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Resum

La presencia de nitrats (NO3') en aiglies subterranies és una preocupacio global. En
certes zones geografiques, les concentracions de nitrat excedeixen els limits
marcats per a la Organitzacio Mundial de la Salut (OMS) per al consum huma
(superiors a 50 mgNO;-L™" (11.29 mgN-L")). Actualment, les tecnologies més
efectives per a eliminar el nitrat en aiglies subterranies sén la osmosi inversa, la
electrodialisi inversa o l'intercanvi ionic. Perd aquestes tecnologies requereixen
d’alts consums energetics i es basen en separar el nitrat i concentrar-lo en salmorra,
la qual té un dificil tractament. D’altre banda, la desnitrificacié biologica permet la
conversié del nitrat (toxic) en dinitrogen gas (N;) (inert). Convencionalment, la
desnitrificacid es porta a terme de forma heterotrofica. Aquest procés implica la
generacié de biomassa en excés i requereix de I'addicié de materia organica, la qual
s’ha d’eliminar completament per a I'Gs de I'aigua pel consum huma. Per aquestes
raons, els processos de desnitrificacid autotrofica seria els més adients per a tractar

aigua subterrania.

En biocatodes de sistemes bioelectroquimics (BES), bacteries autotrofiques
desnitrificants son capaces de reduir els nitrats a dinitrogen gas tot emprant
I’electrode catodic com a donador d’electrons. Aquest procés implica una baixa
generacié de biomassa (degut a les bacteries autotrofiques) i la utilitzacié d’una
font d’electrons segura i virtualment infinita (I'eléctrode catodic). Degut a les seves
caracteristiques positives, aquesta tesi té com a objectiu avaluar la utilitzacié dels

sistemes BES desnitrificants per al tractament de nitrats en aiglies subterranies.

Primerament, es va demostrar que el nitrat present en aiglies subterranies es
podia reduir a dinitrogen gas fent servir la tecnologia BES malgrat la baixa
conductivitat de l'aigua subterrania (el qual és un factor limitant en aquesta
tecnologia). A posteriori, es van avaluar diferents configuracions electroquimiques
per tal de: i) assolir carregues desnitrificants competitives, ii) incrementar la

viabilitat de la tecnologia.
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La operacié dels sistemes bioelectroquimics es va mostrar com a un dels factors
claus per tal d’obtenir altes carregues desnitrificants sense I'acumulacido de
substancies intermeédies (nitrit i oxids nitrds). En aquesta tesi, la operacié del
sistema a un potencial catodic fixe en el rang de -103 a -203 mV vs SHE va permetre
el tractament d’aigua subterrania contaminada per nitrats. Aquesta operacid va
permetre assolir els limits marcats per a aigua de consum huma en quan a nitrats i
nitrits i, a més a més, va minimitzar les emissions de N,0. Tot operant el sistema en
aquestes condicions a llarg termini, es va assolir que I'aigua de sortida del reactor
no contingués ni nitrats, ni nitrits, ni oxid nitrés. A més a més, es va aconseguir
incrementar les carregues d’eliminacié de nitrat fins a 700 gN-m‘chc-d‘1 quan el
sistema es va operar a baixos temps de residencia hidraulica i es van emprar

reactors tubulars en lloc de rectangulars.

Per tal d’incrementar la viabilitat de la tecnologia, es va demostrar que I'Gs d’un
potencial catddic fixe permetia el tractament de l'aigua subterrania sense la
necessitat d’afegir matéria organica en el compartiment anodic, ni cap mena
d’agent quimic extern en cap etapa del procés. En conseqiiéncia, el tractament de
I"aigua subterrania es va poder assolir a un cost d’operacié competitiu. A més a més,
es va estudiar la utilitzacié d’electrodes anodics de Ti-MMO per a la produccio de
clor lliure. Tot hi que cal optimitzar-ne el seu Us, la utilitzacié d’anodes de Ti-MMO

permetria implementar processos de desinfeccié en el compartiment anodic.

Es va avaluar diferents estratégies per a monitoritzar les BES desnitrificants des
del punt de vista microbiologic i electroquimic: i) La utilitzacié de citometria de flux
combinada amb T-RFLP va permetre elucidar la funcid de les diferents
subcomunitats microbianes en el biocatode desnitrificant, tot identificant la
responsabilitat de les diferents subcomunitats en els diferents passos de la
desnitrificacié. ii) La utilitzaci6 de microcosmes va permetre caracteritzar la
transferéncia externa d’electrons en biofilms biocatodics. Especificament, es va
descriure la termodinamica associada a la reduccié de nitrat i de nitrit en un

biocatode dominat per Thiobacillus sp.
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Comptat i debatut, els resultats presentats en aquesta tesi demostren que els
sistemes bioelectroquimics tenen el potencial per a convertir-se en una alternativa

per al tractament d’aiglies subterranies contaminades per nitrats.
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Summary

The presence of nitrates (NOs) in groundwater is a worldwide concern. In several
geographic zones, nitrate exceeds the healthy standards for drinking-water
consumption (above 50 mgNO; L (11.29 mgN-L?)) recommended by the World
Health Organization (WHO). Nowadays, reverse osmosis, reverse electrodialysis and
ion exchange are considered as the most recommended technologies for dealing
with nitrates in groundwater. However, these conventional technologies are energy
demanding, and nitrate is concentrated in a waste brine of difficult disposal. On the
contrary, biologic denitrification allows the conversion of harmful nitrate to
harmless dinitrogen gas (N,). However, conventional heterotrophic denitrification
should be discarded for groundwater treatment due to excess of biomass that this
process generates and the requirement of organic matter, which is not permitted in

drinking-water. For these reasons, an autotrophic-based process would be desired.

In biocathodes of bioelectrochemical systems (BES), autotrophic denitrifying
bacteria are able to reduce nitrates to dinitrogen gas using the cathode electrode as
electron donor. This process implies low generation of sludge (autotrophic
bacteria), and the use of a safe and endless source of electron donor (the cathode
electrode). Because of its positive characteristics, this thesis aims to evaluate the

usage of denitrifying BES for the reduction of nitrates in groundwater.

Firstly, it was demonstrated that nitrate present in groundwater could be
reduced to dinitrogen gas using BES even though the low conductivity of
groundwater (which is a restricting parameter of this technology). Then, different
electrochemical configurations were evaluated: i) to promote competitive

denitrification rates and ii) to increment the viability of the technology.

The operation of the bioelectrochemical system was seen as key factor for
obtaining high denitrification rates without accumulation of intermediates (nitrite
and nitrous oxide). In this PhD thesis, the operation at a poised cathode potential in
a range from -103 and -203 mV vs SHE allowed successful nitrate-polluted

groundwater treatment. The standards for drinking-water were accomplished in
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terms of nitrates and nitrites, and N,O emissions were minimized. At long-term
operation, effluents free of nitrate, nitrite or nitrous oxide were achieved.
Moreover, the operation at low hydraulic retention times and the usage of tubular
reactors instead of rectangular reactors were also seen as positive for promoting
higher denitrifying performances (up to nitrate consumption rates of 700 gN-m’

*neerd ™).

In order to increment the viability of the technology, it was demonstrated that
the use of a poised cathode potential allowed a treatment free of organic carbon
(no need of adding it at the anode compartment) or chemical dosages. As a
consequence, a successful treatment could be reached at a competitive operational
cost. Moreover, the use of Ti-MMO anodes for the production of free chlorine was
also evaluated. Besides better results are needed, its optimization can bring in situ

disinfection processes at the anode compartment.

Finally, strategies for monitoring reactor microbiomes of denitrifying BES from
microbiological and electrochemical perspective were successfully evaluated. i) The
use of cytometric fingerprinting using flow cytometry combined with T-RFLP
allowed elucidating the structure-function relationship of a denitrifying biocathode,
identifying the different subcommmunities responsible of the different
denitrification steps. ii) The use of microcosms was shown as effective to
characterize extracellular electron transfer of biocathodic biofilms. Concretely, the
nitrate and nitrite reduction thermodynamics were described for a Thiobacillus sp.

dominated cathode.

In conclusion, results presented in this thesis supports that bioelectrochemical
systems have the potential of being an alternative for nitrate-polluted groundwater

treatment.
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Resumen

La presencia de nitratos (NO3') en aguas subterraneas concierne a una escala global.
En ciertas zonas geograficas, les concentraciones de nitrato los limites sefialados
por la Organizacién Mundial de la Salud (OMS) para consumo humano (superiores a
50 mgNO;3-L™ (11.29 mgN-L™). Actualmente, las tecnologias mas efectivas para la
eliminacion del nitrato en aguas subterrdneas son la osmosis inversa, la
electrodidlisis inversa o el intercambio iénico. Pero estas tecnologias requieren de
un alto consumo energético, y su principio basico és la separacion del nitrato y su
concentracion en salmuera, la cual requiere de un dificil tratamiento. En cambio, la
desnitrificacion biolégica permite la conversién del nitrato (téxico) en dinitréogeno
gas (N) (inerte). De forma convencional, la desnitrificacién se realiza
heterotréficamente. Este proceso implica la generacién de biomasa en exceso y
requiere de la adiciéon de materia organica, que debe ser eliminada completamente
para uso del agua para consumo humano. Por estas razones, los procesos de
desnitrificacion autotroéfica serian los mas indicados para los tratamientos de aguas

subterraneas.

En biocatodos de sistemas bioelectroquimicos (BES), bacterias autotroficas
desnitrificantes son capaces de reducir los nitratos a dinitrégeno gas utilizando el
electrodo catédico como fuente de electrones. Este proceso implica poca
generacién de biomasa (debido a las bacterias autotréficas) y la utilizacién de una
fuente de electrones segura e infinita (el electrodo catddico). Debido a sus
caracteristicas positivas, esta tesis tiene como objetivo evaluar la utilizacion de los

sistemas BES desnitrificantes para el tratamiento de nitratos en aguas subterraneas.

Primero se demostré que el nitrato presente en aguas subterraneas se podia
reducir a dinitrégeno gas utilizando la tecnologia BES, aunque las aguas
subterraneas presentan bajas conductividades (factor limitante en la tecnologia
BES). Después, se evaluaron diferentes configuraciones electroquimicas con el
objetivo de: i) obtener cargas desnitrificantes competitivas, ii) incrementar la

viabilidad de la tecnologia.
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La operacion de los sistemas bioelectroquimicos fue un factor determinante para
obtener mayores cargas desnitrificantes sin acumulacién de sustancias intermedias
(nitrito y éxido nitroso). En esta tesis, la operacion a un potencial catddico fijo en el
rango de -103 a -203 mV vs SHE permitié cumplir los limites estipulados para agua
de consumo humano en relacién a nitrato y nitrito. Ademas, las emisiones de N,0
se minimizaron. Operando el sistema en estas condiciones a largo término, se
consiguié que el agua a la salida del reactor no presentase ni nitrato, ni nitrito, ni
oxido nitroso. Ademas, las cargas de eliminacién de nitrato se incrementaron hasta
700 gN-m>yccd? cuando se operd el sistema a bajos tiempos de residencia

hidraulica y se utilizaron reactores tubulares.

Con tal de incrementar la viabilidad de la tecnologia, se demostré que el uso de
un potencial catddico fijo permitia el tratamiento del agua subterranea sin la
necesidad de adicionar ni materia organica en el compartimiento andédico, ni ningin
agente quimico en ninguna etapa del proceso. Como consecuencia, se obtuvo el
tratamiento del agua subterranea a un coste de operacién competitivo. Adema3s,
también se estudid la utilizaciéon de electrodos andédicos de Ti-MMO para la
produccién de cloro libre. Aunque éste proceso aun necesita de optimizacién, la
utilizacion de anodos de Ti-MMO podria permitiria implementar procesos de

desinfeccidon en el compartimiento anddico.

Se estudiaron diferentes estrategias para monitorizar las BES desnitrificantes
desde el punto de vista microbiolégico y electroquimico: i) La utilizacién de
citometria de flujo combinada con T-RFLP permitié elucidar la funcién de las
diferentes subcomunidades microbianas en el biocdtodo desnitrificante,
identificando qué responsabilidad tienen las diferentes subcomunidades en los
diferentes pasos de desnitrificacion. ii) La utilizaciéon de microcosmos permitid
caracterizar la transferencia externa de electrones en biofilms biocatddicos. De
forma especifica, se describié la termodindmica asociada a la reduccién de nitrato y

nitrito en un biocatodo dominado por Thiobacillus sp.
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En resumen, los resultados presentados en ésta tesis demuestran que los
sistemas bioelectroquimicos tienen el potencial para convertirse en una alternativa

para el tratamiento de aguas subterrdneas contaminadas por nitratos.
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Chapter 1. General introduction

1.1. Background

The presence of nitrate (NOs) in groundwater is a worldwide concern because it
threatens the use of groundwater as drinking-water (Mencié et al., 2011; Qu and
Fan, 2010; Sprague et al., 2011). Nitrate is a harmful inorganic contaminant known
to cause blue-baby syndrome (Knobeloch et al., 2000) and it has been linked with
cancer (van Grinsven et al., 2010; Weyer et al., 2001). The EPA only recommends
reverse osmosis, electrodialysis and ion exchange as suitable treatment
technologies for nitrate contaminated groundwater (EPA, 2006). However, these
technologies are based on separating the contaminant, which generates waste
brine that is difficult to dispose of. Moreover, these methods also require high
energy demands (Twomey et al., 2010). Biological processes could allow sustainable
treatment. Considering that groundwater that could be used as drinking-water does
not contain organic matter, the biological removal of nitrates (i.e., denitrification

(Figure 1.1)) should be carried out using an autotrophic process.
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Figure 1.1. Standard redox potentials for biological denitrification at pH 7 and 25 2C (Ferguson
and Richardson, 2004).
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Autotrophic denitrifying bacteria can reduce nitrates using inorganic carbon as a
carbon source and inorganic compounds as electron donor. A safe electron donor
with virtually unlimited availability is desirable for treatment. Thus, the use of
biocathodes in bioelectrochemical systems (BES) could accomplish these

requirements.
1.2. Bioelectrochemical systems (BES)

The existence of bacteria that are able to transfer electrons to an electrode was first
described in 1911 (Potter, 1911). However, until 100 years later, pathways could
not be identified that could enable the use of microorganisms for human devices
(Schroder, 2011). The interaction between microbes and electrodes in
bioelectrochemical systems remains a promising method for channeling this

potential use of bacteria to human applications.

Normally, BES are composed of an anode and a cathode separated by an ion
exchange membrane (Figure 1.2). In the anode compartment, oxidation reactions
deliver protons to the media and electrons to the electrode. Protons diffuse to the
cathode through an ion exchange membrane, while electrons are transferred by an
electric connection. In the cathode, protons and electrons are consumed to carry
out reduction reactions. Different applications have been found for
bioelectrochemical systems depending on the reactions that occur in each

compartment (Rabaey et al., 2009).
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Figure 1.2. Basic schematic of a bioelectrochemical system.

As an electrochemical process, the operation of each BES is determined by the
potential at which each reaction occurs. If reactions with overall positive cell
potentials are coupled (equationl.1), a thermodynamically spontaneous process is

produced (equation1.2) that can generate electrical current.

Ecetr = Ecathode — Eanode (€quation 1.1)

where E.. is the cell voltage (V); Ecathode is the cathode potential (V) and Egpode iS

the anode potential (V).

AG = —n - F - E_y; (equation 1.2)

where AG is the Gibbs free energy (J); n represents the number of electrons
involved in the overall electrochemical process; F is Faraday’s constant (96485

C-mol-e!) (V) and E.y is the cell voltage (V).

The first application of BES was a thermodynamically spontaneous process, the
production of electricity (Min and Logan, 2004; Puig et al., 2011a; Rabaey et al.,,
2003). The use of BES for electricity generation began with the oxidation of organic

matter at the anode and abiotic reductions at the cathode. Frequently, the abiotic
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reduction of oxygen (Liu and Logan, 2004; Puig et al., 2010) or ferrocyanide was
used (Aelterman et al., 2006). This configuration allows the production of energy
from different types of wastewaters (Pant et al., 2010), such as urban wastewater
(Liu et al., 2004; Molognoni et al., 2014; Puig et al., 2011a), swine manure (Jung et
al., 2007; Vllajeliu-Pons et al., 2015) or landfill leachate (Puig et al., 2011). In
contrast, if the overall cell potential is negative, a thermodynamically non-
spontaneous process occurs, and energy input will be required. For example, anodic
acetate oxidation with cathodic hydrogen production (Liu et al., 2005; Rozendal et
al., 2008), anodic arsenite oxidation with hydrogen evolution (Pous et al., 2015a) or

anodic sulfide oxidation (Dutta et al., 2010) have been explored.

The usage of cathodic abiotic reduction to sustain thermodynamically
spontaneous processes requires the use of an expensive catalyst (as platinum for
oxygen reduction) or contaminant chemical species (ferrocyanide). To overcome it,
the use of biologic cathodes (biocathodes) started to be evaluated (He and
Angenent, 2006). The use of biocathodes allows not only cathodic oxygen reduction
(Chen et al., 2008; Clauwaert et al., 2007b), but the reduction of other compounds
as nitrate (Gregory et al., 2004). In consequence, the coupling of organic matter
oxidation at the anode with denitrification at the cathode becomes a
thermodynamic spontaneous process (Clauwaert et al., 2007a; Jia et al., 2008; Virdis

et al., 2008).

1.3. Biocathodes

Biocathodes are based on electroactive microorganisms that are able to obtain
electrons from an electrode and perform reductive processes. The investigation of
biocathodes began with oxygen reduction for a sustainable anodic organic matter
treatment (Chen et al., 2008; Clauwaert et al., 2007b). Once its potential was
demonstrated, two more fields of research borned: i) the production of commodity
chemicals, such as hydrogen (Batlle-Vilanova et al., 2014; Jeremiasse et al., 2010;
Rozendal et al., 2008), methane (Cheng et al., 2009), acetate (Batlle-Vilanova et al.,
2015; Marshall et al., 2012; Nevin et al., 2010) or butyrate (Ganigué et al., 2015);
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and ii) the bioremediation of pollutants, such as hexavalent uranium (Gregory and
Lovley, 2005), sulfate (Coma et al., 2013), chlorinated compounds (Aulenta et al.,
2008), perchlorate (Butler et al., 2010), hexavalent chromium (Xafenias et al., 2013)
or nitrobenzene (Wang et al., 2011). In the group of pollutants reduced in
biocathodes, nitrate could also be included (Clauwaert et al., 2007a; Gregory et al.,
2004; Virdis et al., 2009b). The conversion of nitrate to dinitrogen gas in
biocathodes has not been fully demonstrated, since dinitrogen gas has not been
analysed in denitrifying biocathodes. The main reason is that influent mediums are
usually sparged with N, gas in order to ensure anoxic conditions. However, the
available results suggest that denitrifying biocathodes are able to convert nitrate
into dinitrogen gas. The reduction of nitrate, nitrite and nitrous oxide has been
described without ammonium production (Virdis et al., 2009b). It suggests that the
methabolic pathway is directed to dinitrogen gas. Thus, the complete
bioremediation of nitrate (nitrate conversion to dinitrogen gas) could be

accomplished using biocathodes.

The removal of reducible contaminants using BES represents an alternative to
conventional biologic treatments and is usually conducted using organic matter as
the electron donor (i.e., heterotrophic bacteria) (Aulenta et al., 2005; Soares, 2000).
Biocathodes allow autotrophic treatment, which prevents the generation of excess

biomass that occurs during heterotrophic processes.

In conventional autotrophic processes for nitrate treatment, hydrogen (Lee and
Rittmann, 2002), iron (Huang et al., 1998) or sulfur (Kimura et al., 2002) must be
supplied. By contrast, an electrode is used as the electron donor in denitrifying BES,
which results in a safe and virtually unlimited supply of electrons for the
denitrification process. However, different considerations should be assessed to

understand and operate denitrifying biocathodes.

For treating nitrate-polluted groundwater, the following main points should be
considered: i) the nature of the reduction process (electrochemical and biological);
ii) the extracellular electron transfer mechanism; iii) restrictions of the process

related to water characteristics; and iv) the BES configuration.
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1.4. Denitrifying biocathodes

1.4.1. Nature of the nitrate reduction process (denitrification)

Biological denitrification involves four reduction steps (Figure 1.1), from nitrate to
dinitrogen gas (N,) through nitrite (NO,), nitric oxide (NO) and nitrous oxide (N,O).
In this pathway, nitrite and nitrous oxide can accumulate due to their chemical
stabilities. The generation of NO, or N,O can threaten the sustainability of
denitrification because nitrite is more toxic than nitrate for human health (WHO,
2011), and nitrous oxide is a greenhouse gas with 298 times more impact per unit
weight than CO, (Forster et al., 2007). For a sustainable process, nitrate should be
converted to dinitrogen gas without the accumulation of any of these

intermediates.

The reduction of nitrate (Virdis et al., 2009), nitrite (Clauwaert et al., 2007a; Puig
et al., 2011c; Virdis et al., 2008) and nitrous oxide (Desloover et al., 2011; Virdis et
al., 2009b) in biocathodes have been demonstrated. It suggests that, from the
engineering point of view, denitrification takes place in biocathodes, and thus the
nitrate can be successfully converted to dinitrogen gas. However, from the author’s
best knowledge, dinitrogen gas production in denitrifying biocathodes has not been

evaluated yet.

From the microbiological perspective, genes encoding for nitrate reductases
(narG and napA), nitrite reductases (nirK and nirS), nitric oxide reductase (norB) and
nitrous oxide reductase (nosZ) have been amplified in denitrifying biocathodes (Van
Doan et al., 2013; Vilar-Sanz et al., 2013). The amplification of these genes supports

the biological reduction of nitrate to dinitrogen gas in the cathode.

Analyses of the microbial community present in denitrifying biocathodes for
wastewater treatment have been performed. The enrichment of different species in
the Proteobacteria phylum has been observed in different studies (Chen et al.,
2008; Cong et al., 2013; Gregory et al., 2004; Kondaveeti and Min, 2013; Park et al.,
2006; Van Doan et al., 2013; Vilar-Sanz et al., 2013; Wrighton et al., 2010),
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suggesting that these species play an important role in denitrifying BES. Regarding
specific microorganisms, few examples of pure cultures that can performe
bioelectrochemical reduction of nitrate have been reported. Gregory and co-
workers (2004) demonstrated that Geobacter metallireducens can use electrons
from an electrode to reduce nitrate to nitrite. In addition, Kato et al. (2012)
observed electrical currents in a system where a compartment fed with acetate and
containing Geobacter sulfurreducens was connected through conductive minerals
with a compartment fed with nitrate and containing Thiobacillus denitrificans. The
results of Kato et al. (2012) suggested that Thiobacillus denitrificans could also

catalyze bioelectrochemical nitrate reduction.

1.4.2. Extracellular electron transfer mechanism

Because biocathodes employ bacteria that can use electrons delivered from an
electrode to carry out reductive processes, understanding the extracellular electron
transfer (EET) mechanism is fundamental. The EETs in bioanodes have been broadly
investigated. Consequently, the EET mechanisms of different known anode-
respiring bacteria (ARB), such as Geobacter sulfurreducens (Fricke et al., 2008),
Shewanella oneidensis (Marsili et al., 2008), Thermincola ferriacetica
(Parameswaran et al., 2013) or Geoalkalibacter subterraneus (Carmona-Martinez et
al., 2013), have been elucidated. However, in biocathodes, this knowledge remains
untapped (Rosenbaum et al., 2011). It has been hypothesized that biocathodic EETs
could be similar to known anodic extracellular electron transfer mechanisms
(Rosenbaum et al., 2011). According to Rosenbaum et al. (2011), this hypothesis is

based mainly based on the following two considerations:

i) Fe(lll)-reducing and Fe(ll)-oxidizing bacteria could use the same Mtr (metal-
reducing) pathway to deliver/obtain electrons (Shi et al., 2012). This is an
interesting approach for nitrate reduction. The existence of microorganisms
that can reduce nitrate using Fe(ll) as an electron donor is well known (Straub
et al., 1996), and the above mentioned species of Geobacter metallireducens

and Thiobacillus denitrificans are relevant examples (Hedrich et al., 2011).
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ii) Some bioanodic biofilms can work indistinctly as biocathodic biofilms for
nitrate reduction (Cheng et al., 2012), hydrogen production (Geelhoed and
Stams, 2011; Jeremiasse et al., 2012) or oxygen reduction (Cheng et al., 2010).
Moreover, the Mtr pathway of Shewanella oneidensis could be reversed for

reducing fumarate (Ross et al., 2011).

In consequence, as for bioanodes (Schroder, 2007), the two main EETs that could
be used in biocathodes (Rosenbaum et al.,, 2011) (and hence in denitrifying

biocathodes) are listed below.

i) Direct electron transfer mechanism (DET): Bacteria obtain electrons directly
from the electrode via outer-membrane redox proteins or self-produced
microbial nanowires.

ii) Mediated electron transfer mechanism (MET): The bacteria uses mediator
molecules (either natural exogenous or self-produced molecules) to transfer

the electrons.

The EET mechanism determines the thermodynamics of the process, and thus
the energy that the bacteria can gain from the reduction reaction (Schroder, 2007).
The energy gain depends on the redox potential of the involved outer-membrane
redox proteins (for a DET mechanism) or mediator molecules (for a MET
mechanism). Therefore, from an engineering point of view, the cathode redox

potential should allow these redox processes to occur.

1.4.3. Restrictions related to water characteristics

From an engineering perspective, the characteristics of water are remarkable and
should be considered. In denitrifying BES, the two main parameters that threaten
the denitrification process are pH (Cheng et al., 2012; Clauwaert et al., 2009) and

conductivity (Puig et al., 2012).

The reductive process in a cathode implies the consumption of protons. If the
proton transfer from the anode to the cathode is not enough, the pH of the cathode

increases (Logan et al., 2006; Torres et al., 2008). The basification of the cathode

10
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would be incremented when treating groundwater because it is characterized by its

low buffering capacity (conductivities below 1600 puS-cm™).

Clauwaert and co-workers (2009) demonstrated that the nitrate removal rate
could be increased from 0.22 to 0.50 ng-NOg,’-m'?’Ncc-d'1 by controlling the pH at 7
when treating synthetic wastewater. However, the addition of chemicals is not
recommended for treating water that will be used as drinking-water. Thus, other
strategies should be investigated. In this sense, Cheng et al. (2012) proposed using
an ano-cathodophilic biofilm, where the electrode potential was switched from -100
to -600 mV vs SHE to promote anodic acetate oxidation and cathodic nitrate
reduction in the same compartment. This system implies that the protons
consumed during the cathodic process were delivered in the same compartment
from the anodic reaction. Nevertheless, the presence of acetate and nitrate in the
same chamber could result in the unwanted growth of heterotrophic denitrifiers

and it also requires the addition of chemicals (acetate).

As explained above, the basification of the cathode occurs due to poor proton
transport between the anode and cathode. Inefficient ion transport results from the
membrane characteristics and the ionic strength of the water (conductivity) (Logan

et al., 2006).

In terms of membrane characteristics, the use of different membranes can
increase the power output in microbial fuel cells by allowing better proton transport
through the membrane (Jung et al., 2007). However, this type of study for

denitrifying BES has not been conducted.

By contrast, the effects of ionic strength in denitrifying BES have been studied.
Low conductivities limit the denitrifying performance (Puig et al., 2012). Low ionic
strength implies a low ion transport (protons and nitrate), which limits the overall
performance. This knowledge is important for treating of nitrate-polluted
groundwater, which is characterized by its low conductivity (<1600u5-cm'1).
Therefore, the treatment of groundwater can restrict the overall performances of

BES.

11
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1.4.4. Operation of the electrochemical process

From an electrochemical perspective, two main cells can be used to deliver
electrons to the cathode and sustain denitrification, i) microbial fuel cells (MFC) and

ii) microbial electrolysis cells (MEC).
1.4.4.1. Denitrifying microbial fuel cell

In a microbial fuel cell (Figure 1.3), cathodic denitrification is sustained by an anodic
reaction with a lower redox potential than that of the nitrate reduction (Figure 1.1).
MFCs have an overall positive cell voltage (equation 1.1 and 1.2); hence, a
thermodynamically spontaneous process occurs with concomitant electricity

production.
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Figure 1.3. Electrochemical configuration for a denitrifying MFC.

The anode and cathode are connected with an external resistance. Although
denitrifying MFCs are usually supported by the anodic oxidation of organic matter
(Clauwaert et al., 2007a; Puig et al., 2012), denitrifying MFCs using sulfide oxidation
at the anode compartment has also been reported (Cai and Zheng, 2013; Cai et al.,

2014).

The most common configuration was first used by Clauwaert and co-workers

(2007a) and was based on synthetic wastewater enriched with acetate at the anode

12




Chapter 1. General introduction

and nitrate at the cathode. The combination of anodic acetate oxidation (-290 mV
vs SHE) and cathodic nitrate reduction (+375 mV vs SHE for NO3/NO;) implies an
overall positive cell voltage. In this system, denitrification relies on both the anode

and cathode performance.

Other configurations different from those proposed by Clauwaert et al. (2007a)
have been explored. For example, the following systems have shown promising
results: i) in situ treatment of eutrophic lakes using organic matter contained in
sediments as the anode electron donor (Zhang and Angelidaki, 2012) and ii) in situ
nitrate removal and desalination in groundwater using a submerged device with

acetate dosing in the anode compartment (Zhang and Angelidaki, 2013).

For nitrate-polluted groundwater treatment methods that aim to deliver
drinking-water, the different configurations explored using MFC require dosing
organic matter in the anode compartment. Hence, to convince future customers
that a BES operated as a MFC is suitable for groundwater bioremediation, the
denitrification rates should be objectively higher than those conventional

heterotrophic denitrification systems.
1.4.4.2. Denitrifying microbial electrolysis cell

In a Microbial Electrolysis Cell, external energy is supplied to the system to allow a
thermodynamically non-spontaneous process to occur or to stimulate a
spontaneous reaction. In a denitrifying MEC, the externally supplied energy could
be used to directly empower the transfer of electrons to denitrifying bacteria, or to
produce hydrogen to promote hydrogenotrophic denitrification (Sakakibara and
Kuroda, 1993). The energy input can be distributed through the following two BES
configurations: i) two-electrode (fixed cell voltage or fixed current) (Figure 1.4) and

ii) three-electrode arrangement (fixed cathode potential) (Figure 1.5).

13
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1.4.4.2.1. Denitrifying microbial electrolysis cell — two-electrode

arrangement

In a two-electrode arrangement (Figure 1.4), a fixed cell voltage or a fixed current is
used, which suggests the use of a device with low complexity. A DC power is enough

to supply the energy required.

Power
source
e e
Microbial electrolysis cell (MEC) - \
H*—>
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Figure 1.4. Electrochemical configuration of denitrifying MEC with two-electrode arrangement.

The first studies of denitrification using MECs did not rely on direct electron
transfer between an electrode and the denitrifiers. These studies were based on the
electrochemical production of hydrogen, which was further used as an electron
donor for biologic denitrification (Sakakibara and Kuroda, 1993). This process was
considered an alternative to conventional hydrogenotrophic denitrification
(Karanasios et al., 2010), in which hydrogen gas is directly supplied to a biological
reactor. But this process is limited by mass transfer due to the low solubility of

hydrogen (approximately 1ImM).

Sakakibara and Kuroda, (1993) demonstrated that the complete reduction of
nitrate to dinitrogen gas could be accomplished by applying different currents from

0 to 40 mA. Although the authors stated that denitrification was mediated by H,, it

14
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cannot be discarded that denitrification using the electrode as electron donor was

taking place simultaneously.

Besides the in situ production of hydrogen for nitrate reduction was effective, it
implied a certain lack of control of the process. The hydrogen generated in the
cathode may or may not be used for nitrate reduction. Hence, low energy efficiency
can be expected for this type of configuration. For this reason, the use of MEC to
promote the direct use of electrons for denitrifying bacteria was evaluated (Park et
al., 2005b). Park et al. (2005b) investigated nitrate reduction in synthetic
wastewater using electrodes as direct electron donors by applying a fixed current
density. These authors observed that the rates of hydrogen production were 100-
fold lower than the nitrate removal rates. Hence, H, was not an intermediate;
nitrate was reduced directly by using the electrode as the electron donor. This
system resulted in a maximum nitrate reduction rate of 435 mgN-NO;-L*h™ at a

fixed current of 200 mA.

In fully autotrophic influents, the strategy of using a fixed cell voltage has been
successfully demonstrated (Kondaveeti and Min, 2013; Kondaveeti et al., 2014; Lee
et al., 2013). In this case, the application of a cell voltage of 0.7 V was considered as

optimum for removing nitrate.

Base on the principle of applying a fixed cell current or a fixed cell voltage, other
strategies for enhancing denitrification have been evaluated, such as the
combination of heterotrophic and autotrophic denitrification at the cathode
compartment (Cong et al., 2013; Zhao et al., 2012) or the promotion of nitrate flux
into the anodic compartment to allow heterotrophic denitrification (Tong and He,

2013).

The use of external power allows thermodynamically non-spontaneous
processes, such as coupling anodic oxidation of water (+820 mV vs. SHE) and
cathodic nitrate reduction (Figure 1.1) (Park et al., 2005b; Sakakibara and Kuroda,
1993) that can be used for the treatment of nitrates without using organic carbon,

which is ideal for groundwater treatment. Nevertheless, the use of a fixed current
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or fixed voltage implies low treatment efficiency because the external energy input

is continuously supplied, regardless of the denitrifying process performance.

1.4.4.2.2. Denitrifying microbial electrolysis cell - three-

electrode arrangement

In a three-electrode arrangement (Figure 1.5), the system is operated at a fixed
cathode potential, which implies the use of a complex apparatus, a potentiostat. In
this configuration, the amount of energy supplied depends on the activity of the
biocathode at the given cathode potential. By switching the cathode potential, the
difference between the standard redox potential of nitrate reduction and the redox
potential of the electron donor (the cathode electrode; working electrode) can be

modified; thus, the energy gained by the bacteria can be switched (Schréder, 2007).

Potentiostat

e e
Microbial electrolysis cell (MEC) - \
H—>
Three-electrode -
| |
Ox -
. N,
Ecell= Ecat—Ean>or<0 .
AG>or<0 . N,O
. NO
. NO,
| |
wed Hé» l/\ Nog-/

Figure 1.5. Electrochemical configuration for a denitrifying MEC with three-electrode arrangement.

In biocathodes, lower cathode potentials correspond with higher energy gains
for the bacteria. Thus, higher biocatalysis can be expected. For this reason, low
cathode potentials (lower than 0 mV vs SHE) are usually used in denitrifying BES.
Gregory et al. (2004) used a fixed cathode potential of -303 mV vs SHE to the
support bioelectrochemical reduction of nitrate to nitrite in a mixed culture

enriched with Geobacteraceae. In addition, these authors demonstrated that
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Geobacter metallireducens is able to reduce nitrate to nitrite at the same cathode

potential by using the electrode as the electron donor.

In mixed cultures, the sole reduction of nitrate has been studied between
cathode potential ranges of +100 to -200 mV vs SHE (Virdis et al., 2009) and +197 to
-403 mV vs SHE (Cheng et al., 2012). In addition, the reduction of the denitrification
stable intermediates (NO, and N,0) have been evaluated between +100 to -200 mV
vs SHE (Virdis et al.,, 2009). In these two studies, the cathodic performance
increased as the cathode potential was lowered when using synthetic wastewater.
Because the use of a poised cathode potential can result in higher electron
efficiency, the treatment of nitrate-polluted groundwater using a denitrifying
biocathode operated at a poised cathode potential could be studied. In these
studies, organic matter (acetate) was used as the anode electron donor. However,
when treating nitrate-polluted groundwater, a process completely free of organic
carbon (acetate) is desirable. Hence, using abiotic anodes instead of anodic acetate

oxidation could be evaluated for treating nitrate-polluted groundwater.
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The main objective of this thesis is to assess denitrifying bioelectrochemical
systems for treating nitrate-polluted groundwater for later use it as drinking-
water. The available knowledge on denitrifying BES is remarkable (Chapter 1).
However, there are still knowledge gaps that need to be filled for the application of
denitrifying BES to nitrate-polluted groundwater bioremediation. This PhD thesis

targets different specific objectives (Figure 2.1.) to address the specific knowledge

gaps.

Water characteristics are key parameters to be taken into account when using
bioelectrochemical systems. In this sense, no studies evaluating the treatment of
real nitrate-polluted groundwater in denitrifying bioelectrochemical systems had
been reported before this thesis started. In this specific case, groundwater is
characterized by relatively high pH (around pH 8) and low conductivity (<
1600uS-cm™), which limits a priori the cathodic denitrification. This PhD thesis
contributes on evaluating denitrifying BES for treating real nitrate-polluted
groundwater. For this reason, the first specific objective was to investigate the

treatment of real nitrate-polluted groundwater using a denitrifying BES (A).

Linked to the restrictions related to water characteristics, it highlights the
operation of the electrochemical process. Different studies have reported on the
operation of denitrifying biocathodes under different electrochemical
configurations. This PhD thesis contributes on investigating which electrochemical

operation is more suitable for the treatment of real nitrate-polluted groundwater

(B).

Moreover, engineering aspects that could prompt the real application of the
technology are also addressed. The effect of using different anode electron donors
and materials (C), different BES reactor designs (F) and different cathode hydraulic

retention time were evaluated to improve the denitrifying BES capabilities.

Considering the nature of the denitrifying process, knowledge is lacking on the
microbiome responsibility of the nitrate reducing pathway. The genetic potential for

performing the whole denitrifying pathway has been proved in denitrifying
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cathodes, and relevant knowledge regarding microorganisms enriched in
denitrifying biocathodes have been obtained. This thesis aimed to investigate the
microbial subcommunities responsible of the different denitrification steps (D). For
the specific application of nitrate-polluted groundwater treatment, this thesis had
the objective of identifying the microorganisms enriched in denitrifying biocathodes
treating real nitrate-polluted groundwater under two different electrochemical

conditions (MFC and MEC operated at a poised electrode potential).

Moving to the extracellular electron transfer mechanism, this PhD thesis
highlights the existing knowledge gaps on EETs mechanisms that govern denitrifying
biocathodes. This PhD thesis investigates the EET thermodynamics in a denitrifying

biocathode as well as the microbiome responsible of the electrochemical signal (E).
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Figure 2.1. Scheme of the targets of this PhD thesis.
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3.1. Denitrifying BES reactor set-up

Graphite (as conductive support and rod as electrode collector) was always used as
the suitable material of the biocathode (Figure 3.1.A). On the side, different
materials (graphite, stainless steel and Ti-MMO electrodes) were assessed as anode

electrodes (Figure 3.1).

Figure 3.1. Materials used as electrodes: A) Graphite granules and graphite rod; B) Stainless steel
mesh and stainless steel rods and C) Ti-MMO rod.
Three different BES designs were used during the experimental period: i)
rectangular design (Figure 3.2); ii) denitrifying microcosms (Figure 3.3) and iii)

tubular design (Figure 3.4).

The rectangular BES was used for Chapters 4-6 (Figure 3.2). It consisted on a
two-chamber d-BES. It was built using two methacrylate rectangular frames (20 x 20
x 2.2 cm, Futura, Spain) separated by a cation exchange membrane (20 x 20 cm,
CMI-7000, Membranes Int., USA). The cathode was filled with granular graphite
(diameter 1.5 - 5 mm, EnViro-cell, Germany) and a graphite rod was used as current
collector (250 x 6 mm, Mersen lbérica, Spain) (Figure 3.1.A). Net cathode volumes
(NCC) between 420 and 600 mL were observed in the different specific studies.

Two different anode materials were tested: graphite and stainless steel. For In 4
and 5, the anode compartment was filled with granular graphite (diameter 1.5 - 5

mm, EnViro-cell, Germany) and a graphite rod was used as current collector (250 x 6
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mm, Mersen |bérica, Spain) (Figure 3.1.A). A net anode volume (NAC) of 420 mL was
observed. In Chapter 6, the anode contained one stainless steel rod (250 x 6 mm)
and stainless steel mesh (20 x 20 cm, path: 5 x 5 mm, Mersen lbérica, Spain) (Figure

3.1.B). This implied an increase of the NAC volume to 784 mL.

In all cases, both anode and cathode were equipped with Ag/AgCl reference
electrodes (+0.197 V vs standard hydrogen electrode (SHE), model RE-5B BASi,
United States). The anode and the cathode contained influent and effluent holes, as

well as a recirculation loop.

Effluent Current collector

/|
Reference (_* Recirculation
electrode loop

20cm

Influent

+

7%
|>\ S0em > £2.2cm

Figure 3.2. A) Rectangular BES. B) Scheme of one of the compartments of the rectangular BES.

Denitrifying microcosms were used in Chapter 7 to perform electrochemical
characterization of denitrifying electroactive biofilms (Figure 3.3). Microcosms
consisted on tailor-made single-chamber bioelectrochemical systems that
possessed a total volume of 20 mL. Each microcosm contained two graphite rods
(CP-Graphite GmbH, Germany) connected with stainless steel wire and one Ag/AgCl

reference electrode (sat. KCI, SE11 Sensortechnik Meinsberg, Germany).
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Reference electrode
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Counter Working
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electrode\ /
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Figure 3.3. Scheme of microcosms used for electrochemical characterization (Pous et al., 2014).

In Chapter 8, a new designed tubular BES was used (Figure 3.4). The tubular
reactor was based on a flow-through configuration. Nitrate-contaminated water
was directly fed to the bottom of the cathode compartment (inner part of the
reactor), and spilled from the top to the anode compartment (outer part of the
reactor). A tubular cation exchange membrane surrounded the cathode (CMI-7000,

Membranes Int., USA).

The cathode compartment was filled with granular graphite (diameter 1.5 - 5
mm, EnViro-cell, Germany) and a graphite rod was used as electrode collector (250
x 6 mm, Mersen Ibérica, Spain) (Figure 3.1.A). It implied a NCC of 240 mL. A Ti-MMO
electrode rod was used as anode electrode (NMT electrodes, South Africa) (Figure
3.1.C). An Ag/AgCl reference electrode was introduced in the cathode compartment

(+0.197 V vs standard hydrogen electrode (SHE), model RE-5B BASi, United States).
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Reference electrode Cathode electrode collector
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exchange < |
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Figure 3.4. A) Tubular BES. B) Scheme of the tubular BES.

3.2. Analyses and calculations
3.2.1. Chemical analyses

Depending on the aim of the experiment, different analyses were performed.
Measurements of ammonium (N-NH,"), chemical oxygen demand (COD), chloride
(CI), chlorine (Cly), inorganic carbon (IC), nitrates (N-NOs’), nitrites (N-NO;),
phosphates (P-PO,*), sulfates (S5-SO,%) and total organic carbon (TOC) were
performed according to the recommendations of the American Public Health

Association (APHA) for standard wastewater (APHA, 2005).

The conductivity, the pH and the turbidity were measured with an EC-meter (EC-
meter basic 30, Crison, Spain), a pH-meter (pH-meter basic 20", Crison, Spain) and

a turbidimeter (Turbidimeter TN-100, Eutech instruments).

In specific experiments, the N,O concentration at the cathode compartment was
monitored online. A nitrous oxide microsensor (Unisense, Aarhus, Denmark) was
collocated in the recirculation loop of the cathode compartment for the rectangular
BES or at the effluent of the anode for the tubular BES (Figure 3.5). The microsensor
was connected to an in situ amplifier that sent the collected data to a laptop, where

Unisense software (sensorTrace BASIC, Unisense, Aarhus, Denmark) stored the data
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every 60 seconds. The sensor was calibrated by successive additions of saturated

N,O solution, obtaining a linear calibration plot.

A B

Figure 3.5. A) Nitrous oxide microsensor. B) Measurement of liquid-phase nitrous oxide in the

experiments with the tubular BES.

3.2.2. Calculation of nitrous oxide concentrations

In order to calculate the total amount of N,O in the cathode from the measured
N,O in the liquid-phase, the following steps were followed. Firstly, the amount of
gas generated in the cathode was calculated from the difference between influent
and effluent of nitrate (NOs’), nitrite (NO;), and nitrous oxide in the liquid phase
(N2Ojiquia) (equation3.1). As a result of denitrification, the gas generated is
composed by nitrous oxide in the gas phase (N,Ogz.) and dinitrogen gas (N>)

(equation 3.1).
ng = ANO3 + ANO; + AN;0yiqyia = nN20yqs + 1N, (equation 3.1)

where ng is the amount of gas generated in the cathode per volume of
groundwater treated (mol N-Lwater'l); ANO3, ANO; and AN;Ojiquiq are the difference
between influent and effluent of the amount of nitrate, nitrite and nitrous oxide in
the liquid phase (mol N-Lwater'l); nN;040s and nN, are the amount of nitrous oxide in
the gas phase and dinitrogen gas produced per volume of groundwater treated (mol

N-Lwater'l). Nitric oxide production was considered negligible. The amount of N,O in
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the gas phase was calculated using equations 3.2 and 3.3. On the one hand, by
assuming that the gas phase in the cathode was only composed by N,O and N,, the

concentration of N,O in the gas- phase is represented as shown in equation 3.2.

nNZO nNZO .
9% = ny,Rf’ﬁs (equation 3.2)

P

[Nzo]gas =

Vgas

where [N;0]4qs is the concentration of N,O in the gas phase (mol N-m'?’); Vigas is
the volume of gas (m3-mwater’3); is the temperature (K); is the ideal gas constant

(8.31451 J-K“mol™) and is the atmospheric pressure (101325 Pa).

On the other hand, the concentration of N,O in the gas-phase can also be

calculated from the Henry’s law (equation 3.3).

__ [N20liiquia .
[N20]gas = oo TR (equation 3.3)

where [N;0]jiquiq is the nitrous oxide concentration in the liquid phase (mol N-m'3)
and kyyo is the Henry’s constant for nitrous oxide at the experimental temperature.
The kyz0 was calculated from the Henry’s constant as a function of the temperature

as shown in equation 3.4.

kn,o = 2.47-107* - exp {_11800 (% — ﬁ)} (equation 3.4)

Finally, by coupling equations 3.2 and 3.3, the amount of nitrous oxide in the gas-

phase can be calculated as presented in equation 3.5.

[N20liiquia

equation 3.5
ko P (eq )

nN2 Ogas =

In order to calculate the total amount of N,O produced per volume of

groundwater treated, equation 3.6 was used:
nN,0 = nN,0yqs + NN, 0yiqyiq (€quation 3.6)

where nN,0O is the total amount of nitrous oxide produced per volume of

groundwater treated (mol N-Lwater'l). Once N,O production was known, the amount
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of N, produced per volume of groundwater treated was calculated by closing the

nitrogen mass balance and considering negligible the presence of nitric oxide.

In Chapter 5 the nitrous oxide concentrations could not be measured and an
estimation approach was used instead. The levels of N,0O production were
calculated according the electron balance at the cathode following the
methodology proposed by Virdis et al. (2009b) (equation 3.7) and considering that
all current was related to cathodic denitrification (a coulombic efficiency of 100%

was assumed).

3600-j
FV

5-ANO; —3-ANO; —2-ANO —1-AN,0 — 0 (equation 3.7)

where j is the current (mA); ANO; are the nitrate consumption rate (mM-N-h™);
ANO,, ANO and AN,O are the nitrite, nitric oxide and nitrous oxide production rate
(mM-N-hY), V is the cathode liquid volume (L) and F is the Faraday’s constant
(96485 Coulombs per mol-e’). The nitric oxide production was considered to be
negligible. To close the mass balance, the level of dinitrogen gas in the effluent was

calculated.

3.2.3. Calculation of quality ratio

Considering the possibility of the simultaneous presence of nitrate and nitrite in
drinking-water, the WHO recommends using a quality ratio (QR) that involve both
the concentration and the guideline value for nitrate and nitrite (WHO, 2011). The
QR should not exceed a value of one (equation 3.8) to consider water as safe
drinking-water in terms of nitrate and nitrite:
QR = Cnoy + Enog <1 (equation 3.8)
1129 091

where, Cyo; is the nitrate concentration (mgN-NO5™-L™) and Cno; is the nitrite

concentration (mgN—NOz'-L'l).
3.2.4. Calculation nitrate, nitrite and nitrous oxide removal rates

The performance of each reduction step from NOs™ to N,, the nitrate, nitrite and

nitrous oxide consumption rates (ANOs, ANO, and AN,O, respectively) were
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calculated using equations 3.9 to 3.11. Nitric oxide accumulation was considered

negligible (Virdis et al., 2009).

_ cNo3, —CNO3 _
ANOZ = mﬂue”;RT effluent (aquation 3.9)

CNO,
ANO; = ANO3 — ——L22 (equation 3.10)

AN,0 = ANO; — “22eLIert (equation 3.11)

where CNO3 infiuent; CNO3 effivent, CNO effiuent and CNOegriien: accounts for nitrate,
nitrite and nitrous oxide concentrations at influent or effluent (either mgN-L™" or

mmolN-L?).
3.2.5. Electrochemical analyses

In the experiments where the BES was operated as a microbial fuel cell (Chapter 5),
the cell potential (V) in the MFC circuit was monitored at one-minute intervals using
an on-line multimeter (Alpha-P, Ditel, Spain) with a data acquisition system

(Memograph® M RSG40, Endress+Hauser, Germany).

A Bio-Logic (Bio-Logic, France) potentiostat was used to perform polarization
curves, cyclic voltammetries or when the BES was operated as a microbial
electrolysis cell with a three-electrode arrangement. Different models were used: A
SP50 model in Chapters 4,5; VSP and VMP3 in Chapter 6 (Figure 3.6); VMP3 in
Chapter 7 and VSP in Chapter 8. In Chapter 7, cyclic voltammetries (CV) were
performed and three cycles were recorded from 0 to -800 mV vs Ag/AgCl at scan

rate of 0.5 mV-s ™. The last cycle is reported.
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Figure 3.6. Bio-Logic potentiostat model VSP.

3.2.6. Generation of Tafel plots

Tafel equations for the oxidative and reductive current are shown in equation 3.12

and 3.13, respectively (Rieger, 1994).

ﬁ.

Ini =Iniy + n:ITJ'n (equation 3.12)

R

-

Ini=lIniy— :5" (equation 3.13)

where iy is exchange current density, i is the electrode current density (A-m~ Net
chamber), F is the Faraday constant (96485 C:mol™ e), R is the ideal gas constant
(8.31 J-mol™*K?), T is the absolute temperature (K), n is the number of electrons
involved in the rate limiting step, n is the overpotential, which is the shift of
electrode potential (E) and the equilibrium potential (E°); and 8 and a are anodic
and cathodic transfer coefficients, respectively. £ is indicative of the oxidative
kinetic activity and a for the reductive kinetic activity. Tafel equation was fitted at

large overpotentials, where |((F-n)/(R-T))| > 1 (Bagotzky, 1993).
3.2.7. Calculation of coulombic efficiency for denitrifying biocathode

The methodology used to calculate the cathode coulombic efficiency (CE) was
different depending on the experiment (continuous or batch mode and the nitrogen

species measured).
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When the system was operated under continuous-flow mode and nitrous oxide
levels could not be measured, the coulombic efficiency was computed according to

Virdis and co-workers (2008) (equation 3.14).

. :

where j is the current (mA), t accounts for the time-converting factor between
seconds and hours (3600); 5 is the number of electrons of electrons that are
transferred during NO;3™ reduction to N, (mol-e” per mol-N); ANO;s is the nitrate
consumption rate (mM-N-h™), V is the cathode liquid volume (L) and F is the

Faraday’s constant (96485 Coulombs per mol-e).

When the system was operated under continuous flow-mode and nitrous oxide
levels were measured, the CE was calculated taking into account the required
current for each sequential step of nitrate reduction to dinitrogen gas. The nitric
oxide accumulation was considered negligible (Virdis et al., 2009). The reduction
steps considered were: the nitrate reduction to nitrite (NO3/NO,’), nitrite to nitrous
oxide (it includes NO reduction to N,0; NO,/N,0) and nitrous oxide to dinitrogen

gas (N,O/N,). The CE was calculated as shown in equation 3.15.

CE = 2 ); (equation 3.15)

V-F-(nnos /N0y “ANO3 +1yo3 /n,0-ANOF +1y, 0/, -AN20

where n accounts for the number of electrons required for each reaction (nno,/no,
= 2, nno;/n0 = 2 and nnon, = 1); ANOj3 is the nitrate consumption rate (mM—N-h'l);
ANO5 is the nitrite consumption rate (mM-N-h"") and AN,O is the nitrous oxide

consumption rate (mM-N-h).
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When the system was operated under batch mode, the coulombic efficiency for
nitrate reduction to nitrite was calculated considering the consumption of two

moles of electrons per mol of reduced nitrate as shown in equation 3.16.

. tC
~ 2:ANO3V-F

CE ; (equation 3.16)

where C is the accumulated coulombs (mC), 2 is the number of electrons of
electrons that are transferred during NO3™ reduction to NO, (mol-e" per mol-N);

ANOys is the nitrate consumed (mM-N).
3.2.8. Molecular analyses

Bacteria present in the cathode of denitrifying BES was analyzed using different

molecular techniques: PCR-DGGE, flow cytometry and T-RFLP.

3.2.8.1. PCR-DGGE analyses

In Chapters 4 and 5, the micoorganisms attached to cathode electrodes were
analyzed using PCR-DGGE. Graphite bars were immersed in 4 ml of 0.1 M of sodium
pyrophosphate (Na4sP,0,-10H,0) and bacterial biofilms were detached by three
consecutive sonication rounds for 20 seconds. The bacterial cells suspended were
centrifuge at 10,000 x g for 2 minutes and the pellet was extracted using the
FastDNA® SPIN Kit for soil (MP, Biomedicals) following the manufacturer’s

instructions.

The bacterial community composition was analyzed by PCR-DGGE approach
using the 16S rRNA gene. PCR reactions were done with primers 357F (5’
CTCCTACGGGAGGCAGCAG) (Turner et al., 1999) and 907R
(5'CCGTCAATTCMTTTRAGTTT) (Lane, 1991). A GC-clamp was attached to the 5’ end
of the forward primer for DGGE analysis. PCR reactions were prepared in a total
volume of 50 pL containing the following: 1x PCR buffer (Tris-HCL, KCl, 1.5 mM
MgCl, and (NH4),S04); 0.5 mM MgCl,; 0.2 mM deoxynucleotides triphosphate; 1x Q
Solution; 0.2 uM of each primer; 0.1 U of Tag polymerase. All chemicals and

reagents were provided by Qiagen®. PCR amplification reactions were done in a
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Gene Amp® 2700 thermal cycler (Applied Biosystems) and consisted of an initial
denaturation step at 942C for 4 min, followed by 10 cycles of 30 sec at 942C, 45 sec
at 529C and 45 sec at 729C and another 15 cycles only changing the annealing
temperature at 502C. PCR products were checked by electrophoresis in agarose

gels.

Approximately, 100 ng of PCR amplified DNA was loaded on loaded on 6% (v/v)
acrylamide—bis-acrylamide gels with a 30-80% urea—formamide denaturing
gradient. DGGE analyses were performed using an INGENY phorU® system (Ingeny,
The Netherlads). Known standards consisting of PCR amplified products of the
microorganisms Micrococcus luteus, Pseudomonas fluorescens, Sulfolobus
acidocaldarius, Saccharomyces cerevisiae and Mucor sp. were loaded at equidistant
positions and used for comparison of DGGE gels. Electrophoreses were run for 15
hours at 160 volts and 60°C. Gels were stained with SYBR® Gold (Invitrogen,
molecular Proves) for 45 minutes and visualized in a Herolab UVT-20M. Images
were documented using ProgRes CapturePro 2.7 program. Bands were excised using
a sterile scalpel. The DNA was recovered by elution in 35 ul Tris/HCI (pH 8.0) at 652C
during 1 hour and re-amplified as described above. The re-amplified PCR products
were purified using the QlAquick PCR purification Kit (Qiagen). The sequentiation
was performed using BigDye® Terminator (Applied Biosystems) and reverse primer

907R in ABI prism TM 310 genetic analyzer (PE Applied Biosystems, California).

3.2.8.2. Flow cytometry, T-RFLP and functional genes analyses

In Chapter 6, cytometric DNA/scatter-plot distribution using flow cytometry and
phylogenetic analysis (16S rDNA T-RFLP analysis and sequencing) was used to

monitor the cathodic microbial community (Koch et al., 2013a, 2013b).

Directly after sampling, the cells were fixated with a 2% paraformaldehyde
solution for flow cytometry. Fixation, washing and DAPI staining were performed
according to Koch et al. (2013a). Cytometric measurements were performed
following the protocol described in Koch et al. (2013b). All subcommunities of

stained cells were marked with gates using a gate template and their abundance
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changes followed over time. The most interesting gates were cytometrically sorted
(200000 cells were separated a part) and further phylogenetically analysed (Koch et
al., 2013b).

For T-RFLP and functional gene analyses performed in Chapter 6, the samples
were centrifuged at 14000g and the pellet was stored at -20°C. DNA extraction, PCR
amplification of 16S rDNA, T-RFLP analysis, cloning and sequencing were performed
according to Koch et al. (2013a). PCR amplification of functional denitrification

genes (napA, narG, nirK, nirS, nosZ) was done according to Vilar-Sanz et al. (2013).

For T-RFLP and functional gene analyses performed in Chapter 7, the electrodes
were cut into four pieces and stored at -20°C at the end of the experiments. DNA
was extracted according to Koch et al. (2013b). PCR amplification of 16S rDNA and
functional denitrification genes was done according to Koch et al. (2013b) and Vilar-

Sanz et al. (2013). Representative samples were further cloned and sequenced.
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BACKGROUND

Groundwater quality is threatened by nitrate accumulation in several regions around the world.
Nitrate must be removed from contaminated groundwater to use it as drinking water. Microbial fuel
cells (MFCs) can be used for autotrophic denitrification. Thus, the use of MFCs is a potential
alternative to using traditional methods for treating nitrate-polluted groundwater.

RESULTS

The objective of this study was to evaluate the potential of MFC technology to treat nitrate-polluted
groundwater (28.32 + 6.15 mgN-NO;~ L™). The bioanode was fed with an acetate solution that
permitted electron and proton flux to the biocathode. Initially, nitrite was observed in the effluent.
After 97 days of operation, the denitrifying-MFC reduced the nitrate and nitrite concentrations in the
effluent (12.14 + 3.59 mgN-NO5™ L™ and 0.14 + 0.13 mgN-NO,~ L™}).Thus, this method improved
water quality to meet World Health Organisation standards. However, nitrous oxide emissions were
deduced from the electron balance, cathode coulumbic efficiency and Tafel plots.
Bioelectrochemical evolution of the biocathode was related to the denitrification nature (sequential
reaction steps from NO;™ to N,, through NO,™ and N,O0 as stable intermediates) and was supported
by the Tafel plots.

CONCLUSION

The bioremediation of nitrate-polluted groundwater with a MFC biocathode is feasible. © 2012
Society of Chemical Industry
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ABSTRACT

Denitrifying bioelectrochemical systems (d-BES) are a promising technology for nitrate
removal. Microbial community monitoring is required to pave the way to application.
In this study, for the first time flow cytometry combined with molecular biology
techniques is exploited to monitor and determine the structure-function relationship
of the microbiome of a denitrifying biocathode. Stable cathode performance at poised
potential (-0.32 V vs Ag/AgCl) was monitored, and different stress-tests were applied
(reactor leakage, nitrate concentration, buffer capacity). Stress-tests shifted the
reactor microbiome and performance. The monitoring campaign covered a wide range
of nitrate consumption rates (from 15 to 157 mgN-L'lNcc-d'l), current densities (from 0
to 25 mA-L'lNcc) and denitrification intermediates (nitrite and nitrous oxide
consumption rates varied from 0 to 56 mgN-L'1 Ncc-d'l). The reactor microbiome
(composed of 21 subcommunities) was characterized and its structure-function
relationship was revealed. A key role for Thiobacillus sp. in the bioelectrochemical
reduction of nitrate is suggested, while a wider number of subcommunities were
involved in NO, and N,O reduction. It was demonstrated that different bacteria
catalyze each denitrification step in a biocathode. This study contributed significantly
on understanding denitrifying biocathodes, paving the way for its knowledge-driven

engineering.
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1. INTRODUCTION

Nitrate (NO3’) is an abundant and harmful inorganic contaminant, which is present in
waste water, surface water and groundwater.l’2 Microbial electrochemical
technologies (METs) are an innovative and promising technology platform which
reactors are usually termed bioelectrochemical systems (BES).> MET allow, among
other applications, the removal of inorganic contaminants,*” like hexavalent uranium,

arsenite or hexavalent chromium.®®

For BES-based nitrate removal, biological
autotrophic denitrification is performed in a biocathode, where bacteria reduce nitrate
using the cathode as electron donor.® Nitrate is reduced to dinitrogen gas (N,) in a
four-step reduction reaction, where nitrite (NO,) and nitrous oxide (N,O) are stable,
environmentally even more harmful, intermediates.

Denitrifying-BES (d-BES) have evolved during the last years from the proof of
concept to application in technological oriented research aiming for higher
denitrification rates. The knowledge about d-BES engineering includes different

10,11

reactor designs, the effect of some key parameters (such as pH or

conductivity),"”>*® or different bioelectrochemical configurations (autonomous

10,11

microbial fuel cell mode 1415,

or energy demanding microbial electrolysis mode
However, knowledge regarding the microbiome role on bioelectrochemical
denitrification is scarce, limiting its further optimization.

Molecular analyses have shown so far that diverse communities are found in

14,16,17

denitrifying biocathodes. Like for anodes,® an electrochemically driven selection

takes place at denitrifying microbial cathodes, leading usually to the enrichment of
different species of Proteobacteria.'®*’

However, which microorganisms catalyze which reduction reaction in the
denitrifying process has not been elucidated, yet. Abundances variation of responsible
subcommunities may clarify the successive reductive processes in d-BES. Therefore, it

is essential to study the reactor performance together with the subcommunities’

dynamics (i.e. cell abundances). A whole arsenal of techniques for investigating
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electroactive microbial biofilms is available.*® Whereby the combination of techniques
for phylogenetic analysis (16S rDNA terminal restriction fragment length
polymorphisms (T-RFLP) analysis and sequencing) and cytometric DNA/scatter-plot
distributions using flow cytometry have been demonstrated to allow monitoring and
deriving structure-function relationships of reactor microbiomes.?’ The use of flow
cytometry is based on DNA staining for fluorescence detection, allowing the analysis of
every single cell present in the sample.21 Each cell is detected, classified in microbial
subcommunities (marked as gates) and, finally, quantified within the subcommunities.
In this article, we aimed to use cytometric fingerprinting combined with 16S rDNA
analysis to monitor community dynamics during denitrification at a biocathode. A d-
BES was constructed, operated and monitored. Shifts on bacterial activity were
provoked by the application of different stress-tests simulating events that are likely to
occur in a full-scale application: a reactor leakage (loss of suspended biomass), a power
shutdown (break down of bioelectrochemical nitrate reduction) and alteration of
influent qualities (pH, conductivity, nitrate concentration, hydraulic retention time).
Data obtained from the microbiome was evaluated together with computational fluid
dynamics and reactor performance (nitrogen consumption rates, current density,
coulombic efficiency) and used to reveal the microbial structure-function relationship

of the denitrifying biocathode.
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2. EXPERIMENTAL
2.1. Experimental set-up

A two-chamber d-BES, similar to Pous et aI.,22

was built using two methacrylate frames
(200 mm x 200 mm x 22 mm) separated by cation exchange membrane (20 x 20 cm,
CMI-7000, Membranes Int., USA). The cathode contained granular graphite (diameter
1.5 - 5 mm, EnViro-cell, Germany) and one graphite rod (250 mm x 6 mm, Mersen
Ibérica, Spain). The anode contained one stainless steel rod (250 mm x 6 mm) and
stainless steel mesh (20 x 20 cm, path 5 x 5 mm, Mersen Ibérica, Spain). Respective net
anodic compartment (NAC) and net cathodic compoartment (NCC) volumes were 784
mL and 420 mL. The cathode compartment contained an Ag/AgCl reference electrode
(+0.197 V vs standard hydrogen electrode (SHE), model RE-5B BASi, USA). Influents
were continuously fed at 566+9 mL-d™. An internal recirculation loop (944 L-d™) was
placed in each compartment (Figure 1A). Anodic and cathodic hydraulic retention

times (HRT) were 1.3 and 0.7 days, respectively. Experiments were performed at room

temperature (229C).
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Figure 1. A) Representation of the cathode compartment showing influent/effluent and recirculation
flows, the fluid dynamics (velocity and direction inside the cathode) and the positions of sampling ports
(SP). B) Flow diagram for determining the structure-function relationship in the d-BES: i) Reactor
performance was determined in terms of ANO;, ANO,, AN,O, current density and CE; ii) Samples for
microbial analysis were fixated, washed and stained with DAPI; iii) Stained samples were analysed by
flow cytometry and resulting data interpreted by gating and calculating the cell abundances of each
gate; iv) Cytometric and reactor performance data were correlated to elucidate the structure-function

relationship of the cathode.

The cathode was fed with synthetic medium prepared with deionized water. It
contained 1.21 g-L'* NaNOs (equivalent nitrogen concentration of 200 mgN-NO5"-L™);
1.00 g-L™* NaHCOs as carbon source; 1.55 g-L™ Na,HPO4-7H,0 and 0.58 g-L™* KH,PO4-H,0
(10 mM phosphate buffer solution (PBS)); 0.50 g-L™ NaCl; 0.10 g-L"* MgS04-7H,0; 0.02
gL' CaCly; 0.02 g-L™ NH,Cl; 0.1 mL-L™" trace nutrients.”> The anode was fed with the
same medium without NaNOs. Respective anodic and cathodic specific conductivities
were 5.3+0.1 and 4.0+0.1 mS-cm™. Media were sparged with N, during 15 minutes

prior feeding.
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The cathode potential (i.e. working electrode) was poised at -0.32 V vs Ag/AgCl (-
0.12 V vs. SHE) by a potentiostat (models SP-50 and VMP3, Bio-logic, France) based on
previous studies.?* Current was normalized to NCC and expressed as current density (j).
The current flow was negative (cathodic process); for improved graphical

representation as well as correlation analysis absolute current densities were used.

2.2. Inoculation and operation
For the cathode’s inoculation, the cathode was connected in a closed-loop mode to a
tank containing 2500 mL of cathode medium and 125 mL of activated sludge (Girona’s
WWTP, Spain). The tank’s medium was replaced with fresh cathode medium when
nitrate was consumed. After three medium replacements, the inoculation procedure
finished (41 days), and the cathode was fed at continuous-flow mode during 15 days
(in Girona) to allow complete stabilization of the microbial community. Then, the d-BES
was sent to Leipzig. During the travel (4 days), the d-BES was under open circuit
conditions. Then, the d-BES was operated at continuous-flow mode as well and
different stress-tests (details below and Figure 2A) were applied to stimulate dynamics
on denitrifying activity. Samples were taken every three days. At every new stress-test,
at least three times HRT were operated before taking the first sample.
The stress-test phases, denominated as stress-test- and abbreviated as ST-, were:
ST-0) Reactor leakage; days 26 to 29. The cathode volume was withdrawn,
removing the suspended biomass and exposing the cathode to oxygen.
ST-1) Activity recovery from reactor leakage (days 29 to 38).
ST-2) Stable current density after reactor leakage (days 39 to 55).
ST-3) Decrease of influent pH (days 55 to 61): Media with pH 7.6 instead of 7.1,
ST-4) Increase of influent phosphate buffer capacity (days 61 to 63, 67 to 90 and
95 to 97): Media with 20 mM PBS instead of 10 mM.
ST-5) Power shutdown (days 63 to 67): Operation at open circuit.
ST-6) Decrease of influent flow rate (days 90 to 95): From 566+0 to 28310 mL-d™.
It decreased the nitrate loading rate (NOs'LR) from 27945 to 140+0 mgN-
NOs L™ d™
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ST-7) Decrease of influent nitrate concentration (days 97 to 104): From 205+4 to
104+2 mgN-NO3'-L'1. It decreased the NOs LR from 27945 to 14142 mgN-NOs’
LLg?

The anode was not inoculated and always fed at continuous-flow mode. Abiotic

oxidations, e.g. oxygen evolution from water electrolysis, occurred at the anode 2

A
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Figure 2. A) Conditions applied for each stress-test phase. B) Absolute current density and nitrate, nitrite
and nitrous oxide consumption rates (ANO;, ANO, and AN,O, respectively) during the continuous-flow

mode operation.

2.3. Analytical methods and calculations

Nitrate and nitrite concentrations were analyzed using photometric tests (114563-NO3

spectroquant®, 100609-NO, spectroquant®; Merck, Germany). In Girona, the N,O
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content was analyzed with a nitrous oxide microsensor (Unisense, Denmark) located at
the cathode recirculation loop. In Leipzig, the N,O content was analyzed using a gas
chromatograph with headspace autosampler and electron capture detector (Agilent
Technologies, USA) as explained in supporting information S1. The influent nitrate
loading rate (NOs'LR) was calculated by dividing the influent nitrate concentration per
HRT.

The nitrate, nitrite and nitrous oxide consumption rates (ANOs, ANO, and ANO,
respectively) were calculated (equation 1 to 3). Nitric oxide accumulation was

considered negligible.”

_ CNO;influent_CNogeffluent
ANO3 = — (eq.1)

CNO,
ANO; = ANO3 — ——I2e (eq. 2)

AN,0 = ANQ; — “2oeltuent (o 3)

where CNO3 infiuent, CNO3 effiuents CNO2 effivent and CN2Oesiens accounts for nitrate, nitrite

and nitrous oxide concentrations at influent or effluent (either mgN-L™* or mmolIN-L™).

The coulombic efficiency (CE) calculation (equation 4) was adapted from Virdis et
al.,® considering the required number of electrons for each sequential step from NO3’
to Ny: nitrate to nitrite (NO3/NOy), nitrite to nitrous oxide (NO,/N,0) and nitrous

oxide to dinitrogen gas (N,O/N).

CE = s ); (eq.4)

NCC-F-(nyos o3 “ANOT +1ino3 /N, 0-ANOF +1y,0/N, AN20

where i is absolute current (mA); t is the time-converting factor between seconds
and hours (3600); NCC is the cathode liquid volume (L); F is the Faraday’s constant
(96485 C-mol-e); n is the number of electrons required for each reaction (nno./mo, = 2,
nno,/n,0= 2 and nw,om, = 1); ANO3', ANO, and AN,O are the consumption rates expressed

in mmolIN-Lyee-h™.
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2.4. Fluid hydrodynamics and microbiological sampling

The flows inside the cathode (Figure 1A) were calculated using computational fluid
dynamics (Ansys Fluent v12.1%) as explained in supporting information S2. The
influent flow and the recirculation loop generated heterogeneous flows, suggesting
zones with different nutrients availability (Figure 1A). Accordingly, samples for
microbiological analyses were taken from three sampling ports of the cathode volume
(denominated as SP-A, SP-B and SP-C), and from the cathode effluent (SP-D) as shown
in Figure 1. The samples were taken using a needle to scratch the graphite granules
surface (electrode), drawing a total volume of 6 mL for SP-B and SP-C, and 7 mL for SP-

A (lower biomass observed).
2.5. Flow cytometry: measurements and data analyses

2.5.1. Cytometric measurements

The microbiome response to the different stress-tests was monitored. We combined
cytometric DNA/scatter-plot distribution using flow cytometry and phylogenetic
analysis (16S rDNA T-RFLP analysis and sequencing).?

Directly after sampling, the cells were fixated with a 2% paraformaldehyde solution
and stained with DAPI according to Koch et al.?’ Cytometric measurements were
performed as described in Koch et al.?® All subcommunities of stained cells were
marked with gates using a gate template (supporting information S3) and their
abundance changes followed over time.

Gate G2 of SP-C sample (day 95) was cytometrically sorted (200.000 cells) and

further phylogenetically analysed.20

2.5.2. Cytometric data analyses
Cytometric data were statistically analyzed to elucidate the structure-function
relationship of the cathode microbiome.?%?®

To reveal electroactive subcommunities, the cell abundance of each gate was
normalized to its cell abundance in open circuit conditions (ST-5) (non-
bioelectrochemical control). For a better visualization of higher and lower cell

abundances, a log10 transformation was applied. In this way, cell abundance increases

and decreases have the same distance to the value under open circuit conditions (O,
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color code grey in Figure 3). A tenfold higher cell number would be represented by 1
(dark green) and a tenfold lower cell number by -1 (dark red), respectively.

The functional relationship between cell abundances and reactor performance was
investigated by generating correlation analyses. Correlations between the raw cell
abundances and reactor performance (ANOs, ANO, and AN,O, current density, CE and
effluent pH) were calculated using a subset of data covering ST-4 and ST-5 (supporting

information S7) and the whole dataset (supporting information 58).%°

2.6. Molecular analyses
The samples were centrifuged (14.000 g) and the pellet was stored at -20 °C. DNA
extraction, PCR amplification of 16S rDNA, T-RFLP analysis, cloning and sequencing

1?7 PCR amplification of functional

were performed according to Koch et a
denitrification genes (napA, narG, nirK, nirS, nosZ) was done according to Vilar-Sanz et

16
al.

3. RESULTS AND DISCUSSION

3.1. BES start-up

The d-BES was operated under continuous-flow mode after the inoculation finished
(Figure 2B, mean values and standard deviations in supporting information S4). The
absolute current density and nitrogen consumption rates (ANOs, ANO;, AN,0) rapidly
increased. The current density stabilized after 7 days at 21.7+1.4 mA-L yee, while
ANO3; was 97.7+11.5 mgN-L'lNcc-d'l. Nitrite and nitrous oxide reductions were also
promoted, ANO, and AN,O were 96.9+11.4 and 90.1+4.0 mgN-L‘lNcc-d"l, respectively.
A coulombic efficiency (CE) of 70.7+8.1% was observed.

When re-set to a potential of -0.32 V vs Ag/AgCl (see experimental, Figure 2B days
19-26) the electroactivity of the cathode decreased in terms of current density (from
21.7+1.4 mA-L e (days 7-15) to now 14.9+1.4 mA-L’lNcc). Interestingly, different
affections on denitrification were observed. The ANO, decreased significantly by
33.5% (from 90.1+4.0 to 64.4+0.0 mgN-L ycc-d™), while ANO; decreased only by 6.4%
(from 97.7411.5 to 91.5+0.0 mgN-L'lNcc-d'l). Therefore, a denitrifying biocathode able

to reduce NOs to N, was obtained.
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3.2. Reactor performance during different stress-tests

The influence of different stress types on the system performance was tested when
the current density was stable for 7 days (days 19-26). Figure 2B shows the reactor
performance evolution. Mean values and standard deviations for each stress-test are
reported in supporting information S4.

The reactor leakage (ST-0) led to system break-down and clearly affected the
biocathode activity after re-feeding (ST-1). If activity at ST-1 is compared to the activity
before the reactor leakage (start-up), it can be observed a decrease of the absolute
current density (from 14.9+1.4 to 0.8+0.2 mA-L'lNcc) and ANO;s (from 91.5+0.0 to
19.0+1.3 mgN-L'lNcc-d'l). Denitrification intermediates were also affected, ANO, and
AN,0 decreased from 64.4+0.0 to 2.33.2 mgN-L™\cc-d™ and from 64.420.0 to 2.3+3.2
mgN-Lvcerd™, respectively. Remarkably, the biocathode activity recovered quickly,
without reintroducing the extracted cathode’s bulk liquid or reinoculation, reaching
stable current density at day 39 (ST-2 in Figure 2B) (j= 9.5+1.4 mA-L ™ ycc), with a ANO5y
of 68.016.2 mgN'-L'lNcc-d'l. These values were 36% and 26% lower than those observed
before the reactor leakage. Besides nitrate reducing activity recovered, ANO, and
AN,O did not (31.748.0 and 23.2+3.2 mgN-L'lNcc-d'l, respectively), leading to NO, and
N,O accumulation.

On day 55, media composition was changed to investigate the influence of pH stress
(ST-3) and changing buffer capacity (ST-4). During stress-test 3, the pH of the influent
decreased from 7.6 to 7.1 (ST-3), and negligible differences were observed in terms of
current density and denitrifying activity (Figure 2B). The decrease on influent pH was
too small, and the effluent pH remained stable at high values (9.1+0.4 in ST-2 and
9.240.2 in ST-3), very likely limiting the reactor performance.

Increase in buffer capacity (ST-4) from 10 to 20 mM PBS, increased the biocathodic
activity as expected.”® The absolute current density (22.8+2.0 mA-L'ycc) and ANO5y
(131.9+18.6 mgN-L'nccrd™) were almost doubled in comparison to ST-3. Besides
promoting nitrate reduction, ANO, remained almost stable (13.9+18.2 mgN-L'lNcc-d'l),
while AN,0 increased (from 1.5+2.1 to 12.0+18.2 mgN-L ™ ycc-d™).

The simulation of a power shutdown (open circuit, ST-5) confirmed that the
denitrifying activity was clearly related to electrochemical activity and thus linked to

microbial electrocatalysis, as shown previously.28 A low residual nitrate reduction was
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detected (ANO;3 of 14.5 mgN-L'lNcc-d'l; 1% of the maximum rate achieved), possibly
related to endogenous heterotrophic denitrification.?

The influence of nitrate acting as electron acceptor was assessed by decreasing the
nitrate loading rate (NO5sLR) from 279 to 140 mgN-L'ycc-d™ (ST-6 and ST-7). Two
scenarios were tested: a decrease of the influent flow rate (ST-6) and a decrease of the
influent nitrate concentration (ST-7).

When the influent flow rate was decreased, the absolute current density declined
by 54% (from 22.842.0 to 10.6+0.0 mA-L ™ xcc), and the ANO;3 by 56% (from 131.9+18.6
to 58.0£0.0 mgN-L™ ycc-d™). On the contrary, when the influent nitrate concentration
was lowered, the absolute current density and the ANO;3 increased (23.1+0.7 mA-L'lNcc
and 102.0+6.6 mgN-L*\cc-d™). The ANO, was doubled (from 20.9+0.0 to 49.8+8.4
mgN-L'lNcc-d'l) and no accumulation of N,O was detected. Therefore, at the same NO3
LR, high HRTs decreased denitrification rates in comparison to low influent nitrate
concentration, which supported denitrification rates. From the engineering
perspective, it can be hypothesized that higher denitrification performances can be
achieved by operating the system at lower HRTs.

The stress-tests caused variations on reactor performance. A wide range of ANO3,
ANO,, AN,O and current densities were detected in the same d-BES. Consequently,

microbiome activity dynamics were expected as well.

3.3. Chemical-physical heterogeneity within the cathode volume

The application of computational fluid dynamics inside the cathode compartment
showed flow heterogeneity (Figure 1A) and consequently, different N-species
distribution (NOs’, NO, and N,O). The cathode’s chemical-physical heterogeneity was
investigated by analyzing the NOs  concentration and pH at each cathode volume
sampling port (SP-A, -B and -C). The results obtained at each port were normalized to
the value measured at the effluent (SP-D).

SP-C presented the highest relative availability of nitrate (1.05+0.01), while SP-A
had the lowest (0.98+0.02). The pH was more homogeneous. The lowest relative pH
ratio was at SP-C (0.99+0.00), while at SP-A and SP-B the same ratio (1.01+0.00) was
presented. Thus, chemical-physical heterogeneity was observed, being SP-C the most

favorable zone for nitrate reducing bacteria to grow.
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3.4. Monitoring biocathode microbiome using flow cytometry
The stress-tests provoked dynamics on reactor performance (Figure 2B). Consequently,
microbiome dynamics were also expected, and monitoring using flow cytometry and
phylogenetic analysis was performed.20

For cytometric analysis a gate template was constructed consisting of 21
subcommunities (supporting information S3). The cell abundances of each gate during
the whole study can be found in supporting information S5 (dataset) and S6 (box plot).
Three subcommunities were predominant in all sampling ports (gates 2, 6 and 9 (G2,
G6 and G9); with mean values of 18, 13 and 15%, respectively). Additionally, G1 was
also abundant in SP-D (11%). In the following sections the cytometric data was used to

elucidate the structure-function relationship in this d-BES.

3.4.1. Dynamics of cell abundances

The cell abundance dynamics are shown in Figure 3 and the evolution of cytometric
measurements can be visualized in video 1. From a first sight it can be clearly seen that
cell abundances of subcommunities changed in response to the different stress-tests
(ST-1 to ST-7) as did the performance parameters (Figure 2B).

Some subcommunities presented higher cell abundance (shades of green) when the
electrical circuit was closed (all phases except SP-5), while some did not (shades of
red). Hence, in closed circuit conditions, some subcommunities benefited from the
applied potential, and their cell abundance increased (e.g. G2_B, G5 _C), while other
subcommunities increased their relative cell abundance under open circuit conditions
(ST-5) (e.g. G17_C, G18 B, G19 _C). It suggests that only a portion of the microbial
community was directly involved in the bioelectrochemical process.

Especially the cell abundance in G2 (G2 of all sampling ports evolved similar and
grouped closely together) follows the course of ANO; and current density over the
different stress-test phases. During the recovery phase (ST-1) the cell abundance is
comparable to ST-5 (power shutdown) while it increases over the other stress phases
with highest abundances in ST-4 (cell abundance of G2 in all SPs of 21.1+6.0). As the

dynamics of the highly abundant subcommunity G2 seem to follow the performance
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regarding nitrate reduction and current density, a relevant role of G2 for the

bioelectrochemical nitrate reduction is indicated.

3.4.2. Correlating cell abundance with reactor performance

For a deeper understanding of subcommunities™ dynamics, the correlation between
the cell abundances and reactor performance was investigated.?’ To avoid overlapping
effects of the different stress-tests, the specific case of recovery after a power
shutdown is considered first. This case covers phases ST-4 and ST-5 (days 61 to 90)
and, therewith, also the development during the longest stress with more data points
enabling meaningful statistical analysis. Figure 4 visualizes the correlation of the three
most abundant gates (G2, G6 and G9 of all sampling ports) with the reactor
performance including nine time points. The results of all gates and respective
correlation values can be found in supporting information S7. The following gate
correlations for this case are discussed: i) nitrate consumption rate (ANOj3); ii)
reduction of denitrification intermediates (ANO, and AN,O); and iii) absolute current
density and CE. Correlations higher than moderate positives correlations according to
Dancey and Reidy>® were considered (> 0.4).

Correlation analyses (Figure 4 and supporting information S7) shows a moderate to
high correlation of subcommunity G2 to ANOj3 for all sampling ports (0.5 — 0.7). Other
subcommunities also presented at least moderate correlation to ANO3; (G6_B, G9_B,
G5_C, G8_C and G21_C), but this behaviour was not homogeneous in all sampling
ports (e.g. G6_A and G9_A showed no correlation to ANO3 (-0.1)).

For complete denitrification, NO,  and N,0 reduction have to be considered, as
these are environmentally harmful. ANO, and AN,O increased in ST-4 in comparison to
the power shutdown (ST-5), but the consumption rates were in range of the other
stress-test. None of the gates showed positive correlations in all sampling ports for
ANO; or AN,O suggesting heterogeneities of NO, and N,O concentration in the d-BES,
which is in accordance with the flow heterogeneity discussed in 3.3. Twelve gates
presented correlations higher than moderate positive with ANO, and eleven with
AN,O (supporting information S7) with the highest positive correlations for G21_C with
ANO; (0.8) and with AN,0 (0.9).
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The correlation of microbiome dynamics to absolute current density and CE should
also be considered in a BES. The current density presented strong positive correlation
to ANOj3 (0.9), thus only subcommunities previously correlated to ANOs presented at
least moderate positive correlations to current density (G2 at all sampling ports, G6_B,
G9_B). Again, G2 presented the highest correlation to current density (0.5 - 0.7) and
also to CE (G2_B 0.6 and G2_C 0.7). Since G2 was the most abundant gate, it suggested
that the cells in this subcommunity played a relevant role for the bioelectrochemical
nitrate reduction.

Considering all stress-tests (ST-1 to ST-7) for correlation analysis (supporting
information S8), the increase of G2 cell abundance with the increase of ANOs; and
absolute current density (Figure 3, ST-2 to ST-4, ST-6 and ST-7) is also confirmed
(correlation values between 0.6 and 0.7 for ANOs and 0.6 to 0.8 for current density
depending on the SP). A small number of gates showed also at least moderate positive
correlation to ANOs;, ANO, or AN,O without a general trend over all sampling ports
(supporting information S8).

Based on the above described dynamics and correlations, it can be concluded that
in this d-BES, nitrate was mainly reduced by subcommunity G2, while a wider group of
subcommunities were responsible for NO, and N,O reduction. These cytometric
results were supported by conventional functional gene analysis performed on
microbial community samples.16 Denitrifying functional genes napA, narG, nirS and
nosZ were successfully amplified, but not nirK. The amplified genes were sequenced, a
high diversity was found for every single gene and Thiobacillus sp. was identified as

contributor to nitrate reduction by narG gene.

3.4.3. Identifying key subcommunity

As a consequence of correlation results, the cells in subcommunity G2 were further
investigated on a representative sample (day 95 at SP-C). The molecular analysis
showed a predominance of the betaproteobacterium Thiobacillus sp. in G2.
Thiobacillus sp. contributes to the geochemical iron cycling, performing Fe(ll)-
dependent nitrate-reduction.®® Electric currents through natural conductive minerals
have been demonstrated between Geobacter sulfurreducens and Thiobacillus

denitrificans, suggesting electrotroph capability for Thiobacillus.** Furthermore, we
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took samples from the d-BES to inoculate 18 mL-microcosms, which demonstrated
that a biofilm predominantly covered by Thiobacillus sp. was able to reduce nitrate to
nitrite using the electrode as electron donor at a mid-point potential of -0.30V vs.
Ag/AgCl.”®

The relevance of Thiobacillus sp. was also supported by molecular analyses of
microbial community samples taken within the cathode compartment (supporting
information S10). T-RFLP analyses showed an enrichment of Thiobacillus sp. from 0%
(below the detection limit) in all sampling ports (day 31), to values between 25 and
33% (day 83).

Taking together all results, in the evaluated d-BES, nitrite and nitrous oxide
reduction were catalyzed by a number of subcommunities, while nitrate reduction was

mainly performed by a single, Thiobacillus sp. dominated subcommunity.
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Figure 3. Microbiome dynamics during the different stress-test phases (from ST-1 to ST-7). The CyBar
visualizes the cell abundance of individual subcommunities. Gates are labeled as GX_Y, where: X = gate
number, and Y = sampling port. For a better visualization of higher and lower cell abundances, a log10
transformation was applied. Cell abundance increases and decreases have the same distance to the
value under open circuit conditions (0, color code grey). A tenfold higher cell number is represented by 1

(color code dark green) and a tenfold lower cell number by -1 (color code dark red), respectively.
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Figure 4. Correlation of the most abundant subcommunities G2, G6 and G9 with reactor performance
using Spearman’s rank correlation in ST-4 and ST-5 phases. Strong positive correlation is indicated by
color code dark green. Strong negative correlation is indicated by color code dark red. The different
gates have been labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor performance
included: pH at cathode effluent (pHeff), absolute current density (j), coulombic efficiency (CE) and

nitrate, nitrite and nitrous oxide consumption rates (ANOs, ANO, and AN,O, respectively).

3.5. Perspectives for engineering and monitoring denitrifying-BES

Engineering and monitoring are key factors for full-scale applications of denitrifying-
BES. In this study, we aimed to use cytometric fingerprinting combined with 16S rDNA
analysis and sequencing to monitor a denitrifying biocathode and to derive structure-
function relationships of its microbiome.

Different stress-tests were applied simulating events that could occur in full-scale
denitrifying-BES. Stress-tests provoked shifts in reactor performance. Among other
operational strategies, the stress-tests suggested that the operation at low influent
nitrate concentration and low HRT promotes higher denitrification rates.

As a result of the reactor performance variations, dynamics on the biocathodic

microbiome were expected, which were fast and effectively monitored using flow
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cytometry. The monitoring campaign revealed functional relevant subcommunities,
which were further confirmed with phylogenetic analysis. A microbial subcommunity
mainly composed of Thiobacillus sp. was the major contributor to the
bioelectrochemical reduction of nitrate to nitrite. While the reduction of NO, and N,0
was performed by a wide number of microbial subcommunities. The further
characterization of different bacteria catalyzing each reaction as well as the interplay
of these species will contribute to improve nitrate treatment in BES by understanding
their specific requirements and behavior under different operational conditions (e.g.
cathode potential, or medium composition).

The workflow followed in this study allowed not only investigating the microbiome
dynamics, but also enabled to find relevant microbial subcommunities that were
catalyzing the individual denitrification steps. Further on, the followed strategy can

serve as role model for future analysis of BES microbiomes.
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S1: Calculation of nitrous oxide (N,O) in the gas phase from N,O measured in de

liquid- phase.

In order to calculate the total amount of N,O in the cathode from the measured N>O in

the liquid- phase, the following steps were followed.

Firstly, the amount of gas generated in the cathode was calculated from the difference
between influent and effluent of nitrate (NO3’), nitrite (NO,"), and nitrous oxide in the
liquid phase (N2Ojquia) (€q.S1). As a result of denitrification, the gas generated is

composed by nitrous oxide in the gas phase (N2O,,s) and dinitrogen gas (N») (eq. S1).
ng = ANO3 + ANO; + AN, Ojiquia = NNy 0gqs + nN; (eq. S1)

Where n, is the amount of gas generated in the cathode per volume of groundwater
treated (mole N-Lgmundwater'l); ANOj3", ANO;™ and AN,Ojiquiq are the difference between
influent and effluent of the amount of nitrate, nitrite and nitrous oxide in the liquid
phase (mole N-Lgmundwater'l); nN,Og,s and nN; are the amount of nitrous oxide in the gas
phase and dinitrogen gas produced per volume of groundwater treated (mole

N- Lgmundwate{l). Nitric oxide production was considered negligible.

In order to calculate the amount of N,O in the gas phase, two different equations must
be taken into account (eq. S2 and eq.S3). On the one hand, by assuming that the gas
phase in the cathode was only composed by N,O and N, the concentration of N,O in

the gas- phase is represented as shown in equation S2.

NN, Ogqas nN;O0gqs
[NZO]gas =—42% = n;RgT (eq. S2)

P

Vgas
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Where [N, 0] 44sis the concentration of N,O in the gas phase (mole N-m™); Vs 1s the

volume of gas (m3'mgmundwm{3); T 1s the temperature (K); R is the ideal gas constant

(8.31451 J- K" -mole™) and P is the atmospheric pressure (101325 Pa).

On the other hand, the concentration of N,O in the gas- phase can also be calculated

from the Henry’s law (equation S3).

[NZ O]quuid
TR (eq.S3)

[NZO]gas = kN0

Where [N>Oliiquiq 18 the nitrous oxide concentration in the liquid phase (mole N-m ) and
knoo 1s the Henry’s constant for nitrous oxide at the experimental temperature. The knzo
was calculated from the Henry’s constant as a function of the temperature as shown in

equation S4.

knyo = 247107 exp {72 (2 - 2%8)} (eq.54)

Finally, by coupling equation S2 and equation S3, the amount of nitrous oxide in the

gas- phase can be calculated as presented in equation S5.

[N20] iqui
nN,0yqs = ﬁ (eq.S5)
2

In order to calculate the total amount of N,O produced per volume of groundwater

treated, equation S6 was used:
nN,0 = nN,0445 + NN, Ojiguia(eq. S6)

Where nN,O is the total amount of nitrous oxide produced per volume of
groundwater treated (mole N-Lgroundwater'l). Once N,O production was known, the
amount of N, produced per volume of groundwater treated was calculated by closing

the nitrogen mass balance and considering negligible the presence of nitric oxide (NO).
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S2: Results obtained from the tests where acetate was fed at the anode (tests 1 to 7).

Table S1. Nitrate removal rate, nitrogen concentrations at the effluent, nitrate removal

efficiency and current when acetate was fed at the anode (tests 1 to 7).

Nitrogen concentrations at the effluent

NOj; removal

Cathode potential NOj; removal rate . Current

Experiment (mgN L") efficiency

(mV vs SHE) (mg N-NO; L 'y¢c b (mA)
NOy NO, (%)

Test 1 (Free) -1349 1.98+0.12 12.1443.59 0.1440.13 64+8 4.540.8
Test 2 +597 1.05+0.06 19.56+0.64 1.31£0.25 38+2 1.240.3
Test 3 +397 1.47+0.04 18.15+0.65 1.65+0.17 472 0.5+0.2
Test 4 +196 1.64+0.03 18.30+0.36 1.46+0.17 49+1 0.3£0.1
Test 5 +21 2.01+0.06 13.76+0.67 1.24+0.05 612 1.6+0.1
Test 6 -103 2.12+0.08 5.68+0.86 0.13+0.23 8043 9.4+1.0

Test 7 (OCV) +279 0.23+0.01 23.64+0.64 0.00+0.00 10+0 0.0£0.0

Table S2. Nitrogen speciation at the effluent and percentage of nitrite accumulation in

respect to nitrate removed when acetate was fed at the anode (tests 1 to 7).

Cathode Nitrogen speciation at the effluent
Experiment NO,/ NO3 removed
potential (%)
(mV vs SHE) NO;y NO, (%)
Test 1 (Free) -1349 35.748.2 0.4+0.4 0.6£0.6
Test 2 +597 61.6£2.0 4.1+0.8 11.1£2.5
Test 3 +397 52.2+1.5 4.7+0.5 10.1£1.1
Test 4 +196 50.6£1.0 4.0+0.5 8.2+0.8
Test 5 +21 38.8£1.9 3.54+0.1 5.740.1
Test 6 -103 19.8£3.0 0.4+0.8 0.6+1.0
Test 7 (OCV) +279 89.8+0.0 0.0+0.0 0.0+0.0
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S3: Results obtained from the tests where water was fed at the anode (tests 8" to 18“‘).

Table S3. Nitrate removal rate, nitrogen concentrations at the effluent, nitrate removal

efficiency and current when water was fed at the anode (tests 8 to 18).

Nitrogen concentrations at the effluent NOjy
Cathode .
NO; removal rate (mgN L") removal Current
Experiment potential
(mg N-NOy L 'y¢c b N, + efficiency (mA)
(mV vs SHE) NOy NO,” N,O

N assimilated (%)
Test 8 +97 0.96 £0.04 21.40+0.39 0.61£0.06 1.17+0.18 8.31+1.31 32+1 1.5+£0.0
Test 9 -3 1.17+0.03 20.97+0.26 0.58+0.02 1.89+0.54 9.50+2.71 37+1 2.7+0.0
Test 10 -53 1.47+0.02 17.10+0.23 0.00+0.00 1.64+0.47 14.4444.13 48+1 4.240.0
Test 11 -102 2.16+0.05 9.77+0.48 0.00+0.00 1.62+0.47 20.39+5.94 69+2 6.7+0.0
Test 12 -123 2.76+0.04 3.46+0.45 0.00+0.00 1.82+0.32 27.89+4.89 90=+1 8.0+0.0
Test 13 -203 2.53+0.04 4.59+0.45 0.00+0.00 6.29+1.46 22.65+5.27 86+1 12.6+0.0
Test 14 -303 3.62+0.04 4.10+0.29 13.92+£1.19  5.94+1.08 8.32+1.51 87+1 15.8+0.0
Test 15 -403 5.44+0.09 4.61+0.47 13.25+£0.75  4.29+0.49 11.81+1.36 86+1 17.6+£0.0
Test 16 -503 5.46+0.07 6.86+0.18 11.28+0.93  3.26+0.43 14.03+1.86 81+1 19.5+0.0
Test 17 -603 6.15+0.03 3.31£0.15 14.35+0.51  2.57+0.13 16.14+0.81 91+0 22.0+0.0
Test 18 =703 6.16+0.05 0.48+0.29 16.87+£0.28  4.10+0.32 12.63+0.99 99+1 23.5+0.0
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Table S4. Nitrogen speciation at the effluent and nitrate reduction end- products when

water was fed at the anode (tests 8 to 18).

Cathode Nitrogen speciation at the effluent Nitrate reduction end- products
potential (%) (%)
Experiment
N, + N, +
(mV vs SHE) NOy NOy N,O NOy N0
N assimilated N assimilated
Test 8 +97 68.2+1.2 1.9+0.2 3.7+0.6 26.5+4.2 6.1+0.6 11.8+1.9 83.4+13.1
Test 9 -3 63.240.8 1.7+0.1 5.741.6 28.6+8.2 4.7+0.2 15.5+4.4 77.9422.3
Test 10 -53 51.5+0.7 0.0+0.0 5.0+1.4 43.5+12.4 0.0+0.0 10.2+£2.9 89.8+25.6
Test 11 -102 30.7£1.5 0.0+0.0 5.1£1.5 64.1+18.7 0.0+0.0 7.442.1 92.6+27.0
Test 12 -123 10.4+1.3 0.040.0 5.5¢1.0 84.1+£14.8 0.0+0.0 6.1+1.1 93.9+16.5
Test 13 -203 13.7£1.3 0.0+0.0 18.8+4.4 67.5+15.7 0.0+0.0 21.745.1 78.3+18.2
Test 14 -303 12.7+0.9 43.2+3.7 18.4+3.3 25.8+4.7 49.544.2 21.14£3.8 29.6+5.4
Test 15 -403 13.6+1.4 39.0+2.2 12.6+1.5 34.8+4.0 45.242.6 14.6+1.7 40.3+4.6
Test 16 -503 19.4+0.5 31.9+£2.6 9.2+1.2 39.74£5.3 39.5+£3.3 11.4+1.5 49.246.5
Test 17 -603 9.1£0.4 39.5+1.4 7.1+0.4 444422 43.4+1.5 7.84+0.4 48.8+2.5
Test 18 -703 1.4+0.9 49.5+0.8 12.0+£0.9 37.1+£2.9 50.2+0.8 12.2£1.0 37.6£3.0
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S1: Analyses of N,O using gas chromatography.

Instrumental:

The analyses of N,O were performed on an Agilent 7890A GC/UECD system with an

Agilent G1888 headspace autosampler.

Gas chromatograph

The injection mode was split 1:10. The injector temperature was kept at 250 °C. For
the separation a HP-Plot/Q column (30 m x 0.53 mm x 40 um; Agilent Technologies)
was used. The gas chromatography system was operating at programmed-
temperature-mode as follows: initial temperature 40 °C hold for 4 min, linear ramp
30 °C-min™ till 220 °C and hold for 1 min. A uECD (electron capture detector) heated at

250 °C was used for data acquisition.

Headspace-sampler

Table S1. Instrumental settings of the headspace-sampler.

Temperatures Timing Pressures
Oven 90 °C Vial equilibration 0.5 min Carrier 7.0 psi
Loop (1 ml) 150 °C Pressurization 0.5 min Vial 7.2 psi
Transfer line 180 °C Loop fill 0.4 min
equili?bc;ztion 0.1 min
Inject 0.4 min

Sample preparation:

For the analysis 3 mL of sample were placed in a 20-mL headspace vial and tightly
closed with an aluminium crimp cap with PTFE/silicone septum using a hand crimper.
Samples have to be carefully transferred from experimental equipment to the 20 mL

vial, to prevent loss of nitrous oxide by shaking or outgassing.

Calibration was done by analyzing different dilutions of a saturated N,O-solution.

Water has been filled into a 100 mL volumetric flask and the nitrous oxide was passed
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through a filter with 300 mL-min™ for 3 min at room temperature and atmospheric
pressure. The solubility of nitrous oxide at 20 °C and atmospheric pressure is

1200 mg-L'l.1 Calibration levels were between 2.4 and 600 mg-L’l. The detection limit is
2.4 mgL'1 .
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$2: Computational fluid dynamics calculation

The velocities generated inside the cathode were calculated using a computational
fluid dynamics program (Ansys Fluent v12.1 ?). To do this, both mass and momentum

equations are solved. The mass conservation is shown in equation S1.
% + V- (pv) =S, (eq. S1)

Where [ is the fluid density, v represents the velocity vector, and Sm is a source term

(by chemical reaction, phases mass exchanges, among others).

The equation of momentum conservation in an inertial (non-accelerating) reference

frame is described as shown in equation S2.
%(pﬁ) +V-(pPP) = —Vp+ V- (D) +pg +F (eq. S2)

From which p is the static pressure, Big and F are gravitational and external body

forces, and [ is the stress tensor, which is calculated using equation S3.
- - >T 2 -
T=U [(Vv + V') — EV . vl](eq. S3)

Steady state simulations were developed considering single water based phase. To
close the solution of the different solutions, velocity inlet boundary conditions for the
influent/outflow streams, as well as for both recirculation streams were defined,
taking in account the fluxes specified in experimental section. The inlet recirculation
streams values were formulated based on the values from the outflow recirculation
stream. Wall boundary conditions were developed for the methacrylate walls of the
reactor as well as for the rod graphite surface. The simulations were performed at a
constant temperature of 222C and atmospheric pressure. The influent flow and the
recirculation loop generated heterogeneous flows inside this chamber, which

suggested zones with different nitrate availability.
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$3: Gate template used for flow cytometry data analyses.

Figure S1. Gate template used for flow cytometry data analyses.

96



S4: Absolute current density and nitrate, nitrite and nitrous oxide consumption rates at

the different stress-tests.
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Figure S2. Current density expressed in absolute values, and nitrate, nitrite and nitrous oxide
consumption rates at the phases. Error bars represent the standard deviation of the different stress-

tests.
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Table S2. Mean value and standard deviation of current density (in absolute value) and nitrate, nitrite
and nitrous oxide consumption rates at the different phases.

j ANO; ANO;, AN,O
Phases
(mA'L_lNcc) (mgN-L'lNCC-day_l) (mgN'L_lNcc'day_l) (mgN'L_lNcc'daykl)
21.7¢1.4 97.7411.5 96.9+11.4 90.1+4.0
Start-up
14.9+1.4 91.5+0.0 64.4+0.0 64.4+0.0
ST-1 0.8+0.2 19.0+1.3 2.313.2 2.313.2
ST-2 9.5+1.4 68.016.2 31.7+8.0 23.2+15.6
ST-3 12.0+0.6 58.9+7.8 11.149.7 1.5+2.1
Stress-tests ST-4 22.812.0 131.9+18.6 13.9+18.2 12.0+18.2
ST-5 0.0+0.0 14.5+0.0 0.0+0.0 0.0+0.0
ST-6 10.6%0.0 58.0+0 20.9+0.0 20.6+0.0
ST-7 23.1+0.7 102.0+6.6 49.848.4 49.618.6
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S6: Box plot for cell abundances of each gate during the whole experimental study.
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Figure S3. The box plot shows the relative cell abundance of each gate (numbered as gate number) at

each sampling port (SP-A, —B, -C and —-D) during the whole experimental study. The box plot allows an

easy visualization of which gates are the most abundant at each sampling port. In this study, gates 2, 6

and 9 were the most abundant in sampling ports SP-A, -B and -C, while gates 1, 2, 6 and 9 were the

most abundant in sampling port SP-D.
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S7: Correlation data between gate cell abundances and reactor performance using

data of ST-4 and ST-5 phases.

Table S7. Correlation of SP-A gates with reactor performance using data of ST-4 and ST-5 phases. The
different gates have been labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor
performance data included: pH at cathode effluent (pHeff), current density (Current_den), coulombic
efficiency (CE) and nitrate, nitrite and nitrous oxide consumption rates (ANO;, ANO, and AN,O,

respectively). Green colored indicates positive correlations higher than 0.4.

Current_den ANO; ANO, AN,0 CE
Current_den 1.0 0.9 0.1 0.2 0.9
ANO; 0.9 1.0 0.4 0.4 0.7
ANO, 0.1 0.4 1.0 0.9 -0.2
AN,O0 0.2 0.4 0.9 1.0 -0.2
CE 0.9 0.7 -0.2 -0.2 1.0
pHeff 0.7 0.5 0.1 0.2 0.4
G1_A -0.4 -0.4 -0.5 -0.5 -0.3
G2_A 0.5 0.7 0.6 0.6 0.3
G3_A -0.2 -0.1 -0.4 -0.4 0.0
G4_A 0.3 0.3 0.0 0.0 0.2
G5_A 0.3 0.4 0.0 0.0 0.2
G6_A -0.1 -0.1 -0.2 0.0 -0.3
G7_A 0.0 0.0 -0.3 -0.2 0.0
G8_A 0.2 0.2 -0.2 -0.3 0.1
G9_A -0.1 -0.1 -0.2 -0.2 -0.3
G10_A -0.1 -0.1 0.2 0.0 -0.2
G11_A -0.3 0.0 0.6 0.3 -0.3
G12_A 0.0 -0.2 -0.2 -0.2 0.1
G13_A 0.2 0.3 0.2 0.4 0.0
Gl14_A 0.0 -0.2 -0.1 -0.1 0.2
G15_A 0.2 0.3 0.0 0.0 0.2
G16_A -0.3 -0.1 0.3 0.0 -0.3
G17_A -0.9 -0.9 -0.4 -0.4 -0.8
G18_A -0.5 -0.4 -0.3 -0.3 -0.3
G19_A -0.1 0.0 0.4 0.2 -0.1
G20_A -0.3 -0.1 0.0 -0.2 -0.3
G21_A 0.2 0.2 -0.2 -0.1 0.2
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Table S8. Correlation of SP-B gates with reactor performance using data of ST-4 and ST-5 phases. The
different gates have been labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor
performance data included: pH at cathode effluent (pHeff), current density (Current_den), coulombic
efficiency (CE) and nitrate, nitrite and nitrous oxide consumption rates (ANO;, ANO, and AN,O,

respectively). Green colored indicates positive correlations higher than 0.4.

Current_den ANO; ANO, AN,O CE
Current_den 1.0 0.9 0.1 0.2 0.9
ANO; 0.9 1.0 0.4 0.4 0.7
ANO; 0.1 0.4 1.0 0.9 -0.2
AN,O0 0.2 0.4 0.9 1.0 -0.2
CE 0.9 0.7 -0.2 -0.2 1.0
pHeff 0.7 0.5 0.1 0.2 0.4
G1_B -0.5 -0.6 -0.7 -0.6 -0.2
G2_B 0.6 0.5 0.1 0.3 0.6
G3_B -0.5 -0.7 -0.7 -0.6 -0.3
G4_B 0.2 0.2 0.2 0.4 0.1
G5_B 0.0 0.0 -0.5 -0.4 0.2
G6_B 0.4 0.5 0.3 0.3 0.3
G7_B -0.5 -0.6 -0.5 -0.5 -0.3
G8_B 0.0 0.0 0.5 0.5 -0.3
G9_B 0.5 0.6 0.6 0.5 0.4
G10_B -0.3 0.0 0.4 0.1 -0.4
G11 B -0.3 0.0 0.5 0.2 -0.3
G12_B 0.3 0.3 0.2 0.1 0.0
G13_B 0.2 0.1 -0.1 -0.2 0.1
G14_ B 0.1 0.3 0.2 -0.1 0.0
G15 B -0.1 -0.2 -0.6 -0.5 0.1
G16_B -0.3 -0.2 -0.1 -0.4 -0.2
G17_B -0.9 -0.9 -0.5 -04 -0.7
G18_B -0.8 -0.9 -0.6 -0.5 -0.5
G19_ B 0.0 0.2 0.7 0.4 -0.2
G20_B -0.3 0.0 0.7 0.5 -0.5
G21_B 0.4 0.2 -0.1 0.0 0.2
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Table S9. Correlation of SP-C gates with reactor performance using data of ST-4 and ST-5 phases. The
different gates have been labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor
performance data included: pH at cathode effluent (pHeff), current density (Current_den), coulombic
efficiency (CE) and nitrate, nitrite and nitrous oxide consumption rates (ANO;, ANO, and AN,O,

respectively). Green colored indicates positive correlations higher than 0.4.

Current_den ANO; ANO, AN,O CE
Current_den 1.0 0.9 0.1 0.2 0.9
ANO; 0.9 1.0 0.4 0.4 0.7
ANO; 0.1 0.4 1.0 0.9 -0.2
AN,O0 0.2 0.4 0.9 1.0 -0.2
CE 0.9 0.7 -0.2 -0.2 1.0
pHeff 0.7 0.5 0.1 0.2 0.4
G1_C -0.2 -0.3 -0.6 -0.8 0.1
G2_C 0.7 0.5 -0.2 -0.2 0.7
G3_C -0.2 -0.3 -0.8 -0.7 0.1
G4_C -0.3 -0.4 0.1 0.2 -0.2
G5_C 0.1 0.4 0.6 0.4 -0.1
G6_C -0.1 -0.2 -0.3 -0.1 -0.1
G7_C -0.1 -0.2 -0.6 -0.5 0.0
G8_C 0.4 0.5 0.3 0.3 0.1
G9_C 0.3 0.2 -0.1 0.0 0.2
G10_C 0.0 -0.1 -0.1 0.0 0.2
G11_C -0.2 -0.4 -0.2 -0.1 0.0
Gl12_C 0.1 0.1 0.3 0.5 -0.2
G13_C 0.3 0.1 -0.5 -0.4 0.4
G14_C -0.5 -0.5 0.0 0.1 -0.7
G15_C 0.3 0.2 -0.6 -0.6 0.5
G16_C -0.3 -0.1 0.2 0.0 -0.2
G17_C -0.7 -0.9 -0.5 -0.5 -0.6
G18_C -0.3 -0.5 -0.8 -0.7 0.0
G19_C -0.5 -0.6 -0.2 0.0 -0.4
G20_C -0.2 0.1 0.6 0.5 -0.4
G21_C 0.2 0.4 0.8 0.9 -0.2

106



S8: Correlation data between gate cell abundances and reactor performance using the

whole dataset.
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Figure S4. Correlation of the most abundant subcommunities G2, G6 and G9 with reactor performance
using Spearman’s rank correlation in the whole monitored period. Strong positive correlation is
indicated by color red. Strong negative correlation is indicated by blue. The different gates have been
labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor performance included: pH at
cathode effluent (pHeff), current density (j), coulombic efficiency (CE) and nitrate, nitrite and nitrous

oxide consumption rates (ANO;, ANO, and AN,O, respectively).
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Table S10. Correlation of SP-A gates with reactor performance using the whole dataset. The different
gates have been labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor performance
data included: pH at cathode effluent (pHeff), current density (Current_den), coulombic efficiency (CE)
and nitrate, nitrite and nitrous oxide consumption rates (ANO3;, ANO, and AN,O, respectively). Green

colored indicates positive correlations higher than 0.4.

Current_den ANO; ANO, AN,O CE
Current_den 1.0 0.9 0.2 0.2 0.8
ANO; 0.9 1.0 0.2 0.2 0.6
ANO; 0.2 0.2 1.0 0.9 -0.2
AN,O0 0.2 0.2 0.9 1.0 -0.2
CE 0.8 0.6 -0.2 -0.2 1.0
pHeff 0.1 0.0 0.3 0.2 0.3
G1_A -0.7 -0.6 -0.3 -04 -04
G2_A 0.6 0.7 0.2 0.2 0.4
G3_A -0.3 -0.2 -0.5 -0.6 -0.1
G4_A 0.2 0.1 0.4 0.5 0.0
G5_A -0.4 -0.4 -0.2 -0.2 -0.1
G6_A -0.2 -0.2 -0.2 -0.1 -0.3
G7_A -0.4 -0.4 -0.2 -0.2 -0.1
G8_A -0.5 -0.4 -0.1 -0.2 -0.3
G9_A -0.4 -0.3 -0.2 -0.2 -0.4
G10_A 0.2 0.1 0.4 0.4 0.0
G11_A 0.0 0.1 0.5 0.3 -0.2
G12_A 0.1 0.1 -0.3 -0.2 0.1
G13_A -0.2 -0.2 0.1 0.1 -0.1
G14_A 0.1 0.1 -0.2 -0.2 0.2
G15_A -0.2 -0.2 0.0 -0.1 0.0
G16_A 0.0 0.2 -0.1 -0.3 -0.1
G17_A -0.5 -04 -0.3 -0.3 -0.6
G18_A -0.1 0.0 -0.4 -0.4 -0.1
G19_A 0.2 0.1 0.5 0.5 0.1
G20_A -0.6 -0.5 0.0 -0.1 -0.3
G21_A 0.2 0.0 0.4 0.5 0.0
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Table S11. Correlation of SP-B gates with reactor performance using the whole dataset. The different
gates have been labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor performance
data included: pH at cathode effluent (pHeff), current density (Current_den), coulombic efficiency (CE)
and nitrate, nitrite and nitrous oxide consumption rates (ANO3;, ANO, and AN,O, respectively). Green

colored indicates positive correlations higher than 0.4.

Current_den ANO; ANO, AN,O0 CE
G1_B -0.4 -0.4 -0.2 -0.3 0.0
G2_B 0.8 0.7 0.0 0.1 0.7
G3_B -0.3 -0.3 -0.5 -0.5 0.0
G4_B 0.0 -0.1 0.2 0.1 0.0
G5_B -0.3 -0.3 0.0 -0.1 0.1
G6_B 0.4 0.5 0.0 0.1 0.1
G7_B -04 -0.3 -0.2 -04 -0.1
G8_B 0.1 -0.1 0.5 0.6 -0.1
G9_B 0.5 0.6 0.3 0.5 0.3
G10_B -0.3 -0.1 0.0 -0.2 -0.2
G11_B -0.2 -0.1 0.1 -0.1 -0.2
G12_B 0.1 0.3 0.1 0.1 -0.2
G13_B -0.1 0.0 0.0 -0.2 0.0
G14 B -0.1 0.1 -0.1 -0.3 -0.1
G15_B -0.1 -0.1 0.0 -0.2 0.1
G16_B 0.2 0.4 -0.4 -0.5 0.2
G17_B -0.4 -0.4 -0.4 -0.4 -0.4
G18 B -0.2 -0.2 -0.6 -0.6 -0.1
G19_B 0.0 0.1 0.2 0.0 0.0
G20_B -0.5 -0.5 0.3 0.3 -0.5
G21_B -0.1 -0.1 0.1 0.0 0.0
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Table S12. Correlation of SP-C gates with reactor performance using the whole dataset. The different
gates have been labeled as GX_Y, where: X = gate number and Y = sampling port. Reactor performance
data included: pH at cathode effluent (pHeff), current density (Current_den), coulombic efficiency (CE)
and nitrate, nitrite and nitrous oxide consumption rates (ANO3;, ANO, and AN,O, respectively). Green

colored indicates positive correlations higher than 0.4.

Current_den ANO; ANO, AN,O0 CE
G1_C -0.4 -0.3 -0.3 -0.5 0.0
G2_C 0.7 0.6 -0.1 0.0 0.6
G3_C -0.2 -0.3 -0.7 -0.6 0.2
G4_C 0.0 -0.1 0.1 0.2 -0.1
G5_C 0.3 0.3 0.4 0.2 0.2
G6_C -0.4 -0.3 -0.1 0.1 -0.4
G7_C -0.3 -04 -0.4 -04 0.1
G8_C -0.3 -0.2 0.1 0.0 -0.2
G9_C -0.4 -0.3 0.0 0.1 -0.4
G10_C 0.0 0.0 -0.1 -0.1 0.2
G11_C 0.0 -0.1 -0.1 -0.1 0.1
G12_C 0.1 0.1 0.2 0.3 -0.1
G13_C -0.1 -0.3 -0.2 -0.1 0.2
Gl14_C -0.2 -0.3 0.0 0.0 -0.2
G15_C -0.2 -0.3 -0.4 -0.4 0.2
G16_C 0.4 0.5 -0.2 -0.2 0.2
G17_C -0.2 -0.2 -0.5 -0.4 -0.3
G18_C 0.0 0.0 -0.7 -0.6 0.1
G19_C -0.1 -0.2 -0.1 0.0 -0.2
G20_C -0.3 -0.2 0.4 0.2 -0.3
G21_C 0.2 0.1 0.4 0.4 0.1
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Table S13. Gates with positive correlations higher than 0.4 to reactor performance using the whole
dataset. The different gates have been labeled as GX_Y, where: X = gate number and Y = sampling port.
Reactor performance data included: current density (Current_den), coulombic efficiency (CE) and

nitrate, nitrite and nitrous oxide consumption rates (ANO;, ANO, and AN,O, respectively).

Current_den | AnO; ANO;, AN,O CE

G2A |06 |G2AJ07|GaAlos|Ganlos5|G2Alo04

G2B | 08| G2B|07|Gl0_A[04]|Gl0 Al04]G2_B 0.7

G6_B 04 | G6_B |0.5|G11_A[0.5|{G19_A|0.5| G2_C |0.6

G9_B 05| G9_B |0.6|G19_A|0.5|G21_A | 0.5

G2.C |07 |G16B|04|G21_A|04]| G8_B |06

G16.C |04 | G2c|06| G8 B |05] Go_B |05

G16_C| 05| G5.C |04(G21_C |04

G20_C | 0.4

G21._C |04
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$9: Dynamics on G2 cell abundance organized through nitrate consumption rate.

Table S14. G2 cell abundance dynamics at SP-A, SP-B and SP-C organized through nitrate consumption
rate. Other parameters of reactor performance are also shown organized through nitrate consumption

rate.

G2 cell abundance
ANO; %) Sampling day Current density ANO, AN,O
(mgN-Lyeed ™) SP-A SP-B SP-C (day) (MA-Lyec) (mgN-Lyeerd ™) (mgN-Lyeerd™)
14.5 9.32 10.20 8.51 67 0.00 0.0 0.0
19.9 8.00 8.18 11.30 32 0.59 0.0 0.0
53.4 12.60 17.20 10.60 60 11.61 4.2 0.0
58.0 25.20 19.30 21.50 95 10.58 20.9 20.6
62.8 9.19 8.38 11.50 38 7.77 41.4 41.4
64.4 12.10 14.10 11.00 56 12.40 18.0 3.0
65.4 11.70 10.30 9.59 53 8.06 29.3 15.6
65.8 15.40 11.10 11.70 49 10.45 24.5 9.8
67.1 12.10 12.50 10.40 46 10.64 24.5 10.4
78.8 13.90 10.10 11.50 42 10.53 38.7 38.7
97.3 27.90 20.30 15.10 104 22.58 43.8 43.6
99.5 10.10 23.40 24.10 74 19.17 6.0 6.0
106.7 13.30 19.70 25.20 102 23.56 55.7 55.7
109.8 26.10 17.80 10.30 77 11.90 33.9 14.1
122.4 19.00 18.60 27.50 84 25.02 0.0 0.0
124.2 26.80 21.30 21.60 70 21.47 0.0 0.0
128.7 27.30 30.50 22.90 88 23.31 8.3 8.0
132.2 18.30 16.10 11.90 63 22.01 0.0 0.0
155.5 31.60 22.00 14.90 97 23.80 52.7 52.2
157.1 22.50 16.20 26.30 82 25.04 19.0 5.0

112



$10: Contribution of Thiobacillus sp. according to T-RFLP analysis of the samples taken

directly from the cathode volume.

Table S15. Contribution of the terminal restriction fragment affiliated to Thiobacillus sp. in the complete

community based on T-RFLP. Data shown in percentage (%).

Stress-test Day SP-A SP-B SP-C
ST-1 31 0 0 0
ST-2 45 23 6 4
ST-3 59 15 23 10
ST-4 62 15 19 11
ST-5 66 5 3 2
ST-4 69 26 23 12
ST-4 83 30 33 25
ST-6 95 30 10 15
ST-7 104 54 10 14
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Abstract

The use of biocathodes in bioelectrochemical systems (BES) for the removal of nitrate in wastewater
has become a vital field of research. However, the elucidation of the underlying extracellular
electron transfer (EET) fundamentals of denitrifying biocathodes is still lacking, but required for a
deeper BES understanding and engineering. This study reports for the first time on the
thermodynamics of microbial cathodes for nitrate and nitrite reductions using microbial microcosms
isolated from a running denitrifying BES. Cyclic voltammetry showed that nitrate and nitrite
reduction proceed at - 0.30 V, and - 0.70 V vs. Ag/AgCl, respectively, by surface associated EET sites.
The biocathodes were predominantly covered by Thiobacillus sp. contributing with a nitrate
reductase (narG) to the major function of the microcosms. In conclusion, the EET characteristics of
denitrifying biocathodes are demonstrated for the first time.
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ABSTRACT

Denitrifying bioelectrochemical systems (BES) allows safe nitrate polluted groundwater
treatment without chemicals requirements and at a competitive cost. However, the
technology should be improved in terms of removal rate before scaling-up. In this
study, we assessed a novel tubular design d-BES for short-time nitrate reduction and
pre-disinfection of nitrate polluted groundwater. A nitrate consumption rate up to 700
gN-m'3Ncc-day'1 was reached without accumulation of nitrites at HRT of 36 minutes. Ti-
MMO electrodes promoted hypochlorite in batch experiments, but negligible
hypochlorite concentrations were detected under continuous-flow mode. Therefore,
this study presents an innovative design for nitrate removal and pre-disinfection of

water using denitrifying BES.

KEYWORDS

Biocathode, bioremediation, denitrification, microbial fuel cell, nitrogen.

1. INTRODUCTION

The presence of nitrate in different kinds of water (groundwater, surface water and
wastewater) highlights the investigation of innovative technologies for its removal
(Ghafari et al., 2008). Denitrifying bioelectrochemical systems (d-BES) could emerge as
alternative for nitrate treatment (Clauwaert et al., 2007; Virdis et al., 2009), especially
in waters with low organic carbon content as groundwater (Puig et al., 2012; Zhang
and Angelidaki, 2013).

In d-BES, autotrophic denitrifying bacteria reduces nitrate using an electrode as the
sole electron donor (Gregory et al., 2004; Pous et al., 2014).Denitrifying BES were
usually operated feeding organic matter at the anode to serve as anodic electron
donor (Clauwaert et al., 2007; Virdis et al., 2009). But nitrate-polluted groundwater
can be treated at a competitive cost using water as anode electron donor and
controlling the cathode potential (Pous et al., 2015). This converts d-BES into an
organic-carbon-free technology to treat nitrates. Nevertheless, nitrate reduction rates
obtained in d-BES should still be increased.

Our previous study suggested that denitrification performance could be promoted
by operating the d-BES at low influent nitrate concentrations but at high flows (low

hydraulic retention time (HRT)) (Pous et al., in preparation). The operation at low HRT
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diminishes the reactor size, making the technology stronger. Moreover, the increase of
water flux inside the BES compartments could improve the proton transport inside the
BES. It would avoid the basification usually observed in cathodes of denitrifying BES
and, consequently, increase the denitrifying performances (Cheng et al., 2012;
Clauwaert et al., 2009).

Not only cathode performances needs to be improved, but also research on anode
compartment is needed to increment the positive aspects of d-BES technology. In the
anode, when a d-BES driven by external energy input is implemented, alternative
oxidation processes could be investigated. In a biological process, a post-disinfection
treatment would be desired for specific applications (e.g. for the usage of treated
water as drinking-water). In this sense, the use of hypochlorite-evolving anodes could
promote hypochlorite (and thus free chlorine) from chloride oxidation (equation 1).
The in situ generated free chlorine could be used to disinfect the effluent water of the

cathode compartment.

E¥=+1.35V

Cl™ + Hy0 —— 2H* + 2e™ + ClO~ & 1/2Cl, + H,0 (eq. 1)

In this work, we aimed to use a novel tubular d-BES for obtaining high nitrate
reduction rates with in situ pre-disinfection. The cathodic nitrate reduction was
coupled with a pre-disinfection process at the anode compartment, based on

promoting chlorine through electrochemical hypochlorite evolution.

126



138
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Chapter 9. Discussion

9.1. Denitrifying BES for nitrate-polluted groundwater treatment

The principal objective of applying denitrifying bioelectrochemical systems (d-BES)
for nitrate-polluted groundwater was to obtain an effluent that accomplishes the
standards of nitrates and nitrites (11.29 and 0.91 mgN-L*, respectively (WHO,
2011)). Denitrifying BES are based on autotrophic denitrification, where
microorganisms are able to use the electrode as an electron donor (Gregory et al.,
2004; Park et al., 2005b). Before this thesis started, denitrifying BES was used for
treating nitrate, nitrite and nitrous oxide in synthetic wastewater (Clauwaert et al.,
2007a; Desloover et al., 2011; Puig et al., 2011c; Virdis et al., 2008). However, the
application of denitrifying BES for nitrate-polluted groundwater had not yet been

attempted.

Groundwater is characterized by its low ionic strength, which has a negative
impact on BES performance (Logan et al., 2006). A lower conductivity implies a
lower ion-transport, which raises the related overpotentials (membrane transport,
ohmic and pH gradients), ending-up with lower overall performances. In a
preliminary study carried out in LEQUIA, it was demonstrated that water with low
ionic strength limited the denitrifying performance in a denitrifying
bioelectrochemical system operated as MFC (Puig et al., 2012). By decreasing the
conductivity from 4303 to 1277 uS-cm'l, the overpotentials related to ion-transport
grew up to 80%. Consequently, the nitrate removed decreased by 44%. Hence, the
treatment of nitrate-polluted groundwater using denitrifying BES was challenging.
Nevertheless, the possibility of a biologic treatment, able to remove nitrates using

an electrode as the sole electron donor, was exciting.

This PhD thesis assessed the use of denitrifying bioelectrochemical systems for
nitrate-polluted groundwater treatment. It evaluated the electrochemical operation
of the d-BES (MFC or MEC), the anode electron donor (and electrode material), the
effect of the hydraulic retention time and new tools for monitoring reactor
microbiomes of denitrifying BES (from the microbiological and electrochemical

perspective).
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Chapter 9. Discussion

9.1.1. Electrochemical operation for reaching a high effluent quality

(NO5; and NO,)

Two different electrochemical configurations were studied to treat nitrate-polluted

groundwater:

i) Microbial fuel cell (MFC). It was the typical operation used for treating

nitrates in BES (Clauwaert et al., 2007a; Virdis et al., 2008).

ii) Microbial electrolysis cell (MEC) using a three-electrode arrangement. It
allowed the research to focus on one compartment without being limited by

the anode performance (Cheng et al., 2012; Virdis et al., 2009).

Table 9.1 summarizes the results obtained. The d-BES operation, using MFC to
treat nitrate-polluted groundwater, was evaluated in a 97-day study (Chapter 4,
(Pous et al., 2013)). Acetate was used at the anode compartment as an electron
donor and the denitrifying cathode was operated at an HRT of 11.9 h. Nitrate
contained in groundwater was reduced at a maximum nitrate consumption rate of
47.642.4 gN-m>ycc-d™. However, the nitrate content at the effluent (12.1+3.60
mgN-L™") did not always meet the standards required for drinking-water (11.29
mgN-L™") (WHO, 2011). Although the standards for nitrite were met (0.14+0.13
mgN-L'l), the electron balances suggested that high nitrous oxide emissions were
produced (around 50% of nitrate reduced). Therefore, suitable treatment of nitrate-

polluted groundwater could not be reached operating the d-BES as an MFC.

In a denitrifying MFC, the success of the treatment relies not only on the
biocathodic performance, but also on the bioanode. In wastewaters containing both
organic matter and nitrate, it is valuable to enhance both the organic matter anodic
oxidation and nitrate cathodic reduction for concomitant electricity production.
However, organic matter is scarce in nitrate-polluted groundwater. For this reason,
the MEC was evaluated at a poised cathode potential (three-electrode
arrangement). In this configuration, the nitrate treatment depends only on the

biocathodic activity.
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Firstly, different cathode potentials were studied to find a cathode potential that
allow a suitable treatment of nitrate-polluted groundwater (i.e., meeting the
drinking-water standards for nitrate and nitrite, meanwhile minimizing N,O
emissions) (Chapter 5, (Pous et al., 2015b)). A cathode potential range from +597 to
-703 mV vs SHE was tested. An increase in nitrate consumption rate was observed
at lower cathode potentials. The nitrate consumption rate increased from +597 to -
403 mV vs SHE, where it stabilized. Moreover, the standards for nitrate were met
below a cathode potential of -103 mV vs SHE. Destabilization of nitrite and nitrous
oxide accumulations (denitrification intermediates) were seen at low cathode
potentials. It was observed that nitrite and nitrous oxide were reduced at a lower
rate than nitrate at low cathode potentials, ending-up with nitrite and nitrous oxide
accumulations at cathode potentials lower than -303 and -203 mV vs SHE,
respectively. Hence, a range of cathode potentials between -103 and -203 were
considered as suitable for nitrate-polluted groundwater treatment (Patent
WO0/2014/082989 (Colprim et al., 2014)). At -123 mV vs SHE, the highest nitrate
conversion (93.9%) to N, was found at a nitrate consumption rate of 66.4+1.0 gN-m’
3Ncc-d'1, without accumulation of nitrites and a low N,O emission of 6.1+1.1% of

removed nitrate.

Previously, two articles had reported the effect of the cathode potential on
nitrate consumption performance using synthetic wastewater (Cheng et al., 2012;
Virdis et al., 2009). Both showed an increase in denitrifying performance as the
cathode potential was lowered, until a minimum cathode potential of -200 mV vs
SHE (Virdis et al., 2009) and -400 mV vs SHE (Cheng et al., 2012). The outcome
obtained in this PhD thesis revealed: i) the suitable cathode potentials for treating
real nitrate-polluted groundwater; ii) a larger range of cathode potentials (from
+597 to -703 mV vs SHE) and iii) the effect of the cathode potential not only on
nitrate consumption, but also nitrite and nitrous oxide reduction (i.e., the entire

denitrifying pathway).

The technologies that would compete with denitrifying BES for treating nitrate-

polluted groundwater are based on the separation principle or on the nitrate
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conversion to dinitrogen gas. It has to be mention that, up to now, only the
separation-based technologies reverse osmosis, electrodialysis and ion exchange
are considered as suitable treatment technologies for nitrate contaminated
groundwater (EPA, 2006). In order to evaluate the d-BES technology and compare
its performance with the existing technologies, an energetic analysis was performed
considering the operational energy demand of the system (Table 9.1.). The
operational cost related to energy demand was calculated from the Gibbs free
energy and the specific power consumption (Ali et al., 2010). For these calculations,
the measured cell voltage and current were used. At a poised cathode potential of -
123 mV vs SHE (test 12 of Chapter 5), the estimated energy demand of the d-BES
was between 0.38 and 0.20 kWh-m > esteq (0.68:1072 and 1.27-102 kWh-gNremoved ).

The electricity demand of the d-BES is similar to the values reported for
separation-based technologies, such as electrodialysis (between 0.04 and 1.32
KWh-myeated (El Midaoui et al., 2002; Twomey et al., 2010) or reverse osmosis
(between 1.03 and 2.09 kKWh-m,eated (Twomey et al.,, 2010)). Positively, with
similar energy requirements, the denitrifying BES was able to diminish the nitrate
content in groundwater below to its guideline value (WHO, 2011) without
producing toxic products (NO, and NH;") and with low emission as N,O (6.1+1.1%
of removed nitrate). Therefore, in the d-BES nitrate is most probably converted to

dinitrogen gas or assimilated by bacteria.

When considering technologies able to biologically reduce NOs3 to N,, two
groups can be distinguished: i) without chemical electron donor dosing (biofilm-
electrode reactor (BER) (Sakakibara et al., 2001)) or ii) with chemical electron donor
dosing (organic matter- or sulfur- based denitrification (McAdam et al., 2008; Wan

et al., 2009; Zhao et al., 2011; Zhou et al., 2007).

In the BER presented by Sakakibara and co-workers (2001), an external power
input was used to control the cell voltage to produce hydrogen in the cathode,
which was subsequently used by bacteria to reduce nitrates. Although a power
input is also applied in the denitrifying BES operated at a poised cathode potential,

no H, production was detected at -123 mV vs SHE. Hence, biologic reduction of
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nitrate at -123 mV vs SHE was not mediated through hydrogen oxidation. According
to results, the difference on the controlling system (control of the cathode potential
or of the cell voltage) implied a control on nitrate reduction end-products and a
lower energy consumption in the d-BES (0.68:10-2 and 1.27-10-2 kWh gN-NO3
remo\,ed'l) with respect to the BER (7.00-10-2 kWh gN—Nog,'re,m\,ed'1 (Sakakibara et al.,
2001)).

When comparing the technologies where chemical electron donors as sulfur
(Wan et al., 2009) or organic matter (McAdam et al., 2008; Zhao et al., 2011; Zhou
et al., 2007) are supplemented, the denitrifying BES operated at a poised cathode
potential was also competitive. Despite the dose of chemical electron donors,
similar/lower energy consumption was observed in all cases, with the only
exception of the system proposed by Zhao and co-workers (2011), which presented
a significantly low energy demand. Nevertheless, this system implied a dose of
methanol, which would have to be completely removed before introducing the

groundwater into the drinking-water supply system.

It is worth to mention that technologies able to abiotically reduce nitrates are
also under investigation, such as zero valent iron (Fu et al., 2014) or electrocatalytic
nitrate reduction (Duca et al., 2012). These technologies present the advantage of
allowing nitrate reduction without the external care required for biological systems
and could sustain nitrate treatment in those waters where life is restricted, as in
nuclear wastes (Duca et al., 2012). Nevertheless, they present some challenges. In
the case of zero valent iron, nitrate is normally converted to NH,", which needs a
post-treatment. It also requires the dose of Fe(0), which is released as Fe(ll) or
Fe(lll) due to the oxidation process (such iron release needs to be controlled as well)
(Fu et al.,, 2014). On the contrary, d-BES allows nitrate conversion without
generating toxic products as nitrite or ammonium and no dosing of external

chemicals is required since the electron donor is the cathode electrode itself.

In the case of electrocatalytic nitrate reduction, expensive catalysts are required
as rhodium or platinum (Duca et al., 2012) while d-BES uses microorganisms, which

can be considered as a cheap and self-regenerating catalyst. Moreover, different
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nitrate reducing pathways can be observed depending on electrode material; being

preferent the conversion to ammonium or nitrous oxide. Nitrous oxide is usually not

reduced in electrocatalytic processes since few catalysts are able to catalyse N,0

conversion to N, before nitrous oxide desorbs from the electrode surface (Duca et

al., 2012), while nitrous oxide can be correctly reduced in a denitrifying biocathode

(Desloover et al., 2011; Pous et al., 2015b; Virdis et al., 2009b).

Table 9.1. Comparison of energy consumption and characteristics for nitrate- polluted groundwater

treatment for denitrifying BES (Chapter 5 - test 12), conventional treatments and other technologies

found in the bibliography (adapted from Chapter 5, Table 3). In references where energy

consumption was not directly mentioned, it was calculated from Gibbs free energy and Specific

power consumption. Legend: Not mentioned (n.m.).

Energy consumption

Energy consumption

(kWh gN-NO5 emoved) (KWh m™ yeqeq) Nitrate
Addition of
Reference Specific power From Specific power removal
From Gibbs chemicals?
consumption Gibbs free consumption pathway
free energy
(Ali etal., 2010) energy (Alietal., 2010)
Denitrifying BES
1.27-107 0.68-10" 0.38 0.20 Reduction to N, No
(test 12 of Chapter 5)
3D electrode biofilm reactor
3.35.107 1.46:107 1.01 0.44 Reduction to N, Yes, ethanol
(Zhou et al., 2007)
Biofilm-electrode reactor
0.16:102 0.08 Reduction to N, Yes, methanol
(Zhao et al., 2011)
Biofilm electrode reactor + Yes, sulphur
sulfur denitrification 4.79-107 1.50-107 1.00 0.31 Reduction to N and anthracite
(Wan et al., 2009) granules
Biofilm- electrode reactor
7.00-10° 112 Reduction to N, No
(Sakakibara et al., 2001)
Membrane Bioreactor Yes, organic
2.04:102 0.30 Reduction to N,
(McAdam et al., 2008) matter source
Electrodialysis Separation in a
4.9510%-1.01-107 0.92 - 1.69 No
(Ortiz et al., 2008) waste brine
Electrodialysis Separation in a
0.40-10 - 0.80-107 0.04-0.11 No
(El Midaoui et al., 2002) waste brine
Electrodialysis Separation in a
n.m. 0.69 - 1.32 No
(Twomey et al., 2010) waste brine
Reverse Osmosis Separation in a
n.m. 1.03 -2.09 No

(Twomey et al., 2010)

waste brine
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As a consequence of both denitrifying performance and competitive cost, the
operation at a poised cathode potential of -123 mV vs SHE was chosen for further

studies.

The cathode potential of -123 mV vs SHE was imposed during a 96 day treatment
of nitrate-polluted groundwater with an influent nitrate concentration of
33.11+2.55 mgN-L* and conductivity of 918+31 pS-cm™ (Chapter 5, (Pous et al.,
2015b)). Two cathodic HRT (11 h and 5 h) were assessed. Nearly complete removal
of influent nitrate (96.5+1.7 %) was reached at a nitrate consumption rate of
65.4+4.9 gN-m'3Ncc-d'1, without accumulation of NO, or N,O at an HRT of 11 h. At a
cathodic HRT of 5 h, a nitrate consumption rate of 112.9+8.0 gN-m'3Ncc-d'1 was
reached. The nitrate and nitrite standards were met and N,0 emissions of 6.4+8.2 %
were detected. Hence, long-term experiments confirmed that a poised cathode

potential of -123 mV vs SHE can suitably treat nitrate-polluted groundwater.

In order to compare the denitrifying performances with published results,

synthetic wastewater was also used in certain studies (Chapters 6 and 8).

Using the rectangular BES, the cathode was also fed with synthetic wastewater
with a conductivity of 52934155 pS-cm’, influent nitrate concentration of 200
mgN-L™ and HRT of 16.8 h (Chapter 6). The best stable denitrifying performance was
a nitrate consumption rate of 97.449.4 gN-m'aNcc-d'1 with 1.241.6 % of reduced
nitrate accumulated as NO, and 13.4+13.8 % of N,O emissions (chapter 6). In this
case, denitrifying activities higher than those when using real nitrate-polluted

groundwater were not observed.

The application of computational fluid dynamics to the rectangular reactor
revealed heterogeneity (Chapter 6). It could imply the presence of zones of low
activity inside the cathode compartment, lowering the overall removal capacity. For
this reason, the BES was modified to a new tubular design. This configuration
reached the highest nitrate consumption rate at an HRT of 0.6 h (the lowest
studied), with a mean value of 699.8+7.0 gN-m'SNcc-d'l. Nitrite was not accumulated

and N,O emissions of 33.3+9.5 % were detected. By lowering the HRT, the N,0
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emission was lowered from 77.0+10.6 % to 33.3+9.5 %. Therefore, the use of a
tubular BES and operating at low HRT increased the nitrate consumption rates

roughly 600 %, without observing nitrite accumulation.

Table 9.2. Denitrification stable performances at different conditions. Legend: * = estimated value.

Electrochemical MEC with poised cathode potential at -123
. . MFC
configuration mV vs SHE
BES geometry Rectangular Rectangular Rectangular  Tubular
Water Real groundwater Synthetic wastewater
Conductivity (uS-cm™) 955+121 918131 52931155 41991282
HRT (h) 11.9 5.0 16.8 0.6

NO; consumption rate

3 47.6£2.4 112.948.0 97.449.4  699.8+7.0
(gN-m dr)
’ NCC’
'\zgzrjjﬁ‘;ed“ﬁg"_’)“ 0.6+0.6 0.00.0 1.2¢16  0.0:0.0
° 3
(c;lzr(e)dzc:dsﬁgs-) 50" 6.4+8.2 13.4+13.8 33.349.5
° 3
Chapter 4 Chapter 5

Reference Chapter6 Chapter 8

(Pous et al., 2013) (Pous et al., 2015b)

Table 9.3 summarizes denitrifying performances reported for denitrifying BES
and for biologic-based technologies that are also being developed for nitrate-

polluted treatment.
Different nitrate-consumption rates have been observed:

i) MFC procedure: Clauwaert et al. (2009) reached 500 gN-m>ycc-d™ using a pH
control at the cathode compartment and Zhang and Angelidaki (2013)
reached 483 gN-m'3Ncc d™.

ii) MEC with a poised cathode potential: At a cathode potential of -100 mV vs
SHE, Virdis et al. (2009) reported 163 gN-m>ycc-d™.

iii) MEC with a fixed current: Van Doan et al. (2013) observed a 39.6 gN-m>ycc -d”
Yand Park et al. (2005b) an impressive 7608 gN-m>ycc -d ™.

Therefore, nitrate consumption rates observed in this thesis were on the level of
the highest previously reported in denitrifying BES (when a tubular reactor operated

at an HRT of 0.6 h and a poised cathode potential of -123 mV vs SHE).
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Other biologic-based technologies are being developed for nitrate-polluted
groundwater treatment. The heterotrophic removal of nitrates in groundwater
using membrane bioreactors has also been evaluated. Wasik et al. (2001) reported a
value of 1700 gN-m™-d"*. Hydrogenotrophic denitrification presents a wide range of
efficiencies when H, is supplied. Zhang et al., (2009) reported 404 gN-m>-d, while
Ergas and Reuss (2001) found 770 gN-m>.d*. When H, is electrochemically
produced inside the reactor, Prosnansky et al. (2002) achieved a rate of 394 gN-m”
3.d!. Additionally, sulfur based denitrification have presented rates of 100 gN-m™-d’
! (Darbi et al., 2003). Hence, the reported values in denitrifying bioelectrochemical
systems are remarkable compared to competing biologic-based technologies. The
use of an electrode as an electron donor for nitrate reduction can achieve nitrate
consumption rates similar to those using inorganic compounds as an electron donor

(as H; or sulfur).

Overall, it can be stated that the electrochemical configuration of the denitrifying
BES was demonstrated to be a key factor in the successful treatment of nitrate-
polluted groundwater. By improving the electrochemical configuration, the
standards, in terms of nitrates and nitrites, can be met with low nitrous oxide

emissions.
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9.1.2. Electrochemical operation for decreasing N,O emissions

Although nitrous oxide is not regulated in drinking-water, its emissions in the
denitrifying process should be avoided due to its potential as a greenhouse gas
(Forster et al., 2007). In the field of denitrifying bioelectrochemical systems, nitrous
oxide emissions have been a matter of inconsistency (Table 9.3). Desloover et al.
(2011) demonstrated the bioelectrochemical reduction of N,O to N; in a biocathode
at a poised cathode potential. Cathode potentials between -200 and 0 mV vs SHE
were considered to be optimum, and high nitrous oxide consumption rates
(between 760 and 1830 gN-m'3Ncc-d'1) were achieved. Hence, N,O can also be
reduced bioelectrochemically. In the present thesis, different N,O emissions have
been observed, dependent upon the electrochemical configuration of the

denitrifying BES.

When the d-BES was operated as MFC (Chapter 4, (Pous et al., 2013)), it was
estimated that nitrous oxide emissions of reduced nitrate were 50%. In denitrifying
BES operated as MFC, lower N,0 emissions have been reported. Puig et al. (2012)
estimated a nitrous oxide emission of reduced nitrate of 4% at a conductivity of
4303 uS-cm™ and a maximum of 22% at 1768 uS-cm™’. Zhang and Angelidaki (2012)
estimated N,O emissions between 15.3 and 18.2% when treating water from a
eutrophic lake. The difference relies on the performance of the anode compartment

and the medium characteristics.

On the contrary, when a poised cathode potential was used, the N,O emissions
could be controlled (Chapter 5, (Pous et al.,, 2015b)). Different nitrous oxide
emissions were observed at the different cathode potentials. By lowering the
cathode potential from +597 to -203 mV vs SHE, N,O emissions decreased. But at
cathode potentials lower than -203 mV vs SHE, N,O emissions increased. A
minimum emission of 6.1 % was observed at a cathode potential of -123 mV vs SHE,
and N,O concentrations at the effluent could be lowered below the detection limit
when the cathode potential was poised for a longer period of time (48 days). This

thesis evaluated a wider range of cathode potentials when compared to previous
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works (Virdis et al., 2009). Virdis et al. (2009) observed that N,O emissions decreased
from 52.9 to 17.0 % by decreasing the cathode potential from +100 to -200 mV vs

SHE when treating synthetic wastewater.

On the other hand, by operating a denitrifying BES at a fixed current, Van Doan
et al. (2013) described nitrous oxide emissions up to 70 % using synthetic

wastewater.

Hence, electrochemical operation of a denitrifying BES influences nitrous oxide
emissions. The use of a poised cathode potential allows the control of N,O
emissions. Two hypotheses can be formulated to explain the better performance
compared to the operation as MFC or the operation as MEC under fixed current: i)

electron competition and ii) bacterial energy gain.

In a denitrifying process, four reduction steps are involved, and thus, four
different enzymes. The electron competition between denitrifying enzymes has
been demonstrated in conventional heterotrophic denitrification processes,
resulting in higher nitrous oxide emissions (Lu and Chandran, 2010; Pan et al.,
2013). When operating as a MEC at a fixed current, a limited number of electrons
are continuously delivered to the cathode. While under MFC operation, the electron
flux to the cathode is limited by the bioanodic activity. Thus, in both cases, a limited
amount of electrons are available for cathodic denitrifying bacteria, which could
promote electron competition. On the contrary, when operating with a poised
cathode potential, an unlimited amount of electrons are available for biocathodic
denitrifying bacteria. In consequence, the reductive process is not limited and lower

N,O emissions are observed.

However, shifts in N,O emissions were detected at different cathode potentials,
indicating that thermodynamics are also playing a key role. Here is where the
bacterial energy gain becomes important. At high cathode potentials, low energy
gain is available for bacteria (Schréder, 2007). At cathode potentials higher than 0
mV vs SHE, Desloover et al. (2011) observed lower nitrous oxide removal rates and

higher N,O emissions. This is in agreement with the results presented in this thesis
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(Pous et al., 2015b). While at cathode potentials between 0 and -200 mV vs SHE, the
energy gain is enlarged, N,O is reduced at higher rates (Desloover et al., 2011) and
less N,O is emitted in denitrifying BES (Pous et al., 2015b; Virdis et al., 2009). In this
scenario, operating in MFC mode can also be threatened, since it requires high

cathodic potential to drive the process.

Therefore, the use of a poised cathode potential has been observed as being a

key parameter for controlling N,O emissions in a denitrifying BES.

9.1.3. Anode electron donor and anode material

Throughout thesis, a plethora of anode electron donors (acetate, water and
chloride) and anode materials (granular graphite, stainless steel and titanium) were
evaluated (Table 9.4). The objective was to investigate how the anode compartment

can improve the viability of d-BES for nitrate-polluted groundwater treatment.

Table 9.4. Anode electron donors used along this PhD thesis.

Electron Oxidation reaction Electrode .
. . Catalysis Reference
donor (redox potential at pH 7) material
] o Chapters 4 and 5
Acetate , Graphite Biotic
E0’ =-290 mV vs SHE (Pous et al., 2015b, 2013)
Chapter 5
Graphite Abiotic P
Water , (Pous et al., 2015b)
EQ’” = +840 mV vs SHE
Stainless steel Abiotic Chapter 6
Chloride Ti-MMO Abiotic Chapter 8

EQ’ = +890 mV vs SHE

In denitrifying BES, organic matter is commonly used as anode electron donor,
usually in form of acetate (Clauwaert et al., 2007a; Virdis et al., 2009). Acetate is
oxidized by anode-respiring bacteria, thereby delivering electrons to the anode

electrode.

In this study, the use of acetate was evaluated for MFC (Chapter 4 (Pous et al.,
2013)) and for MEC at a poised cathode potential (Chapter 5 (Pous et al., 2015b)).

An excess of acetate was dosed at the anode compartment (three times the
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stoichiometric requirements of acetate) to avoid limiting the cathodic

denitrification.

Coulombic efficiencies below 20% were observed in the anode compartment
regardless of the electrochemical configuration used (MFC or MEC with poised
cathode potential). Either because of the excess of acetate (three times higher than
the stoichiometric value to avoid limitations on denitrifying performance), or the
low conductivity of groundwater, the coulombic efficiencies were lower than other
values reported in literature for denitrifying BES. Zhang and Angelidaki (2013)
observed anodic coulombic efficiencies of 59-70% by operating the d-BES as MFC
for nitrate removal and desalination of groundwater. Virdis et al. (2009) observed
CEs between 45.6 and 46.7% in an MEC operated at a poised cathode potential, but

treating synthetic wastewater.

The low CEs indicated that a low percentage of the acetate consumed at the
anode was used for transferring electrons to the cathode. Since groundwater does
not contain organic matter, the treatment of nitrate-polluted groundwater would
require an external dose of organic matter to the anode. Hence, the low coulombic
efficiencies were directly related to a low economic viability of the process. When
the d-BES is operated as MFC, the biological oxidation of acetate is essential for the

overall performance, since it is a spontaneous process.

On the other side, when the BES is operated at a poised cathode potential, the
performance of acetate oxidation does not affect the cathodic process, since it is
supported by the external energy supply. If the anodic acetate oxidation does not
fulfill the cathodic requirements of the current, the anode process switches to a

more efficient oxidation.

In this thesis, when the d-BES was operated at a poised cathode potential and
high currents were demanded, the anode catalysis switched from acetate to water
oxidation (Chapter 5 (Pous et al., 2015b)). Under experimental conditions, the
standard redox potential for acetate to carbon dioxide is -173+27 mV vs SHE, while

the water oxidation to oxygen potential is +776£31 mV vs SHE. The change in anode
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electron donor was detected by a sudden increase of the anode potential from -
290+1 to +1010+38 mV vs SHE. If water was being used as the anode electron
donor, the dose of acetate (or other organic carbon source) was no longer required.
In consequence, the use of water free of organic matter at the anode compartment
was evaluated. It would imply that groundwater treated at the cathode could be
directly injected to the anode, and thus, the treatment would not require an
addition of chemicals. Moreover, it would avoid possible acetate oxidation in the
cathode compartment through the ion exchange membrane (Jung et al., 2007),
which could affect water quality. A sustainable treatment of nitrate-polluted

groundwater could be reached.

Three different electrode materials were evaluated to catalyze abiotic oxidation

processes at the anode (graphite, stainless steel and Ti-MMO).

When either graphite (Chapter 5 (Pous et al., 2015b)) or stainless steel (Chapter
6) were used at the anode compartment without the presence of acetate, it was
assumed that the oxidation of water to oxygen was occurring. Neither the use of
graphite or stainless steel at the anode limited cathodic performance. Both
materials were able to supply the electrons required for the biocathodic
denitrification. However, a severe degradation of the anodic electrodes was
observed in both cases. It suggested that oxidation of the electrode itself had been
produced, rather than water oxidation to oxygen. Therefore, a periodical
replacement of anode material would be needed if graphite or stainless steel were

used.

Ti-MMO electrodes were seen as stable anode materials capable of supporting
the biocathodic requirements of the current (Chapter 8). The Ti-MMO anodes are
dimensionally stable anodes (DSA). Ti-MMO electrodes are able to promote
chloride oxidation to hypochlorite (Tzedakis and Assouan, 2014), which ends-up
generating free chlorine (equation 21). If the cathode effluent is fed into the anode
compartment, it would allow a certain disinfection of cathodic bacteria that could
have been detached from the cathode electrodes. For drinking-water purposes, it

would reduce the requirements of chlorine dosing.
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Other than in batch experiments, the production of free chlorine was
demonstrated. Under continuous-flow conditions, free chlorine was not detected
either because of its dilution or because of its consumption for disinfection or
nitrite oxidation to nitrate. Nevertheless, no degradation of the Ti-MMO electrode
was observed. Therefore, if an abiotic anode were to be used, Ti-MMO electrodes

would be recommended over graphite or stainless steel.
9.2. Denitrifying microbiome

In a biological process, such as BES, the understanding of microorganisms involved
is fundamental. However, the knowledge regarding microbial communities present
in biocathodes of denitrifying bioelectrochemical systems is scarce. In consequence,
in this PhD thesis, the microbial community in biocathodes has been analyzed
several times using different techniques. Table 9.5 summarizes the predominant

species.

The microbial community attached to graphite electrodes was analyzed through
PCR-DGGE at the end of d-BES operation as MFC (Chapter 4 (Pous et al., 2013)). A
microbial community was observed that dominated by Betaproteobacteria,
especially by Candidatus Nitrotoga arctica (97%) and Thauera sp. (100%). The same
analysis was conducted at the end of d-BES operation as MEC at a poised cathode
potential of -123 mV vs SHE (Chapter 5 (Pous et al., 2015b)). It was observed that a
microbial community dominated by the betaproteobacterium specie Azovibrio
restrictus (98%) and the nitrospirae Candidatus Nitrosospira defluvii (100%) was
present. Therefore, different species belonging to the same class were identified by

operating under the two different electrochemical modes.

Although the PCR-DGGE analyses allowed for identification of the bacteria
present inside the cathode, it did not allow for determination of bacterial roles in
the process. This knowledge is fundamental for understanding and, consequently,
operating denitrifying BES more efficiently. Moreover, denitrification is a complex

process. It involves four reduction steps. Hence, the elucidation of which
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microorganism (or group of microorganisms) is catalyzing each reaction is more

relevant, but also more challenging.

For this reason, a goal was to reveal the structure-function relationship of a
bioathodic denitrifying community (Chapter 6). To achieve this goal, cytometric
fingerprinting using flow cytometry combined with T-RFLP was used (Koch et al.,
2013a, 2013b). To the best of the author’s knowledge, the application of flow
cytometry had never been exploited in biocathodes of bioelectrochemical systems,
but it had already been used for bioanodes (Harnisch et al., 2011). Additionally, the
main aim of this thesis is the treatment of nitrate-polluted groundwater, and
groundwater is restricting water for BES due to its low conductivity (Logan et al.,
2006; Puig et al., 2012). For this reason, it was decided to use this technique in a
denitrifying BES fed with synthetic water. Higher denitrification rates were
expected, and thus the viability of flow cytometry could be better explored. The

operational condition studied was a poised cathode potential of -123 mV vs SHE.

The identified microbial community was composed of 21 different
subcommunities. Several of them presented no correlation with the
bioelectrochemical process. It suggested that, from all the microbiome detected in a
denitrifying biocathode, only some subcommunities were directly related to the
bioelectrochemical denitrification. Results also suggested that different bacterial
subcommunities were in charge of the different nitrate reduction steps to
dinitrogen gas. A subcommunity mainly composed of the betaproteobacterium
Thiobacillus sp. was mainly responsible for the nitrate reduction to nitrite. Nitrite

and nitrous oxide reduction was catalyzed by a wider range of subcommunities.

Species of Thiobacillus, such as Thiobacillus denitrificans, are known as
autotrophic denitrifiers and are able to use either ferrous iron (Fe2+) (Hedrich et al.,
2011; Straub et al., 2004, 1996), thiosulfate (Fernandez et al., 2008) or sulfide
(Haaijer et al., 2012) as electron donors. Other microorganisms able to use Fe?* as
an electron donor, such as Geobacter metallireducens (Hedrich et al., 2011), are

already known to use an electrode as an electron donor for nitrate reduction
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(Gregory et al.,, 2004). Hence, Thiobacillus sp. could potentially perform

bioelectrochemical reduction of nitrate.

Although the presence of Thiobacillus sp. had not been detected in denitrifying
biocathodes before, its electroactivity had already been suggested (Kato et al.,
2012). Kato et al. (2012) observed electrical currents between Geobacter
sulfurreducens and Thiobacillus denitrificans through conductive minerals. It
coupled acetate oxidation (by Geobacter sulfurreducens) and nitrate reduction (by
Thiobacillus denitrificans). Therefore, the use of flow cytometry combined with T-
RFLP allowed not only for analysis of the microorganism present in the biocathode
per conventional techniques (as PCR-DGGE), but also allowed elucidation of which

subcommunities were involved in bioelectrochemical denitrification.
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Considering all results, it can be surmised that Proteobacteria-like species were
enriched in the denitrifying biocathode regardless of the electrochemical operation
applied (MFC or MEC at a poised cathode potential). A similar trend was observed in
other denitrifying BES. Bacteria found in cathodes of denitrifying BES of different

reported studies are shown in Table 9.6.

Research efforts have focused on analyzing the microorganisms present inside
the biocathode after a certain operation time, and an enrichment of
Proteobacteria-like species has been commonly observed in denitrifying
biocathodes (Gregory et al., 2004; Park et al., 2006; Van Doan et al., 2013; Vilar-
Sanz et al., 2013; Wrighton et al., 2010; Xiao et al., 2014). From them, orders of
Burkholderiales (Park et al., 2006; Van Doan et al.,, 2013; Vilar-Sanz et al., 2013;
Wrighton et al., 2010), Rhizobiales (Park et al., 2006; Vilar-Sanz et al., 2013;
Wrighton et al., 2010) or Xanthomonadales (Gregory et al., 2004; Van Doan et al.,
2013; Vilar-Sanz et al.,, 2013) have been observed in more than two studies. In
systems where the denitrifying biocathode was coupled to an external nitrifying
reactor (Virdis et al., 2008), species of phylum Firmicutes were also enriched
(Wrighton et al., 2010), indicating that the coupling of the two processes lead to a

more diverse community.
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Table 9.6. Bacteria reported in denitrifying BES. Legend: A = autotrophic and H = heterotrophic.

Cathode Electrochemical
Reference . . . Phylum Class Order
medium configuration
Rhizobiales
alpha -

_ Sphingomonadales
Wrighton . Burkholderiales
et al. A MFC Proteobacteria beta Rhod bl
(2010) odocyclales

delta
gamma
regor MEC with poi delta Desulfuromonadales
Gregory et A Cwi pmsgd Proteobacteria
al. (2004) cathode potential gamma Xanthomonadales
Bacteroidetes Flavobacteriia Flavobacteriales
o Rhizobiales
Park et al. MEC with fixed alpha :
A . Sphingomonadales
(2006) current Proteobacteria X
beta Burkholderiales
gamma Enterobacteriales
Bacteroidetes Flavobacteriia Flavobacteriales
Van Doan o Gemmatimonadetes Gemmatimonales
MEC with fixed beta -
et al. A Burkholderiales
current )
(2013) Proteobacteria Aeromonadales
gamma
Xanthomonadales
Bacteroidetes Sphingobacteria
o alpha
Congetal. MEC with fixed
H . Azoarcus
(2013) current Proteobacteria
beta Hydrogenophaga
Thauera
Actinobacteria Actinobacteridae Actinomycetales
Deinococcus Deinococci Thermales
Rhizobiales
Eitherin A alpha Rhodobacterales
Vilar-Sanz band H (but Rhodospirillales
teri
et al. acteriawas MFC Burkholderiales
(2013) found at P b d hilal
: roteobacteria Hydrogenophilales
different beta y genop
percentages) Nitrosomonadales
Rhodocyclales
Pseudomonadales
gamma
Xanthomonadales
Chloroflexi
) bacili
Autotrophic
Wrighton cathode catabacter
etal. coupled to MFC Firmi clostridia
ep iIrmicutes
(2010) nitrifying desulfotomaculum
reactor

mollicutes

symbiobacteria
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9.3. Extracellular electron transfer mechanism in a denitrifying

biocathode

Regarding BES, a fundamental understanding is that of the extracellular electron
transfer used by bacteria to transport the electrons from/to its cell to/from the
electrode. It involves the transfer mechanism (direct or mediated electron transfer)
and the thermodynamics of this process (redox potential at which the electron
transfer takes place). Knowledge regarding biocathodic EET is scarce (Rosenbaum et

al., 2011), but it is essential to characterize and consequently operate BES.

In this thesis, a new methodology for studying the extracellular electron transfer
in biocathodes of BES was used (Chapter 7 (Pous et al., 2014)). Cathodic samples
from a working d-BES (Chapter 6) were extracted to inoculate denitrifying
microcosms. In microcosms, the smaller reactor size allowed a more sensitive
electrochemical analysis. It is fundamental for studying autotrophic electroactive
biofilms due to its lower biomass abundance compared to heterotrophic
electroactive biofilms, which are the most studied in BES (Fricke et al., 2008;

Srikanth et al., 2008).

Denitrifying microcosms were successfully grown, and electrochemically
characterized. In the different microcosms, the same microbial composition was
attached to the cathode electrode. The different cathodes were mainly composed
of Thiobacillus sp., and its thermodynamics toward nitrate and nitrite reduction was
elucidated. The biocathode presented a Nernstian current-potential dependency on
nitrate and nitrite reduction. It was revealed that nitrate reduction to nitrite,
considering the respective mid-point potentials, was catalyzed at -103 mV vs SHE (-
0.30 V vs Ag/AgCl) and the further reduction of nitrite to nitric oxide at -503 mV vs
SHE (-0.70 V vs Ag/AgCl).

From cytometric fingerprinting analyses (Chapter 6 and discussed in section 9.2),
it was deduced that in the BES operated at a -123 mV vs SHE, a subcommunity,
mainly composed of Thiobacillus sp., played a key role in nitrate reduction to nitrite.

As demonstrated in microcosms, the reduction of NO3 by a biofilm mainly
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composed of Thiobacillus sp. could be carried out from -103 mV vs SHE. But nitrite
reduction was performed by a wider number of subcommunities, and Thiobacillus

sp. was not predominant there.

Two hypotheses were formulated to explain the finding of the thermodynamics
in nitrite reduction at -503 mV vs SHE in microcosms, when the reactor worked at a
poised cathode potential of -123 mV vs SHE. i) The medium used to allow
microorganism attachment in the microcosms was composed of NOs; and,
therefore, bacteria able to catalyze nitrate were favored. ii) It was described that
porous electrodes, as the graphite granules present in the BES, implied a
heterogeneous distribution of the potential (Doherty et al., 1996), allowing both
nitrate and nitrite reduction in the BES. Nevertheless, thermodynamics of the
extracellular electron transfer mechanism in denitrifying biocathodes was
explained. The methodology presented can be used to characterize biocathodes of

reactor BES.

The reduction of nitrate at -103 mV vs SHE (-0,30 V vs Ag/AgCl) was similar to the
values reported by Gregoire et al. (2014) in a work published at the same time as
the results of Chapter 7 (October 2014). In a biocathode predominantly covered by
betaproteobacteria (including Rhodocyclales and Burkholderiales), nitrate reduction
occurred at a mid-point potential of +17 mV vs SHE (-0.18 V vs Ag/AgCl), and a
Nerstian current-potential dependency was also observed. Hence, both works
(Gregoire et al., 2014 and Pous et al., 2014 (Chapter 7 of this thesis)) suggested that
denitrifying biocathodes uses of extracellular electron transfer mechanisms similar

to microbial bioanodes (Rosenbaum et al., 2011).
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9.4. Implications of this thesis

From the discussion above, it can be stated that bioelectrochemical systems have
the potential to be a sustainable alternative for nitrate-polluted groundwater

treatment.

Despite the low conductivity of groundwater, nitrate present in groundwater can
be reduced to dinitrogen gas using BES. If operational conditions are adapted, BES
can be an alternative for the bioremediation of other pollutants usually found in
subsurface waters, such as sulfate (Coma et al., 2013), arsenite (Pous et al., 2015a),
hexavalent uranium (Gregory and Lovley, 2005) or chlorinated compounds (Aulenta

et al., 2008).

The operation of the bioelectrochemical system is a key factor in obtaining high
denitrification rates without accumulation of intermediates (nitrite and nitrous
oxide). In this thesis, the operation at a fixed cathode potential in a range from -103
and -203 mV vs SHE allowed successful nitrate-polluted groundwater treatment.
The standards for drinking-water were met in terms of nitrates and nitrites, and
minimizing N,O emissions. Even effluents free of nitrate, nitrite or nitrous oxide can

be achieved.

The operation at low hydraulic retention times promotes nitrate consumption
rates without an increase of nitrite or nitrous oxide accumulations. However, at low

HRT the effluent nitrate concentration increases.

Tubular designed BES rather than rectangular BES allowed higher overall
denitrifying performances. It might enforce a better cathode potential and water
flow distribution, and hence a better homogenization of nutrients (nitrate, inorganic

carbon and other nutrients).

The use of a poised cathode potential allows for a treatment free of organic
carbon or chemical doses. Consequently, a successful treatment can be achieved at

a competitive operational cost without modifying characteristics of the water. The
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use of abiotic oxidations at the anode creates a scenario where in situ disinfection

processes, via the production of free chlorine using Ti-MMO anodes, are possible.

Strategies for monitoring reactor microbiomes of denitrifying BES from
microbiological and electrochemical perspectives have been successfully evaluated.
The use of flow cytometry combined with T-RFLP allowed for elucidation of the
structure-function relationship of a denitrifying biocathode, thereby identifying the
different subcommunities responsible for the different denitrification steps. The use
of microcosms was shown as an effective way to characterize extracellular electron
transfer of biocathodic biofilms. Concretely, the nitrate and nitrite reduction

thermodynamics were described for a Thiobacillus sp. dominated cathode.
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Nitrate-polluted groundwater can be sustainably treated using denitrifying
bioelectrochemical systems with competitive energy consumption and no chemical

additions.

The nitrate treatment efficiency, denitrification rates and operational costs
obtained during this work suggest that denitrifying BES could be a competitive

technology for the treatment of nitrates in groundwater.

Different operational modes, BES configurations and alternative monitoring
techniques were assessed to maximize the denitrifying BES capabilities. The main

conclusions can be summarized as follows:

e The operation at a fixed cathode potential in a range from -103 and -
203 mV vs SHE allowed successful treatment of nitrate-polluted
groundwater. At -123 mV vs SHE, the highest conversions of nitrate to
dinitrogen gas were achieved. By poising the cathode potential, no dose
of chemicals (as acetate as anode electron donor) is required, allowing a
treatment at a competitive estimated operational cost (between 0.38 and

0.20 kWh-m > eateq OF 0.68:1072 and 1.27-102 kWh-gNremoved )-

e The operation at low hydraulic retention time increased the nitrate
consumption rate (up to 700 gN-m'a-d'1 at 0.6 h) and decreased NO; and
N,O accumulations. A linear correlation between the nitrate loading rate
(modified by changing the HRT) and the nitrate consumption rate was
found (r’* = 0.9989), with slope of 0.5. In addition to nitrate consumption

rate increasing, effluent nitrate concentrations increased as well.

e The microbiome monitoring of the denitrifying biocathode using flow
cytometry combined with T-RFLP revealed that different subcommunities
were in charge of the different denitrification steps. A subcommunity
mainly composed of Thiobacillus sp. was the major contributor to NO3’
reduction to NO,. A wider group of subcommunities were involved in

NO, and N,O reductions.
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e Thermodynamics of the extracellular electron transfer mechanism in a
denitrifying biocathode were revealed. A biofilm, mainly composed of
Thiobacillus sp., catalyzed nitrate to nitrite at -103 mV vs SHE (-0.30 V vs
Ag/AgCl) and the further reduction of nitrite to nitric oxide at -503 mV vs
SHE (-0.70 V vs Ag/AgCl).

e Higher overall denitrifying performances were obtained when tubular BES
was used (compared to rectangular BES). It suggested that a tubular

design would be more appropiated for scaling-up.

The future directions for research in this area can have different perspectives.
From the purely scientific research, a remarkable knowledge regarding denitrifying
biocathodes has been obtained during the last years. Nevertheless, there are still
knowledge gaps as the elucidation of whether direct or mediated electron transfer
mechanisms take place in microbial denitrifying biocathodes, and in the field of
microbial biocathodes in general. Furthermore, knowledge regarding the
requirements of inorganic carbon consumed by biocathodic denitrifying

microorganisms remains unknown.

From the perspective of applied research, the clear objective in the following
years should be scaling-up the technology. The reproducibility of lab-scale results in
pilot-scale plants is a key step for the succesful future of denitrifying
bioelectrochemical systems in particular, but for microbial electrochemical
technologies in general. In this sense, the work presented in this PhD thesis
continues with the construction of a pilot plant for the treatment of 2.5-6.0 m>.d? of

nitrate-polluted groundwater.
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