied potential was kept at 1.0 V.

On day 32, hydrogen was measured for the first time, although in very low quantities.
Seven days later, the medium was again renewed and the applied voltage was increased
to 1.5V, since the anode potential had been remaining low. From this moment onwards,
the current intensity increased to a value between 50 and 60 mV and a plateau was
achieved. The anode potential remained at a value close to -0.2 V vs SHE, which suggested

good anode performance.

This was the first cycle in which the anode was considered to be inoculated. Then, the
start-up of the cell lasted about 39 days, a period quite similar to that reported for a pilot-
scale MEC [26,70]. In these other studies, the start-up was reported to be a key step in
the MEC performance and was carried out from winery wastewater and domestic
wastewater. However, in both cases wastewater was amended with acetate due to low
COD values and, in Cusick et al. [26] the addition of buffer to maintain the pH above 6 as
well as controlling the temperature at 312C were also required. Operation was moved to
continuous mode after 20-30 days in both studies. Thus, the use of anaerobic sludge
seemed a good strategy for the whole plant inoculation. Moreover, transfer from this
reactor could be also a good option to reduce the start-up when inoculating the whole

plant.
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Figure 7.4 (A) Current intensity, anode potential, applied potential, (B) acetate

concentration and (C) hydrogen production rate profiles of MEC with acetate with

substrate, cycles 4-7.
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During the two last cycles (6 and 7) hydrogen could be regularly measured, although
hydrogen production rate was highly variable. A peak could be observed on day 45, when
0.014 m3m=3d* were produced. Measuring variable hydrogen production rates could be
attributed to hydrogen leakages or some hydrogen trapped in the stainless steel wool.
Previous lab scale experiment showed that hydrogen bubbles were easily got trapped in
the stainless steel wool, thus preventing its recovery in the gas bag. The average hydrogen
production rate was 0.003 m3m=3d* and 0.005 m3*m=3d-! for cycles 6 and 7, respectively,
which corresponded to a rcar of 31 and 49 % (Table 7.1). The CE, meanwhile, followed an
increasing trend from 4.5 % to 19 %, probably as a result of the anodic enrichment with

ARB.

The value of re with such a hydrogen recovery was 0 % for cycles 4 and 5 and 54 % and
72 % for cycles 6 and 7, respectively. In the case of ress, the results were much lower: 0 %
for cycles 4 and 5, 4 % for cycle 6 and 8 % for cycle 7, which indicated that only very little
energy from that contained in the wastewater was recovered as hydrogen. If all hydrogen
according to the measured current intensity had been recovered, the average hydrogen
production rate would have been 0.009 m3m=3d* and 0.011 m®*m=3d* in cycles 6 and 7,
respectively, resulting in values of re and ress of 172 % and 13 % for cycle 6 and 155 % and
17 % for cycle 7. These results suggested that the electrical energy invested in hydrogen
production could be recovered with a better hydrogen collection system, but still, only a

little fraction of the energy contained in the substrate would have been recovered.

Current intensity in this reactor was much lower than expected from mere extrapolation
of the lab-scale results. In a lab-scale two-chamber MEC of 60 mL with a cathodic surface
area of 7 cm? and an applied voltage of 1.0 V, an initial current intensity of 4.5 mA was
achieved (Experiment E2 in Chapter 5). Thus, extrapolation of this value for a reactor
volume of 40 L and a cathodic surface area (projected area) of 2310 cm? resulted in a
current intensity of 3000 mA and 1485 mA, respectively. The cathodic surface area has
been used rather than the anodic one, because of the overpotentials in the cathode being
higher than in the anode. However, it has to be noted that a Pt-based cathode was used

in lab-scale cells and that large reactors entail higher overpotentials.
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7.4.4 Reactor operation with glucose as substrate

From day 64 to 100 (cycles 8-10), PS-MEC was fed with glucose to conduct tests with a
carbon source more complex than acetate (Figure 7.5). Glucose consumption has been
reported to occur either by direct anodic oxidation by pure cultures [13] (reaction 1 in
Table 7.2) or by fermenters by producing reduced byproducts such as hydrogen, lactate,

ethanol, acetate, propionate, and butyrate [171] (reactions 2-6 in Table 7.2).

Table 7.2 Glucose consumption pathways in bioelectrochemical systems [171].

Reaction Stoichiometry

1.  Glucose oxidation Glucose + 6H,0 = 6CO; + 24H* + 24e

2. Homolactic fermentation Glucose > 2lactate” + 2H*

3. Alcoholic fermentation Glucose = 2ethanol + 2CO;

4.  Acetogenesis fermentation Glucose + 2H,0 - 2acetate” + 2CO; + 4H, + 2H*

5. Mixed acid fermentation Glucose = acetate™ + propionate™ + CO; + Hy + 2H*
6.  Butyric fermentation Glucose = butyrate + 2C0O; + 2H, + H*

In cycle 8, the medium was renewed and PS-MEC was fed with both acetate and glucose.
Moreover, PBS concentration was halved to move gradually from the ideal lab conditions
to a more realistic situation. In the two following cycles, PS-MEC was only fed with glucose
and, as observed, it was consumed in the first days of the batch cycle, while acetate
concentration experienced an initial increase due to glucose degradation and a
subsequent decrease due to its consumption by ARB. According to these results,
acetogenesis (reaction 4 in Table 7.2) was the fermentation pathway more likely to occur
as acetate was the only by-product accumulated in the reactor. Both the open reactor
and regular nitrogen sparging could have probably prevented current intensity

generation from fermentative hydrogen oxidation.
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Figure 7.5 (A) Current intensity, anode potential, applied potential, (B) acetate and
glucose concentration and (C) hydrogen production rate profiles of MEC after changing

the carbon source, cycles 8-10.
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The predominance of acetogenesis was numerically assessed by means of mass and
electron balances for cycle 10. A theoretical acetate concentration was calculated from
the total initial amount of glucose at day 93 (32.8 g at 0.82 g/L) by considering the

stoichiometry of reaction 4 in Table 7.2 (equation 7.1).

C
Cl_ =St (7.1)
¢ glucose ¢

where Ca.. (mg L) is the theoretical acetate concentration resulting from the
fermentation of glucose, Cgiucose (Mg L) is the initial glucose concentration and Mgjucose
and Macetate are the molecular weight of glucose (180.1 g L) and acetate (59 g LY),

respectively.

This value was then compared to the maximum acetate concentration measured on day
95 (0.39 mg L1). However, previously, Ctac. was corrected by taking into account the
fraction of acetate consumed by ARB for current generation and microorganisms other
than ARB from days 93 to 95 (equation 7.2). For the calculation of the acetate consumed

by aerobic bacteria or methanogens, the CE of cycle 7 was used as reference.

tF
[dt M
cth i=cth _| Tt A D100 (7.2)
’” T UaT | Eb, v, CE,

where Ca.“ (mg L) is the corrected theoretical acetate concentration, to and tf are days
93 and 95, respectively, bac- is the number of e transferred per mole of acetate (8 mols
e” mol*Ac), Vi is the volume of liquid in the reactor (40 L) and CE7 is the coulombic
efficiency of the batch cycle 7 (19 %).

Cth I_C exp

% Error =A°TIACELOO (7.3)

Ac

where C®Pac. (mg L) is the experimentally measured acetate concentration on day 95.

The results obtained from equation 7.3 show an error lower than 15 %, that is a relative
low value both considering that a fraction of glucose may have been used for biomass
growth and the CE was taken from another batch cycle. Therefore, numerical calculations

supports that only acetogenesis was occurring in the reactor.
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Current intensity remained at values between 50-60 mA, as in those cycles with acetate
as substrate. The anode potential, which was -0.2 V vs SHE during the current intensity
plateaus, also shown a similar trend to that observed with acetate. CE ranged between
12 and 23 % in cycles 8-10, whereas rcat between 10 and 55 %, since high variability in
hydrogen production rate was again observed, although in cycle 10 it seemed to finally
stabilize. The average hydrogen production was 0.003, 0.001 and 0.006 m3m=3d* for
cycles 8, 9 and 10, respectively (Table 7.1). As a consequence of the different hydrogen
recoveries, the energy efficiencies took very different values from one cycle to the other.
The highest values were obtained in cycle 10, in which 85 % of the energy invested in
hydrogen production (re) could be recovered as hydrogen, although ress was still far from
desirable values (9 %). In the case hydrogen had completely been recovered, the average
hydrogen production rate would have been 0.014 m®m3d! for cycle 8 and 0.012 m3m3d-
1 for cycles 9 and 10. The values of re would have ranged between 151 and 168 %, which

are fairly good results taking into account the reactor size.

7.4.5 Comparison with other works

Table 7.3 compares the results obtained in this work with the results reported on similar
studies. This study is the only one conducted with synthetic wastewater, since these were
the first tests with this configuration. Similarly, reactor operation in all other studies was
moved to continuous mode after a period in batch mode. However, this comparison will
allow drawing conclusions despite the operational differences. First, it draws attention
that the applied voltage in this work was the highest one and was even above the
theoretical standard potential for water electrolysis. Current intensity was monitored
through the measurement of the voltage across an external resistance of 12 Q, so, in
those cycles with a current intensity around 50 mA, the potential difference between the
anode and the cathode was only 0.9 V, which was similar to the other values in Table 7.3.
A resistor of 0.01 Q was used in Cusick et al. [26] and of 0.1 Q in both Heidrich et al.
[70,162], thus minimizing voltage losses across the resistor. A lower external resistance
must be used for monitoring of the current intensity in following tests to avoid differences

between the formal and the real applied potential.
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CE in this study was higher than that in Heidrich et al. [162], probably due to more
complex carbon sources in this latter. In contrast, the average CE was higher in Heidrich
et al. [70] than in this work. In that study, the pilot-plant operated for 3 months and the
plant had probably a more optimized ratio between reactor volume and electrode
surface. In fact, in our study batch cycles were very long and in some cases they lasted up
to 17 days, which could have promoted substrate consumption by microorganisms other
than ARB. Thus, a more appropriate design regarding the ratio between reactor volume
and electrode surface will be required when constructing the whole plant. This would
affect the anode pH, which could no longer be maintained and would decrease. However,

continuous flow circulation of wastewater would soften the pH drop.

CE was also higher in Escapa et al. [164] and Gil-Carrera et al. [166], but in both cases

problems related to hydrogen recycling were observed.

The average rcat was low in this study, since as previously stated some hydrogen was
trapped in the stainless steel wool. Some design modifications will be required for
improvements in this area. However, rcat was even lower in Escapa et al. [164] both in
batch and continuous operation mostly due to the hydrogen recycling phenomenon,
which evidenced that the use of membranes to separate the anode and the cathode are

essential for producing hydrogen in MEC.

The highest hydrogen production rates were measured in single-chamber MEC [26,166],
since potential losses in this configuration are lower. However, in Cusick et al. [26] part
of the hydrogen was produced from sugar fermentation and in the long-term hydrogen

was consumed by hydrogenotrophic methanogens.
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Table 7.3 Comparison of this work with other studies dealing with pilot-scale or semi-pilot

MEC
. Reactor  Applied
Operation Carbon H,
Study ode cource volume  voltage CE (%) rear (%) (m3m?d)
(L) v)

Cusick et al. winery

Continuous 1000 0.9 -- - 0.07
[26] WWw
Heidrich et domestic

Continuous 120 1.1 291 55 0.015
al. [70] ww
Heidrich et domestic

Continuous 120 1.1 3.9t 41.2 0.005-0.009
al. [162] wWw
Escapa et Batch/ domestic

3 0.7 >100 7.5/02 0.01/0?

al. [164] continuous WW
Gil-Carrera domestic

Continuous 2+2 1.0 10.6/44.8 24.3/54.7 0.045
etal. [166]3 WW
This study* Batch glucose 40 1.5 16 29 0.004

1 CE has been calculated from the data presented in the specific publication.

2 parameters have been calculated as the average of the set of data presented in the specific publication.
3 The study was conducted with two reactors hydraulically connected in series. CE and rcar values are
presented for both reactors separately.

4 Average values in those batch cycles with glucose as substrate.

7.4.6 Performance of MEC after different starvation periods

The effect of starvation processes in MEC was studied in parallel to the pilot-plant build-
up. Starvation processes can occur in real systems due to technical stops. Therefore, it is
interesting to study the resistance of ARB to starvation periods in view of the scaling-up

of this technology.

The effect of starvation periods was tested in MEC aiming at hydrogen production
following two different strategies: (i) maintaining an applied voltage of 0.8 V (MECav) and
(i) without any applied voltage (MECwy) during the starvation periods. The experimental
current intensity and anode potential profiles during starvation tests in MECay are shown

in Figure 7.6.
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Figure 7.6 Evaluating starvation in MEC with an applied voltage of 0.8 V (MECav) (A)

Current intensity and (B) anode potential. Note that from days 14 to 20 the anode

potential could not be monitored.

The cell performance remained practically constant even after a starvation period of 10
days, since the maximum current intensity was very similar after 1, 3, 5 and 10 days of
starvation (ranging between 5 and 6 mA). Moreover, during the starvation periods, the

current intensity remained positive indicating that electrons were flowing from the anode
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to the cathode regardless of the lack of substrate in the medium. The anode potential
had a value between -0.20 and -0.28 V vs SHE during conventional operation, which
indicated a good performance of the anode. However, during the starvation periods it
took positive values ranging between 0.02 and 0.18 V vs SHE. Anode potential profiles
remained almost constant as well after 1, 3, 5 and 10 days under starvation conditions

(Figure 7.6B).

The common MEC performance indexes obtained in all the tested cycles are displayed in
Figure 7.7. The CE was practically the same in all batch cycles, being the highest value 88
% after 1 day and the lowest value 77 % after 5 days of starvation. Hydrogen was almost
fully recovered, since rcat was practically 100 % in all cases. No significant differences
were found in energy efficiencies, since rs, re and rsie were in narrow ranges between 107
and 121 %, 164 and 177 %, and 64 and 70 %, respectively. The differences in hydrogen
production were also minimal, since the lowest and the highest hydrogen production
were 1.2 and 1.3 m3*/m3.d, suggesting again that starvation periods up to 10 days with an

applied voltage of 0.8 V did not affect the MEC performance.
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Figure 7.7 Coulombic efficiency (CE), cathodic gas recovery (rcat), energy efficiencies (re
and rs+e) and hydrogen production after different starvation periods at an applied voltage

of 0.8 V (MECav).
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The results obtained with the starvation tests without any applied voltage (MECwy) are
shown in Figure 7.8. The current intensity profile of MECwv during the starvation periods
showed a lower performance after 10 days of starvation while 1, 3 and 5 days of
starvation did not seem to have a significant effect on the cell performance. The
maximum current intensity only ranged between 6 and 7.5 mA for the initial and the 3
subsequent cycles (after 1, 3 and 5 days of starvation), whereas after 10 days of starvation
it decreased to 3.5 mA and the duration of the cycle increased from 1 to 3 days. Two
additional batch cycles (R2 and R3) were monitored after the 10 days starvation cycle
(R1) and the current intensity practically recovered its initial value.

10

9 1 1day
starvation

3 days
7 -N \starvato& R2

1 R1
4 5 days 10 days \L
starvation starvation
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Current intensity (mA)
(O]
—

0 I I I I I
0 5 10 15 20 25 30

Time (d)

Figure 7.8 Evaluating starvation in MEC without any applied voltage (MECwv).

The efficiencies and hydrogen production of MECwy are shown in Figure 7.9. The CE
decreased as the starvation periods increased, being initially 89 % and 40 % after 10 days
of starvation. The rcat remained close to 100 % after 1, 3 and 5 days of starvation, but
significantly decreased to 63 % after 10 days of starvation. Following a similar trend, rs, re
and rs.«e remained between 79 and 107 %, 160 and 172 %, and 52 and 64 % even after 5
days of starvation, but after 10 days without substrate they were 33 %, 65 % and 22 %,

respectively.
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As previously stated, two additional batch cycles were monitored after the 10-days
starvation period. The previous performance indexes were also calculated and CE
increased to 65 and 102 %, rcatto 77 and 91 %, rs to 67 and 123 %, re to 127 and 150 %
and ress to 44 and 68 %, for R2 and R3 respectively, thus, practically recovering the values

previous to any starvation period.
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Figure 7.9 Coulombic efficiency (CE), cathodic gas recovery (rcat), energy efficiencies (re
and rs«) and hydrogen production after different starvation periods without any applied

voltage (MECwv).

The results showed that starvation periods up to 10 days did not have any significant
effect on MEC performance as long as the applied voltage was maintained. In contrast,
when no voltage was applied 10 days without substrate led to a decrease of the MEC

performance, although this negative effect was reversible.

SS-MEC are usually operated under batch mode and, as such, subjected under alternating
feast and starvation conditions. Biomass can easily adapt to this scenario by using storage
polymers as carbon and energy source under famine conditions. This observation has
been already detailed in conventional activated sludge systems [172]. Hence, under

alternating feast and starvation conditions, the population selected is able to survive
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under substrate limitation by accumulating substrate as a polymer inside of the bacterial
cell under high substrate concentrations, and consumed it under starvation conditions.
According to the literature this could be accomplished either by only ARB [155] or by a
syntrophic consortium [169]. This endogenous behaviour can explain the observed
current intensity under the starvation periods with an applied voltage. These results
agree with those obtained in Gao et al. [169], where an MEC operating with a fixed anode
potential of -0.4 vs Ag/AgCl (-0.19 vs SHE) recovered its initial current intensity after 4
days without substrate. High resistance to starvation has also been reported in MFC. In
Kaur et al. [168] the performance of an acetate-fed MFC was only slightly affected by 12
days without substrate. Moreover, Chang et al. [173] showed that an MFC usually fed
with glucose and glutamic acid could recover its initial current intensity after 12 days of

starvation.

On the other hand, MEC without any applied voltage during starvation periods lost part
of its activity after 10 days, as accumulated substrate could not be used, as the MEC
overall process is thermodynamically unfavourable and electrons did not flow
spontaneously from the anode to the cathode. Hence, for starvation periods longer than

5 days the best alternative is maintaining an applied voltage.

7.5 Conclusions

Preliminary tests with a unit that would be a part of a pilot-scale MEC allowed drawing
helpful information in view of the imminent construction of the whole pilot plant. In this
context, corrosion problems producing a current intensity independent from COD

consumption could be detected and solved.

Inoculation from anaerobic sludge by gradually increasing the applied potential appeared
to be a good strategy for the start-up of MEC. The same strategy could be followed when
starting up the whole plant, although this reactor could probably provide an ARB-

enriched inoculum for the rest of units.

Substrate consumption by anaerobic microorganisms other than ARB will be unavoidable,
especially when working with real wastewater, thus a low CE is expected. However, it

could be increased to some extend by reducing the batch cycles (or the hydraulic
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retention time) by optimizing the ratio between the reactor volume and the electrode

area.

Hydrogen recovery needs to be improved. Highly variable hydrogen production rates
have been obtained probably as a result of some hydrogen trapped in the cathode. If all
the hydrogen had been recovered, the energy balance regarding the electrical input
would have been positive, so improvements on this point will be critical for MEC
technology to be feasible at full-scale. However, further studies need to be performed

with the real wastewater to be treated as MEC performance will depend largely on this.

MEC with an applied voltage of 0.8 V during starvation periods displayed a high resistance
to starvation, probably due to the consumption of the accumulated substrate as polymer
inside the bacterial cell. In this sense, bacterial activity in MEC was not affected by a
period up to 10 days without substrate. Nevertheless, when the accumulated substrate
could not be consumed by ARB during starvation periods, i.e. when no voltage was
applied in MEC, the performance after starvation periods drastically decreased.
Starvation periods longer than 5 days produced a negative effect on the cells
performance, although it was recovered after one or two cycles with substrate. Thus, the
utilization of the accumulated substrate has to be enabled by applying a voltage in MEC

for long starvation periods.
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The main objective of this thesis was to understand the basics of microbial electrolysis

cells with the aim of proposing strategies in view of the scale-up of this technology.

This section summarizes the main achievements and conclusions that can be drawn from
this thesis. Some future research directions will be also suggested, in order to further

develop bioelectrochemical systems in different ways.

8.1 General conclusions

¢ Single-chamber configuration does not seem suitable for hydrogen production,
because of hydrogen losses due to its consumption by microorganisms (hydrogen
oxidizing ARB, homoacetogens or hydrogenotrophic methanogens).
Hydrogen consumption by ARB or homoacetogens led to hydrogen recycling, a
very unfavourable scenario, in which up to the 80.5% of current intensity came
from hydrogen and only the 6.3% of the energy invested could be recovered.
Hydrogen consumption by methanogens to produce methane was not such an
unfavourable situation in terms of energy recovery (95.0%), which, however, was
lower than that attained if hydrogen would not have been consumed but

recovered (135.6%).

e Tests with media similar to wastewaters in terms of buffer capacity and
conductivity showed a decrease in MEC performance compared to that with well-
buffered medium. The detrimental effects of the lack of buffer in single-chamber
configuration were more significant on the cathode than on the anode. However,
the highest voltage losses were located in the anode when pH gradients were
generated due to the presence of an ion exchange membrane in two-chamber
configuration. The decrease of the anodic pH and the increase of the cathodic pH
did not only negatively affect the thermodynamics of the process, but also caused
a loss of biological activity, which in turn, led to a failed MEC when working with
non-buffered media. Both AEM and CEM performed very similar with respect to
the pH gradients, although the ohmic resistance of this latter was lower. However,

the low current intensities achieved in such small reactors did not allow assessing
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the effect of membranes and conductivity on the MEC performance in terms of

ohmic losses.

¢ A pH control strategy enhanced the performance of a two-chamber MEC, either
with well-buffered or non-buffered media. A fairly high hydrogen production
could be obtained with a very low applied potential (0.2 V) by controlling the pH
of the cathodic chamber at a low value (2.0). This strategy led to an increase of
the energy efficiency with respect to the electrical input up to 883% and 730 %
for the well-buffered and the non-buffered MEC, respectively.
The use of acid effluents (such as cheese brine from the dairy industry) as
catholyte could be a good alternative to increase the energy recovery in full-scale

systems, where the pH control would be hardly implementable.

e Experiments with an MEC unit that will form part of a pilot-scale MEC provided
helpful information for improving the design of the pilot plant. The anode was
successfully inoculated from anaerobic sludge by gradually increasing the applied
cell potential. Inoculation of the whole pilot-plant could be carried out either
following the same strategy or using the effluent of this reactor as inoculum to
reduce the start-up time. The batch cycle time (or the hydraulic retention time
when operating in continuous mode) should be reduced to minimize substrate
consumption by anaerobic microorganisms other than ARB. Optimizing the ratio
between the reactor volume and the electrode area would be a good option to
achieve it. Entrapment of hydrogen bubbles in the cathode needs to be avoided,
since complete hydrogen recovery would lead to an offset of the electrical energy

to produce it.

e Bacterial activity could be maintained during starvation periods up to 10 days as
long as an electrical voltage was applied, so that the accumulated substrate as
polymer inside the bacterial cell could be consumed. Hence, technical plant stops
would not be an issue in real systems. However, the resistance to starvation
periods decreased when no voltage was applied, since endogenous consumption

was not enabled. Under these conditions starvation periods longer than 5 days
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produced a negative effect on the cells performance, although it could be

recovered after one or two cycles with substrate.

8.2 Future work

The results of this thesis suggest a variety of research directions for future work:

One of these directions is to finish the construction of the two-chamber pilot-scale MEC
for hydrogen production and start operating it with real wastewaters in the anodic
chamber. The use of continuously fed acid catholytes (such as cheese brine) to enhance
the energy recovery at full-scale should be also examined. In this framework, research
should be done in platinum-free cathode materials, which efficiently work at acid pH.
Hydrogen storage is another important point that needs to be investigated. No matter
how efficient hydrogen production in MEC may become if hydrogen storage systems are

not.

Methane production in MEC provides an alternative to hydrogen production. Lower
energy recoveries can be achieved, but in return the reactor design and operation would
be simpler (single-chamber configuration). In this context, research could be conducted

in biogas upgrading by coupling an anaerobic digester with an MEC.

Despite not being directly related to the results of this thesis, the knowledge acquired on
BES can be used for starting the construction of a computational model. A sufficiently
accurate model would allow to assess many different situations in a cost-effective way
without performing experiments. Therefore, the design of a cell could be easily

optimized.

Finally, BES could be employed for other purposes different from hydrogen/methane
production. The research group has recently started with both microbial electrosynthesis

of acetate from carbon dioxide and sulphate reduction in biocathodes.
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Glossary

Activation losses: voltage required to overcome the activation energy of an

electrochemical reaction on a catalytic surface.

Anaerobic digestion: wastewater treatment in which microorganisms convert

biodegradable material into methane in the absence of oxygen.

Anaerobic digestion sludge: anaerobic digestion mixed liquor containing non-digested

organic matter and microorganisms responsible of anaerobic digestion.

Anion exchange membrane (AEM): type of membrane that is selectively permeable to

anions.

Anode: electrode of an electrochemical system at which an oxidation reaction takes

place.

Anode respiring bacteria (ARB): bacteria capable of transferring electrons out of the cell,

thus coupling their metabolic pathways to external electron acceptors.

Applied voltage: voltage provided from an external energy source to drive the reactions

in a microbial electrolysis cells.

Bioelectrochemical system: an electrochemical system in which electrochemically active

microorganisms catalyse oxidation or reduction reactions at an electrode surface.

Biofilm: complex communities of microorganisms growing embedded within a self-

produced matrix of extracellular polymeric substance on a solid support.

Buffer solution: aqueous solution consisting of a mixture of a weak acid and its conjugate

base (or vice versa) used to prevent changes in the pH of a solution.

Capacitive current: current that does not involve any chemical reactions, but the
accumulation or removal of electrical charges on the electrode and in the electrolyte

solution near the electrode.

Cation exchange membrane (CEM): type of membrane that is selectively permeable to

cations.
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Cathode: electrode of an electrochemical system at which a reduction reaction takes

place.

Cathodic gas recovery (rcar): ratio of coulombs consumed in hydrogen production to

coulombs arriving to the cathode as current intensity.

Chemical oxygen demand (COD): measure used to indicate the amount of organic
compounds in water. It is expressed in milligrams of oxygen per liter (mg/L), which is the
amount of oxygen needed to completely oxidize the organic compounds to carbon

dioxide.

Concentration losses: potential losses caused by reactant or product diffusion limitations

between the bulk solution and the electrode surface.
Conductivity: measure of the ability of an electrolyte solution to conduct electricity.

Coulomb: charge transported by a constant current of one ampere in one second and SI

unit of electric charge.

Coulombic efficiency: ratio of coulombs recovered as current intensity to coulombs

contained in the substrate oxidized.

Cyclic voltammetry: electrochemical technique used to characterize electron transfer
processes in which a cyclic potential sweep is imposed on the working electrode, i.e. the
electrode of study, and the response of the system in terms of current intensity is

monitored.
Diffusion: net movement of a substance by gradient of concentration.

Electrochemical impedance spectroscopy: electrochemical technique in which the

impedance of an electrochemical system is measured over a range of frequencies.

Electrolyte: chemical medium that allows the flow of electrical charge between the

cathode and anode.

Electromotive force: difference between the cathodic and the anodic potentials, which is

positive for spontaneous processes and negative for nonspontaneous processes.

Electron shuttle: soluble mediator that ARB use for extracellular electron transfer.
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Energy recovery: amount of energy added to the system by both the power source and

the substrate recovered as hydrogen.
Exoelectrogenic bacteria: see ARB.

Extracellular electron transfer: process in which electrons derived from the oxidation of

electron donors are transferred out of the cell to reduce an electron acceptor.

Faradaic current: current generated by the oxidation or reduction of some chemical

substance at an electrode.

Fermentation: metabolic process that converts complex organic compounds into

relatively simple substances in the absence of an exogenous electron acceptor.

Hydrogen recycling phenomena: scenario in which the electrochemically produced
hydrogen is used by either H;-oxidizing bacteria to produce current intensity or
homoacetogens to produce acetate, which in turn, can be consumed by ARB to further
generate current intensity. Under this situation batch cycles are longer, thus consuming

higher amounts of electrical energy and the hydrogen recovery is very low.

Homoacetogenesis: microbial formation of acetate using an electron donor such as

hydrogen.
H,-oxidiizing bacteria: ARB with the ability of using hydrogen as electron donor.

Linear sweep voltammetry (LSV): electrochemical technique used to characterize electron
transfer processes in which the potential of the working electrode is changed in a ramped

linear fashion and the response of the system in terms of current intensity is monitored.
Methanogenesis: microbial production of methane.

Methanogens: microorganisms that produce methane as a metabolic byproduct in anoxic
conditions. Methane can be produced from acetate (acetoclastic methanogens) or from

the reduction of carbon dioxide with hydrogen (hydrogenotrophic methanogens).

Microbial fuel cell: bioelectrochemical system in which the chemical energy stored in

organic compounds can be directly converted into electrical energy.

Glossary ‘ 199



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater ‘

Microbial electrolysis cell: bioelectrochemical system in which value-added products can

be generated from organic compounds by applying voltage.
Migration: motion of charged species as a result of an electric field.

Nanowire: electrically conductive appendages that ARB use for extracellular electron

transfer.

Ohmic losses: potential losses caused by the resistance to the flow of ions in the
electrolyte and through the ion exchange membrane (if present) and the resistance to

the flow of electrons through the electrodes and interconnections.

Open circuit / open circuit voltage (OC/OCV): difference of electrical potential between
the cathode and the anode of an electrochemical system when disconnected from any

circuit.

Overpotential: difference between the thermodynamically determined reduction

potential of a half-reaction and the potential at which the half-reaction actually occurs.

Overshoot: rapid drop in voltage at high current intensities occurred during polarization

curves.

Polarization curve: cell potential vs. current intensity plot used to characterize the
behaviour of an electrochemical system and obtained by gradually changing the external

resistance from high to low values.

Reference electrode: electrode with a stable and well-known electrode potential. The
stability of the electrode potential is reached by maintaining constant the concentrations

of each participant of the redox reaction.

Single-chamber microbial electrolysis cell: bioelectrochemical system lacking a membrane
that physically separates oxidation and reduction reaction products. A single-chamber
system can also consist of a direct assembly of one of the electrodes and a membrane

not leaving space for the corresponding electrolyte.

Standard hydrogen electrode: redox electrode which forms the basis of the
thermodynamic scale of oxidation-reduction potentials. By convention, it is zero at all

temperatures to form a basis for comparison with all other electrode reactions.
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Starvation: severe or total lack of nutrients needed for living.

Two-chamber microbial electrolysis cell: bioelectrochemical system with a membrane

that physically separates oxidation and reduction reaction products.
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Chapter summary

Cyclic voltammetry has become a standard tool in the study of bioelectrochemical
systems because it is a non-destructive technique that provides useful information about
the electron transfer processes under different operational conditions. However, when
applied to high-surface electrodes, the scan rate must be severely diminished because
otherwise, the capacitive current may mask the faradaic current. This low scan rate
results in an increase of the experiment duration that may lead to significant alteration
of the initial conditions. To investigate this, the repeatability of cyclic voltammetry was
examined in air cathode microbial fuel cells operating in batch mode and at low anode
potentials. Consecutive cyclic voltammetries were recorded at different scan rates,
showing that a scan rate of 0.1 mV/s was low enough to produce alterations in the
performance of the system, especially at high anode potentials where the current
intensity was higher in the subsequent replicates. The results indicate that far from other
reasons as hydrogen accumulation in the cell or growth of the biomass during CV
recording, significant changes in the capability of bacteria to work at high anode

potentials were produced.

A.1 Introduction

The application of standard electrochemical tools such as cyclic voltammetry (CV) is
nowadays a very common practice in the study of bioelectrochemical systems (BES) and
can help gaining insight into the electron transfer processes [1]. Due to the upward trend
in its use, some works have been published for didactic purposes, which provide some

guidelines for researchers in the field for the correct use of this technique [2, 3].

CV experiments have been mostly applied in lab-scale BES to: (i) study the mechanisms
of electron transfer between the biofilm and the electrode, (ii) determine the
enzymes/proteins involved in the process and (iii) evaluate the performance of different

cathode materials.

In Fricke, et al. [1], for instance, CV was recorded at different stages of microbial growth
and metabolic activity to obtain information on the anodic electron transfer processes of

Geobacter sulfurreducens in microbial fuel cells. Similarly, Richter, et al. [4] conducted CV
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experiments on biofilms of wild type and mutant Geobacter sulfurreducens to gain insight
on the role of different proteins on the anodic electron transfer. In that study, a multistep
extracellular electron transfer mechanism was proposed. The effects of setting the anode
potential at different values was also determined by means of CV [5, 6]. More recently,
Yoho, et al. [7] combined CV with EIS to demonstrate that Geobacter sulfurreducens was
able to change its electron transport pathway based on the anode potential. The
performance of carbon, Mn;03 and Fe;0s as cathode materials in MFC was also assessed

by conducting CV experiments [8].

All these works showed that CV is a very useful tool when working with BES from which
much information can be deduced. One of the key parameters when performing CV is
the scan rate, i.e. the rate of the sweep of potential. CV in BES is usually recorded at a
low scan rate such as 1 mV/s, due to the slow kinetics [9]. If the potential swept is too
fast, it can exceed the whole process kinetics and cause insufficient time for current
stabilization at each potential. Decreasing the scan rate has also the advantage of a low
capacitive current due to the double-layer effects. Unlike the faradaic current, capacitive
current is not as a result of any chemical reaction, but due to the accumulation or removal
of electrical charges on the electrode and in the interface between the electrode and the
electrolyte solution. There is always some capacitive current when the potential of an
electrode immersed in an electrolyte solution is changed. In BES, capacitive current
should be minimized as much as possible, as this is not as a result of substrate oxidation
and it can mask important information of the process. Capacitive current can be identified
because it does not reach a limiting current and because it is still present in the absence
of substrate. Furthermore, it is proportional to the electrode surface area and it is
especially high in 3D electrodes such as graphite fiber brushes [2]. However, the
drawbacks of working at low scan rates are the increase of the experiments duration and

a possible induction of biological changes [2].

A.2 Obijectives

The aim of this study is to test the applicability and the reliability of the results of CV in
our air-cathode MFC(AC-MFC).
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A low scan rate must be used due to the large anodic surface area in this cells. Therefore,
it will be investigated whether operating at low scan rates and thus, performing long CV
can alter the system performance. For this purpose, several hypotheses to describe the
experimental profiles of sequential CV in air cathode microbial fuel cells are put forward

and discussed.

A.3 Materials and Methods

A.3.1 Reactors description and medium composition

Both air-cathode MFC (AC-MFC) and small-scale air-cathode MFC (SSAC-MFC) were used
to conduct the experiments (see Materials and Methods in Chapter 3). MFC worked with
an external resistance of 1000 Q under daily operation (unless otherwise specified),

which resulted in an anode potential of around -0.25 V vs SHE.

The synthetic medium described in Chapter 3 was used with acetate as substrate. The
methanogenic inhibitor 2-bromoethanosulfonate was added at a concentration of 10

mM.

A.3.2 Electrochemical analyses

CV experiments were conducted in three-electrode mode at a scan rate of 0.1 mV/s
unless otherwise specified. Prior to each set of replicates, culture medium was renewed
to avoid acetate depletion during the experiments and cells were sparged with nitrogen
for 10 minutes to remove dissolved oxygen. MFC were then connected to its usual
external resistance and once steady-state was reached, experiments were conducted.
Before any CV replicate the cell was left 30 minutes in OC. Moreover, in some cases,
periods (1 or 5 h) in which the cell worked at different anode potentials were also

interspersed among replicates.

A.4 Results and Discussion

A.4.1 Scan rate and capacitive current
The first tests at the beginning of this thesis were carried out in AC-MFC and consequently
with graphite fiber brushes of = 0.8 m? of surface area. CV were recorded at different

scan rates to analyse the system response in each case and determine the most
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convenient scan rate for AC-MFC (Figure A.1). At the highest scan rates (10 and 5 mV/s)
capacitive current was much higher than faradaic current, thus information regarding the
anodic processes could not be drawn from CV. Capacitive current can be easily
recognized because, as stated in the introduction, it did not reach a limiting current, but
it increased during the forward scan (charge accumulation) and then decreased during
the reverse scan (charge release). Capacitive current drastically decreases at 1 mV/s, but
still the capacitive current seemed to overlap the signal of the reaction of interest. For
this reason, when studying the performance of AC-MFC an scan rate of 0.1 mV/s may be

more appropriate, at expenses of long experiments up to 5 hours.

Current intensity (mA)

_3 T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6

Anode potential (V) vs SHE

Figure A.1 CV recorded in an AC-MFC fed with acetate at different scan rates: 10 mV/s
(dash-dotted), 5 mV/s (dotted), 1 mV/s (dashed) and 0.1 mV/s (solid).

A.4.2 Effects of running CV at low scan rates
As previously stated, the high anodic surface area in an AC-MFC (and thus, a high
capacitive current) forced to decrease the scan rate to 0.1 mV/s when conducting CV.

However, long experiments can lead to biological variations.

Three consecutive replicates were recorded in SSAC-MFC at different scan rates (2, 1, 0.5
and 0.1 mV/s) to study the extent to which recording of CV might affect the performance

of the cells. All the experiments presented from this point were conducted in SS-MFC
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(unless otherwise specified) to avoid high capacitive currents even at 2 and 1 mV/s
(because of its lower anodic surface area, 0.18 m?), and due to its more robust design
compared to the AC-MFC. Differences in the successive replicates were expected if the
performance of CV altered the performance of the cell. Figure A.2 shows the CV replicates
performed at the four scan rates. For all the scan rates tested, the current intensity was
always higher in the subsequent replicates. Moreover, the lower the scan rate and thus,
the longer the experiment, the more significant these differences were, suggesting
possible changes in the system, particularly at 0.1 mV/s. It has to be noted that during
each of the experiments at 0.1 mV/s, SS-MFC operated for more than 4 hours at anode
potentials higher than -0.25 V vs SHE (its value under daily operation with 1000 Q of
external resistance), whereas experiments at 2, 1 and 0.5 mV/s lasted only around 15

min, 30 min and 1 h, respectively.

The more significant differences between replicates (particularly in Figure A.2D) were
observed at anode potentials higher than -0.20 V vs SHE. Furthermore, the SS-MFC
reached current intensities close to 4 mA at the scan rates 2, 1 and 0.5 mV/s, whereas

current intensity reached a value close to 10 mA at a scan rate of 0.1 mV/s.

According to the results, the behaviour of the cell changed during the experiments. These
changes may have been a result of i) changes in external conditions such as pH or
conductivity ii) hydrogen production/accumulation and subsequent consumption by ARB
iii) synthesis of redox compounds, which shuttle electrons between bacterial cells and
the anode, iv) biomass growth or v) adaptation of the microorganisms to higher anode

potentials during the CV.

Since the most significant differences between replicates were found at 0.1 mV/s, all

experiments to determine the source of these changes were conducted at this scan rate.
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Figure A.2 CV replicates performed at scan rates (A) 2 mV/s (B) 1 mV/s (C) 0.5 mV/s and
(D) 0.1 mV/s. First replicate (solid), second replicate (dashed), third replicate (dotted).

Note different scales in current intensity.

A.4.3 Possible changes in pH and conductivity

Possible pH or conductivity changes during the experiments were ruled out through
periodical measurements at the beginning and at the end of CV experiments. Moreover,
as previously discussed in the General Introduction in Chapter 1, protons are produced
during the oxidation reaction of acetate. Hence, proton transport limitations out of the
biofilm could eventually drive to a local pH decrease within the biofilm. This local pH
decrease, however, could not be measured, but if it had significantly affected the
performance of the cell, a lower response rather than a higher one would have been
expected in subsequent replicates. The same effect would have been also expected for a

local pH increase due to proton consumption in the cathodic reaction.
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A.4.4 Possible accumulation of hydrogen

The possible lack of repeatability caused by the production of hydrogen at the cathode
was also studied. If the cathodic reaction had been limited by oxygen during the recording
of CV, hydrogen could have been produced given that a voltage is being applied by the
potentiostat. Thus, the performance of the cell could have been affected due to the
capability of some ARB to consume hydrogen [10]. In this sense, the increase of the
current intensity from the first to the subsequent replicates could have been produced

as a consequence of hydrogen accumulation in the cell.

A CV was recorded following the same procedure as in the previous experiments.
However, the cathodic potential was also monitored during the whole experiment. Figure
A.3A shows the anode and cathode potentials over the time during the CV as well as the
theoretical cathodic potential to generate hydrogen calculated at 298 K, a pH of 7.5 and
a hydrogen partial pressure of 1 atm. The cathode potential was lower than the
theoretical potential for hydrogen production practically from the beginning of the
reverse scan, and thus, hydrogen could have been generated. A second replicate was
recorded to rule out hydrogen as a cause for the lack of repeatability between replicates.
Hence, nitrogen was sparged in between replicates to eliminate, if present, the
accumulated hydrogen by stripping. As it can be seen in Figure A.3B, the current intensity
in the second replicate was still higher than in the first one, so hydrogen could not be the

cause of the lack of repeatability in CV.
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Figure A.3 Evaluation of possible hydrogen production during CV recording (A) Anode
potential (solid), cathode potential (O) and theoretical cathode potential to generate
hydrogen (dashed) (B) CV replicates with nitrogen sparging in between them. First

replicate (solid), second replicate (dashed).

A.4.5 Possible electron-mediators production

As stated in the General introduction in Chapter 1, the extracellular electron transfer
(EET) from the anode respiring bacteria (ARB) to the anode can occur through direct
transfer (via c-type cytochromes [11], a conductive biofilm matrix or nanowires [12, 13])
or indirect transfer by means of electron shuttles [14]. Therefore, it was hypothesized
that if the EET in our cells was mediated by electron shuttles, the observed lack of
repeatability in CV experiments could be related to the mediator-producing capacity at
high anode potentials. Hence, a subsequent accumulation of mediators in the culture

medium could produce an enhancement of the current intensity.

To test this hypothesis, the relevance of mediators in the anodic electron transfer
mechanism in our MFC was assessed. For this purpose, the current intensity recovery
after two different perturbations was monitored: (i) renewing the culture medium and
(ii) removing and re-adding the same culture medium. After each medium addition, cells

were sparged with nitrogen for 10 minutes.
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Figure A.4 Experimental current intensity profiles of MFC before and after (A) renewing
the culture medium and (B) removing and re-adding the same culture medium. Cells were

connected again at time O h.

Figure A.4A shows that the MFC needed 9 hours approximately to recover its initial
current intensity values when culture medium was refreshed. In contrast, when the same
medium was re-added, the cell recovered almost instantly (Figure A.4B). These results
were different from others found in the literature. In Bond and Lovley [15], it took 10 days
for Geothrix fermentans to recover its original power production after replacement of the
medium, which evidenced electron shuttles as mechanism for EET. The recovery period
in this case was much lower and exoelectrogenic activity was detected from the
beginning of the cycle, which suggest that electron mediators had not a significant role
in the EET process. Differences between both experiments here might have been caused
by lower temperature of the fresh medium. Therefore, the experimental results allow
ruling out changes in the mediator-production capacity as a cause for the change of

performance during the experiments.

A.4.6 Biological changes: growth vs adaptation

Biomass growth during the experiments could theoretically agree with the experimental
results, particularly when ARB had been growing under anode potential limitation during
their daily operation. Hence, given the fact that anode potential increased during the CV
experiments and that these experiments were quite long, ARB growth could be

significant.
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Adaptation of bacteria to high anode potentials and thus, to high current intensities has
been already reported. Zhu, et al. [16] stated that biofilms acclimated to high anode
potentials can generate higher current intensities, since bacteria express more electron
transfer component, i.e. organic or inorganic components used to transfer electrons to a
final electron acceptor. This dynamic behaviour of bacteria was also studied in
polarization and power curves, where the occurrence of power overshoot (caused by a
rapid decrease in voltage and current intensity) was eliminated by allowing sufficient time
for bacteria to adjust to a change in the external resistance [17] or by simply adapting the
reactors to low external resistances [18]. In another study Zhu, et al. [6] claimed that ARB
were able to self-regulate electron transfer pathways to adapt to different anode
potentials. This observation was corroborated in Yoho, et al. [7], where the potential-
dependency of two different electron transport pathways in a pure culture of Geobacter
sulfurreducens was proved. In the same study it was stated that a shift between these

two pathways could be accomplished in a matter of minutes.

Previous experiments showed that when recording CV at 0.1 mV/s, the current intensity
achieved in a certain replicate was higher than in the previous one. To discern between
growth and adaptation of the biomass, CV were recorded by interspersing in between
replicates periods of O h (initial), 1h and 5 h, in which the anode potential was set at -0.25
V vs SHE (its value under daily operation). According to the previous experiments,
changes occurring in the system were produced in a period of time of 5 hours. In this
manner, it was hypothesized that if bacteria were able to acclimate or adapt to high
anode potentials in such a low time, by operating at low anode potentials for a similar
period of time, adaptation to low anode potentials could also occur. Therefore, the
current intensity would not increase from one replicate to the other, since the cell would

have returned to its initial conditions by operating at its usual anode potential.

In contrast, if changes were related to biomass growth, the electroactivity of bacteria at
high anode potentials should not be affected by working at low anode potentials for a
short period of time. Thus, a higher current intensity could be likewise expected in the

subsequent CV replicates.
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Figure A.5 CV experiments after setting the anode potential at its typical operation value

for 0 h (solid), 1 h (dashed) and 5 h (dotted).

Figure A5 shows the three consecutive CV replicates performed with interspersed
periods of 0, 1 and 5 h, in which the anode potential was set at -0.25 V vs SHE. Current
intensity after operating at this anode potential for 1 h was higher than in the initial CV
replicate, which could a priori suggest biomass growth during the CV replicates. However,
the current intensity profile after working at an anode potential of -0.25 V vs SHE for 5 h
was very similar to the one in the previous replicate (1 h). These results suggest bacterial
adaptation based on the anode potential as a more likely option rather than biomass
growth for the lack of repeatability in CV replicates, since operating at a low anode
potential for 5 hours has avoided a higher current intensity in the third replicate.

Additional tests allowed concluding that substrate limitation was not the reason why the
intensity did not increase in the CV replicate after 5 h at -0.25 V vs SHE (results not

shown).

A.4.7 Adaptation of bacteria to high anode potentials

The results obtained so far seemed to indicate that the differences between CV replicates
were mainly caused by an adaptation of ARB to high anode potentials. As previously
stated, the MFC used in this study operated with an external resistance of 1000 Q, which

resulted in an anode potential around -0.25 V vs SHE. In this manner, during the long CV
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experiments bacteria would have probably adapted to work at higher anode potentials.
In this context, two consecutive CV replicates were recorded after setting the anode
potential at 0.21 V vs SHE (which we considered a high anode potential) for different
periods of time. Figure A.6 displays the replicates after 1 and 5 hours operating at this
anode potential. In the first case, the MFC still showed a higher response in the second
replicate, but MFC exhibited practically the same response in both replicates after 5 hours
at an anode potential of 0.21 V vs SHE. Figure A.6C shows the current intensity evolution
over time previous to any CV experiment when the anode was poised at this potential for
1 and 5 hours. As observed, after an initial drop, the current intensity followed an
increasing trend and after 5 hours, it finally stabilized. Thus, lack of repeatability after 1

hour could be expected, since at that point the current intensity was still increasing.

Most of the voltammograms presented in this work exhibited a peak/decrease in current
intensity despite being recorded at a very slow scan rate (0.1 mV/s). However, in those
replicates recorded after operating MFC at an anode potential of 0.21 V vs SHE (Figure
A.6) peaks seemed to disappear. These results are in agreement with those in Yoho, et
al. [7], in which a current intensity decrease in voltammograms was observed for biofilms
grown at a low anode potential (-0.145 V vs SHE). In that study, a shift between electron
transport pathways was proposed as a cause for this drop in current intensity. Therefore,
it seems logical that by operating at high anode potentials for a certain period of time,

peaks in current intensity did not appear.
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Figure A.6 CV replicates recorded after setting the anode potential at 0.21 V vs SHE for
(A) 1 h and (B) 5 h. First replicate (solid) and second replicate (dashed). (C) Current

intensity evolution at 0.21 V vs SHE.

Differences between CV replicates recorded at 0.1 mV/s were minimal when MFC had
been working at high anode potentials (0.21 V vs SHE). As previously stated, our cells
worked with an external resistance of 1000 Q under daily operation, which resulted in an
anode potential of -0.25 V vs SHE. Hence, it was finally tested whether the differences
between consecutive CV replicates could be likewise eliminated by working at low
external resistances. Figure A.7 displays two consecutive CV replicates of different AC-
MFC, which had been working with external resistances of 12 Q, 50 Q and 470 Q for over
two months. Current intensity in the second replicate was still higher than in the first one
in all cases, despite the higher current intensities achieved during daily operation (6, 4
and 1.75 mA for 12 Q, 50 Q and 470 Q, respectively, whereas only 0.5 mA for 1000 Q).

However, as the anodic overpotential was relatively low, the anode potential only ranged
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from -0.18 to -0.25 V vs SHE for the lowest and the highest external resistance,
respectively. Therefore, lower external resistances did not avoid lack of repeatability in
CV experiments and a potentiostat would be required to allow ARB adaptation to high

anode potentials.
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Figure A.7 CV replicates performed at 0.1 mV/s in cells with an external resistance of (A)
12 Q (B) 50 Q and (C) 470 Q under daily operation. First replicate (solid), second replicate

(dashed) and anode potential and current intensity under daily operation (dotted).

A.5 Conclusions

In this study, it has been experimentally demonstrated that the use of AC-MFC with high-
surface electrodes and usually operated at low anode potentials is not suitable for
fundamental research if the use of electrochemical techniques such as CV is required.
Under these conditions, very low scan rates had to be used for a better
faradaic/capacitive current ratio. This resulted in large experiments, during which

biological changes occurred.

The results evidenced that the recording of CV at very low scan rates altered the system
performance. Different current intensity profiles were obtained in subsequent replicates,
which appeared to be caused by changes in the capability of bacteria to work at high
anode potentials. Differences between replicates could be eliminated by either operating
MFC at high anode potentials such as 0.21 V vs SHE for sufficient time or operating the
cells at their usual anode potential in between replicates. However the response of the
system will be different in each case, being the current intensity at high anode potentials

much higher in the former case.
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Therefore, analysis of CV should be carefully done and as long as possible experiments
should be performed in small-scale cells, where the scan rate could be increased to 1

mV/s if required.

References

[1] K. Fricke, F. Harnisch, U. Schroder, On the use of cyclic voltammetry for the study of

anodic electron transfer in microbial fuel cells, Energ Environ Sci, 1 (2008) 144-147.

[2] F. Harnisch, S. Freguia, A Basic Tutorial on Cyclic Voltammetry for the Investigation of

Electroactive Microbial Biofilms, Chem-Asian J, 7 (2012) 466-475.

[3] F. Zhao, R.C.T. Slade, J.R. Varcoe, Techniques for the study and development of
microbial fuel cells: an electrochemical perspective, Chemical Society Reviews, 38 (2009)

1926-1939.

[4] H. Richter, K.P. Nevin, H. Jia, D.A. Lowy, D.R. Lovley, L.M. Tender, Cyclic voltammetry
of biofilms of wild type and mutant Geobacter sulfurreducens on fuel cell anodes
indicates possible roles of OmcB, OmcZ, type IV pili, and protons in extracellular electron

transfer, Energ Environ Sci, 2 (2009) 506-516.

[5] C.I. Torres, R. Krajmalnik-Brown, P. Parameswaran, A.K. Marcus, G. Wanger, Y.A.
Gorby, B.E. Rittmann, Selecting Anode-Respiring Bacteria Based on Anode Potential:
Phylogenetic, Electrochemical, and Microscopic Characterization, Environ Sci Technol, 43

(2009) 9519-9524.

[6] X. Zhu, M.D. Yates, M.C. Hatzell, H. Ananda Rao, P.E. Saikaly, B.E. Logan, Microbial
Community Composition Is Unaffected by Anode Potential, Environ Sci Technol, 48 (2013)
1352-1358.

[7] R.A. Yoho, S.C. Popat, C.I. Torres, Dynamic Potential-Dependent Electron Transport
Pathway Shifts in Anode Biofilms of Geobacter sulfurreducens, Chemsuschem, 7 (2014)

3413-3419.

[8] E. Martin, B. Tartakovsky, O. Savadogo, Cathode materials evaluation in microbial fuel
cells: A comparison of carbon, Mn;0s, Fe;0s and platinum materials, Electrochim Acta,

58 (2011) 58-66.

Understanding limitations of CV in high-surface bioanodes | 219



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater ‘

[9] E. Marsili, J.B. Rollefson, D.B. Baron, R.M. Hozalski, D.R. Bond, Microbial Biofilm
Voltammetry: Direct Electrochemical Characterization of Catalytic Electrode-Attached

Biofilms, Appl Environ Microb, 74 (2008) 7329-7337.

[10] H.S. Lee, B.E. Rittmann, Significance of Biological Hydrogen Oxidation in a Continuous

Single-Chamber Microbial Electrolysis Cell, Environ Sci Technol, 44 (2010) 948-954.

[11] C.R. Myers, J.M. Myers, Localization of cytochromes to the outer membrane of

anaerobically grown Shewanella putrefaciens MR-1, J Bacteriol, 174 (1992) 3429-3438.

[12] G. Reguera, K.D. McCarthy, T. Mehta, J.S. Nicoll, M.T. Tuominen, D.R. Lovley,

Extracellular electron transfer via microbial nanowires, Nature, 435 (2005) 1098-1101.

[13] Y.A. Gorby, S. Yanina, J.S. McLean, K.M. Rosso, D. Moyles, A. Dohnalkova, T.J.
Beveridge, I.S. Chang, B.H. Kim, K.S. Kim, D.E. Culley, S.B. Reed, M.F. Romine, D.A.
Saffarini, E.A. Hill, L. Shi, D.A. Elias, D.W. Kennedy, G. Pinchuk, K. Watanabe, S. Ishii, B.
Logan, K.H. Nealson, J.K. Fredrickson, Electrically conductive bacterial nanowires
produced by Shewanella oneidensis strain MR-1 and other microorganisms, P Natl Acad

Sci USA, 103 (2006) 11358-11363.

[14] D.R. Lovley, Bug juice: harvesting electricity with microorganisms, Nat Rev Micro, 4

(2006) 497-508.

[15] D.R. Bond, D.R. Lovley, Evidence for Involvement of an Electron Shuttle in Electricity

Generation by Geothrix fermentans, Appl Environ Microb, 71 (2005) 2186-2189.

[16] X. Zhu, J.C. Tokash, Y. Hong, B.E. Logan, Controlling the occurrence of power
overshoot by adapting microbial fuel cells to high anode potentials, Bioelectrochemistry,

90 (2013) 30-35.

[17] V.J. Watson, B.E. Logan, Analysis of polarization methods for elimination of power

overshoot in microbial fuel cells, Electrochem Commun, 13 (2011) 54-56.

[18] Y.Y. Hong, D.F. Call, C.M. Werner, B.E. Logan, Adaptation to high current using low
external resistances eliminates power overshoot in microbial fuel cells, Biosens

Bioelectron, 28 (2011) 71-76.

220 ‘ Understanding limitations of CV in high-surface bioanodes



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

Curriculum Vitae

Name: Yolanda Ruiz Franco
Date of birth: March 5, 1986 (Barcelona, Spain)

Email: yolanda.ruiz.franco@gmail.com

EDUCATION

2011- Present

2010-2011

2004-2009

WORK EXPERIENCE

PhD student in Environmental Science and Technology.
Universitat Autonoma de Barcelona.
Title: “Scale-up opportunities of microbial electrolysis cells for

hydrogen production from wastewater”.

Master in Environmental Studies, Environmental Technology.
Universitat Autonoma de Barcelona.
Title: “Examining the potential applications of low scan cyclic

voltammetry in mixed culture bioelectrochemical systems”.

Engineer's degree, Chemical Engineering.

Universitat Autonoma de Barcelona

2011-Present

2009-2010

PhD grant (FPU — Ministerio de educacion, cultura y deporte).

Simulation Engineer at Inprocess Technology & Consulting Group,

S.L.

LANGUAGES AND COMPUTER SKILLS

Catalan and Spanish (mother tongues)

English (advanced)

German (intermediate)

Curriculum Vitae | 221



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

Windows and Office products (Advanced level), Sigmaplot (Advanced level), MATLAB

(medium level), AutoCAD (medium level) and Aspen HYSYS (medium level).

PUBLICATIONS IN JOURNALS

Ruiz, Y., Baeza, J. A., Guisasola, A. Enhanced performance of bioelectrochemical hydrogen

production using a pH control strategy. ChemSusChem 2015, 8 (2), 389-397.

Ruiz, Y., Baeza, J. A,, Guisasola, A. Revealing the proliferation of hydrogen scavengers in a
single-chamber microbial electrolysis cell using electron balances. International Journal

of Hydrogen Energy 2013, 38 (16), 15917-15927.

Ribot-Llobet, E., Montpart, N., Ruiz-Franco, Y., Rago, L., Lafuente, J., Baeza, J. A,
Guisasola, A. Obtaining microbial communities with exoelectrogenic activity from
anaerobic sludge using a simplified procedure. Journal of Chemical Technology and

Biotechnology 2014, 89 (11), 1727-1732.

PUBLICATIONS SUBMITTED/ IN PREPARATION

Ruiz, Y., Ribot-Llobet, E., Baeza, J. A., Guisasola, A. Performance of bioelectrochemical

systems after different starvation periods. Submitted

Ruiz, Y., Baeza, J. A, Guisasola, A. Microbial electrolysis cell performance using non-

buffered and low conductivity wastewaters. In preparation

CONFERENCES

Ruiz, Y., Rago, L., Cortés, P., Baeza, J.A. and Guisasola, A. Identifying hydrogen scavengers
in a single-chamber membrane-less microbial electrolysis cell. 4" International MFC

Conference, Cairns, Australia 2013. Poster presentation.

Ruiz, Y., Baeza, J. A., Guisasola, A. High hydrogen production at a very low applied
potential through pH control strategies. 2nd European meeting of the International
Society for Microbial Electrochemistry and Technology, Alcala de Henares, Spain 2014.

Poster presentation

222‘ Curriculum Vitae



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

Notes

Notes | 223



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

Notes

224 | Notes



Scale-up opportunities of microbial electrolysis cells for hydrogen production from wastewater

Notes

Notes | 225






