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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-NO3

− L−1). 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-NO3

− L−1 and 0.14 ± 0.13 mgN-NO2
− L−1).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 NO3

− to N2, through NO2
− and N2O 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 

http://dx.doi.org/10.1002/jctb.4020
http://onlinelibrary.wiley.com/doi/10.1002/jctb.4020/full
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biocathode; bioelectrochemical systems; biological autotrophic denitrification; drinking water 
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GRAPHICAL ABSTRACT 

 

 

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
-1

NCC·d
-1

), current densities (from 0 

to 25 mA·L
-1

NCC) and denitrification intermediates (nitrite and nitrous oxide 

consumption rates varied from 0 to 56 mgN·L
-1

 NCC·d
-1

). 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 NO2
-
 and N2O 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.
1,2

 Microbial electrochemical 

technologies (METs) are an innovative and promising technology platform which 

reactors are usually termed bioelectrochemical systems (BES).
3
 MET allow, among 

other applications, the removal of inorganic contaminants,
4,5

 like hexavalent uranium, 

arsenite or hexavalent chromium.
6-8

 For BES-based nitrate removal, biological 

autotrophic denitrification is performed in a biocathode, where bacteria reduce nitrate 

using the cathode as electron donor.
9
 Nitrate is reduced to dinitrogen gas (N2) in a 

four-step reduction reaction, where nitrite (NO2
-
) and nitrous oxide (N2O) 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 

reactor designs,
10,11

 the effect of some key parameters (such as pH or 

conductivity),
12,13

 or different bioelectrochemical configurations (autonomous 

microbial fuel cell mode
10,11

  or energy demanding microbial electrolysis mode
14,15

). 

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 

denitrifying biocathodes.
14,16,17

 Like for anodes,
18

 an electrochemically driven selection 

takes place at denitrifying microbial cathodes, leading usually to the enrichment of 

different species of Proteobacteria.
16,17

  

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.
19

 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.
20

 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 al.,
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
-1

. An internal recirculation loop (94±4 L·d
-1

) 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 (22ºC).  
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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 ∆NO3
-
, ∆NO2

-
, ∆N2O, 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
-1

 NaNO3 (equivalent nitrogen concentration of 200 mgN-NO3
-
·L

-1
); 

1.00 g·L
-1

 NaHCO3 as carbon source; 1.55 g·L
-1

 Na2HPO4·7H2O and 0.58 g·L
-1

 KH2PO4·H2O 

(10 mM phosphate buffer solution (PBS)); 0.50 g·L
-1

 NaCl; 0.10 g·L
-1

 MgSO4·7H2O; 0.02 

g·L
-1

 CaCl2; 0.02 g·L
-1

 NH4Cl; 0.1 mL·L
-1

 trace nutrients.
23

 The anode was fed with the 

same medium without NaNO3. Respective anodic and cathodic specific conductivities 

were 5.3±0.1 and 4.0±0.1 mS·cm
-1

. Media were sparged with N2 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.
24

 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 283±0 mL·d
-1

. 

It decreased the nitrate loading rate (NO3
-
LR) from 279±5 to 140±0 mgN-

NO3
-
·L

-1
·d

-1
.  
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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 NO3

-
LR from 279±5 to 141±2 mgN-NO3

-

·L
-1

·d
-1

.  

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 .
24

 

 

 

Figure 2. A) Conditions applied for each stress-test phase. B) Absolute current density and nitrate, nitrite 

and nitrous oxide consumption rates (∆NO3
-
, ∆NO2

-
 and ∆N2O, 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-NO2

-
 spectroquant

®
; Merck, Germany). In Girona, the N2O 



78 

 

content was analyzed with a nitrous oxide microsensor (Unisense, Denmark) located at 

the cathode recirculation loop. In Leipzig, the N2O 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 (NO3
-
LR) was calculated by dividing the influent nitrate concentration per 

HRT. 

The nitrate, nitrite and nitrous oxide consumption rates (∆NO3
-
, ∆NO2

-
 and ∆N2O, 

respectively) were calculated (equation 1 to 3). Nitric oxide accumulation was 

considered negligible.
15

  

 (eq.1) 

 (eq. 2) 

 (eq. 3) 

where CNO3
-
influent, CNO3

-
effluent, CNO2

-
effluent and CN2Oeffluent accounts for nitrate, nitrite 

and nitrous oxide concentrations at influent or effluent (either mgN·L
-1

 or mmolN·L
-1

). 

 

The coulombic efficiency (CE) calculation (equation 4) was adapted from Virdis et 

al.,
15

 considering the required number of electrons for each sequential step from NO3
-
 

to N2: nitrate to nitrite (NO3
-
/NO2

-
), nitrite to nitrous oxide (NO2

-
/N2O) and nitrous 

oxide to dinitrogen gas (N2O/N2).  

 ; (eq.4) 

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
-1

); n is the number of electrons required for each reaction (nNO3
-
/NO2

- = 2, 

nNO2
-
/N2O = 2 and nN2O/N2 = 1); ∆NO3

-
, ∆NO2

-
 and ∆N2O are the consumption rates expressed 

in mmolN·L
-1

NCC·h
-1

. 
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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
25

) 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).
20

  

Directly after sampling, the cells were fixated with a 2% paraformaldehyde solution 

and stained with DAPI according to Koch et al.
27

 Cytometric measurements were 

performed as described in Koch et al.
20

 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.
20,26

 

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 (0, 
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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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, 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 S8).
20

  

 

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 

were performed according to Koch et al.
27

 PCR amplification of functional 

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

al.
16 

 

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 (∆NO3
-
, ∆NO2

-
, ∆N2O) rapidly 

increased. The current density stabilized after 7 days at 21.7±1.4 mA·L
-1

NCC, while 

∆NO3
- 

was 97.7±11.5 mgN·L
-1

NCC·d
-1

. Nitrite and nitrous oxide reductions were also 

promoted, ∆NO2
-
 and ∆N2O were 96.9±11.4 and 90.1±4.0 mgN·L

-1
NCC·d

-1
, 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
-1

NCC (days 7-15) to now 14.9±1.4 mA·L
-1

NCC). Interestingly, different 

affections on denitrification were observed. The ∆NO2
-
 decreased significantly by 

33.5% (from 90.1±4.0 to 64.4±0.0 mgN·L
-1

NCC·d
-1

), while ∆NO3
- 
decreased only by 6.4% 

(from 97.7±11.5 to 91.5±0.0 mgN·L
-1

NCC·d
-1

). Therefore, a denitrifying biocathode able 

to reduce NO3
-
 to N2 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
-1

NCC) and ∆NO3
- 

(from 91.5±0.0 to 

19.0±1.3 mgN·L
-1

NCC·d
-1

). Denitrification intermediates were also affected, ∆NO2
-
 and 

∆N2O decreased from 64.4±0.0 to 2.3±3.2 mgN·L
-1

NCC·d
-1

 and from 64.4±0.0 to 2.3±3.2 

mgN·L
-1

NCC·d
-1

, 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
-1

NCC), with a ∆NO3
- 

of 68.0±6.2 mgN
-
·L

-1
NCC·d

-1
. These values were 36% and 26% lower than those observed 

before the reactor leakage. Besides nitrate reducing activity recovered, ∆NO2
-
 and 

∆N2O did not (31.7±8.0 and 23.2±3.2 mgN·L
-1

NCC·d
-1

, respectively), leading to NO2
-
 and 

N2O 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 

9.2±0.2 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.
13

 The absolute current density (22.8±2.0 mA·L
-1

NCC) and ∆NO3
-
 

(131.9±18.6 mgN·L
-1

NCC·d
-1

) were almost doubled in comparison to ST-3. Besides 

promoting nitrate reduction, ∆NO2
-
 remained almost stable (13.9±18.2 mgN·L

-1
NCC·d

-1
), 

while ∆N2O increased (from 1.5±2.1 to 12.0±18.2 mgN·L
-1

NCC·d
-1

).   

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 



82 

 

detected (∆NO3
-
 of 14.5 mgN·L

-1
NCC·d

-1
; 1% of the maximum rate achieved), possibly 

related to endogenous heterotrophic denitrification.
29

  

The influence of nitrate acting as electron acceptor was assessed by decreasing the 

nitrate loading rate (NO3
-
LR) from 279 to 140 mgN·L

-1
NCC·d

-1
 (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 22.8±2.0 to 10.6±0.0 mA·L
-1

NCC), and the ∆NO3
-
 by 56% (from 131.9±18.6 

to 58.0±0.0 mgN·L
-1

NCC·d
-1

). On the contrary, when the influent nitrate concentration 

was lowered, the absolute current density and the ∆NO3
-
 increased (23.1±0.7 mA·L

-1
NCC 

and 102.0±6.6 mgN·L
-1

NCC·d
-1

). The ∆NO2
-
 was doubled (from 20.9±0.0 to 49.8±8.4 

mgN·L
-1

NCC·d
-1

) and no accumulation of N2O 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 ∆NO3
-
, 

∆NO2, ∆N2O 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 (NO3
-
, NO2

-
 and N2O). The cathode’s chemical-physical heterogeneity was 

investigated by analyzing the NO3
-
 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 ∆NO3
-
 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.
27 

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 (∆NO3
-
); ii) 

reduction of denitrification intermediates (∆NO2
-
 and ∆N2O); and iii) absolute current 

density and CE. Correlations higher than moderate positives correlations according to 

Dancey and Reidy
30

 were considered (> 0.4). 

Correlation analyses (Figure 4 and supporting information S7) shows a moderate to 

high correlation of subcommunity G2 to ∆NO3
-
 for all sampling ports (0.5 – 0.7). Other 

subcommunities also presented at least moderate correlation to ∆NO3
-
 (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 ∆NO3
-
 (-0.1)).  

For complete denitrification, NO2
-
 and N2O reduction have to be considered, as 

these are environmentally harmful. ∆NO2
-
 and ∆N2O 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 

∆NO2
-
 or ∆N2O suggesting heterogeneities of NO2

-
 and N2O 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 ∆NO2
-
 and eleven with 

∆N2O (supporting information S7) with the highest positive correlations for G21_C with 

∆NO2
-
 (0.8) and with ∆N2O (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 ∆NO3
-
 (0.9), thus only subcommunities previously correlated to ∆NO3

-
 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 ∆NO3
-
 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 ∆NO3
-
 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 ∆NO3
-
, ∆NO2

-
 or ∆N2O 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 NO2
-
 and N2O 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(II)-

dependent nitrate-reduction.
31

 Electric currents through natural conductive minerals 

have been demonstrated between Geobacter sulfurreducens and Thiobacillus 

denitrificans, suggesting electrotroph capability for Thiobacillus.
32

 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.
28

 

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.  

 

 

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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, 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 NO2
-
 and N2O 

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 (N2O) in the gas phase from N2O measured in de 

liquid- phase. 

 

In order to calculate the total amount of N2O in the cathode from the measured N2O 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 (NO2

-
), and nitrous oxide in the 

liquid phase (N2Oliquid) (eq.S1). As a result of denitrification, the gas generated is 

composed by nitrous oxide in the gas phase (N2Ogas) and dinitrogen gas (N2) (eq. S1). 

(eq. S1) 

Where ng is the amount of gas generated in the cathode per volume of groundwater 

treated (mole N·Lgroundwater
-1

); ∆NO3
-
, ∆NO2

-
 and ∆N2Oliquid are the difference between 

influent and effluent of the amount of nitrate, nitrite and nitrous oxide in the liquid 

phase (mole N·Lgroundwater
-1

); nN2Ogas and nN2 are the amount of nitrous oxide in the gas 

phase and dinitrogen gas produced per volume of groundwater treated (mole 

N·Lgroundwater
-1

). Nitric oxide production was considered negligible. 

In order to calculate the amount of N2O 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 N2O and N2, the concentration of N2O in 

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

(eq. S2) 
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Where is the concentration of N2O in the gas phase (mole N·m
-3

); Vgas is the 

volume of gas (m
3
·mgroundwater

-3
); T is the temperature (K); R is the ideal gas constant 

(8.31451 J·K
-1

·mole
-1

) and P is the atmospheric pressure (101325 Pa). 

On the other hand, the concentration of N2O in the gas- phase can also be calculated 

from the Henry’s law (equation S3). 

Where [N2O]liquid is the nitrous oxide concentration in the liquid phase (mole N·m
-3

) and 

kN2O is the Henry’s constant for nitrous oxide at the experimental temperature. The kN2O 

was calculated from the Henry’s constant as a function of the temperature as shown in 

equation S4. 

 

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. 

 (eq.S5) 

In order to calculate the total amount of N2O produced per volume of groundwater 

treated, equation S6 was used: 

(eq. S6) 

Where nN2O is the total amount of nitrous oxide produced per volume of 

groundwater treated (mole N·Lgroundwater
-1

). Once N2O production was known, the 

amount of N2 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).  

Experiment 

Cathode potential 

(mV vs SHE) 

NO3
- removal rate 

(mg N-NO3
- L-1

NCC h-1) 

Nitrogen concentrations at the effluent  

(mgN L-1) 

NO3
- removal 

efficiency 

(%) 

Current 

(mA) 

NO3
- NO2

- 

Test 1 (Free) -13±9 1.98±0.12 12.14±3.59 0.14±0.13 64±8 4.5±0.8 

Test 2 +597 1.05±0.06 19.56±0.64 1.31±0.25 38±2 1.2±0.3 

Test 3 +397 1.47±0.04 18.15±0.65 1.65±0.17 47±2 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 61±2 1.6±0.1 

Test 6 -103 2.12±0.08 5.68±0.86 0.13±0.23 80±3 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).  

Experiment 

Cathode 

potential 

Nitrogen  speciation at the effluent  

(%) 
NO2

-/ NO3
-
removed 

 (mV vs SHE) NO3
- NO2

- (%) 

Test 1 (Free) -13±9 35.7±8.2 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 3.5±0.1 5.7±0.1 

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
th

 to 18
th

). 

 

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).  

Experiment 

Cathode 

potential 

(mV vs SHE) 

NO3
- removal rate 

(mg N-NO3
- L-1

NCC h-1) 

Nitrogen concentrations at the effluent  

(mgN L-1) 

NO3
- 

removal 

efficiency 

(%) 

Current 

(mA) 

NO3
- NO2

- N2O 

N2 +  

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 14.44±4.13 48±1 4.2±0.0 

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).  

 

 

 

 

 

 

 

 

Experiment 

Cathode 

potential 

Nitrogen speciation at the effluent  

(%) 

 Nitrate reduction end- products  

(%) 

(mV vs SHE) NO3
- NO2

- N2O 

N2 +  

N assimilated 

 

NO2
- N2O 

N2 +  

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 63.2±0.8 1.7±0.1 5.7±1.6 28.6±8.2  4.7±0.2 15.5±4.4 77.9±22.3 

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 7.4±2.1 92.6±27.0 

Test 12 -123 10.4±1.3 0.0±0.0 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 21.7±5.1 78.3±18.2 

Test 14 -303 12.7±0.9 43.2±3.7 18.4±3.3 25.8±4.7  49.5±4.2 21.1±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  45.2±2.6 14.6±1.7 40.3±4.6 

Test 16 -503 19.4±0.5 31.9±2.6 9.2±1.2 39.7±5.3  39.5±3.3 11.4±1.5 49.2±6.5 

Test 17 -603 9.1±0.4 39.5±1.4 7.1±0.4 44.4±2.2  43.4±1.5 7.8±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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Summary: 
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S1: Analyses of N2O using gas chromatography. 

Instrumental: 

The analyses of N2O were performed on an Agilent 7890A GC/µECD 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 µm; 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
-1

 till 220 °C and hold for 1 min. A µECD (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  

 
Loop 

equilibration 
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 N2O-solution. 

Water has been filled into a 100 mL volumetric flask and the nitrous oxide was passed 



94 

 

through a filter with 300 mL·min
-1

 for 3 min at room temperature and atmospheric 

pressure. The solubility of nitrous oxide at 20 °C and atmospheric pressure is 

1200 mg·L
-1

.
1
 Calibration levels were between 2.4 and 600 mg·L

-1
. The detection limit is 

2.4 mgL
-1

 . 
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S2: Computational fluid dynamics calculation 

The velocities generated inside the cathode were calculated using a computational 

fluid dynamics program (Ansys Fluent v12.1 
2
). To do this, both mass and momentum 

equations are solved. The mass conservation is shown in equation S1.  

 (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.  

 (eq. S2) 

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

forces, and  is the stress tensor, which is calculated using equation S3. 

(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 22ºC 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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S3: Gate template used for flow cytometry data analyses.  

 

Figure S1. Gate template used for flow cytometry data analyses.  
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S4: Absolute current density and nitrate, nitrite and nitrous oxide consumption rates at 

the different stress-tests. 

 

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.  

 

Phases 

j ∆NO3
-
 ∆NO2

-
 ∆N2O 

(mA·L
-1

NCC) (mgN·L
-1

NCC·day
-1

) (mgN·L
-1

NCC·day
-1

) (mgN·L
-1

NCC·day
-1

) 

Start-up 

21.7±1.4 97.7±11.5 96.9±11.4 90.1±4.0 

14.9±1.4 91.5±0.0 64.4±0.0 64.4±0.0 

Stress-tests 

ST-1 0.8±0.2 19.0±1.3 2.3±3.2 2.3±3.2 

ST-2 9.5±1.4 68.0±6.2 31.7±8.0 23.2±15.6 

ST-3 12.0±0.6 58.9±7.8 11.1±9.7 1.5±2.1 

ST-4 22.8±2.0 131.9±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 49.8±8.4 49.6±8.6 
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S6: Box plot for cell abundances of each gate during the whole experimental study. 

 

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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, 

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

  Current_den ∆NO3
-
 ∆NO2

-
 ∆N2O CE 

Current_den 1.0 0.9 0.1 0.2 0.9 

∆NO3
-
 0.9 1.0 0.4 0.4 0.7 

∆NO2
-
 0.1 0.4 1.0 0.9 -0.2 

∆N2O 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 

G14_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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, 

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

  Current_den ∆NO3
-
 ∆NO2

-
 ∆N2O CE 

Current_den 1.0 0.9 0.1 0.2 0.9 

∆NO3
-
 0.9 1.0 0.4 0.4 0.7 

∆NO2
-
 0.1 0.4 1.0 0.9 -0.2 

∆N2O 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 -0.4 -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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, 

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

  Current_den ∆NO3
-
 ∆NO2

-
 ∆N2O CE 

Current_den 1.0 0.9 0.1 0.2 0.9 

∆NO3
-
 0.9 1.0 0.4 0.4 0.7 

∆NO2
-
 0.1 0.4 1.0 0.9 -0.2 

∆N2O 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 

G12_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 
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S8: Correlation data between gate cell abundances and reactor performance using the 

whole dataset. 

 

 

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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, respectively).  

 

 

 

 

 

 

 

 

 

 

 



108 

 

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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, respectively). Green 

colored indicates positive correlations higher than 0.4. 

 

Current_den ∆NO3
-
 ∆NO2

-
 ∆N2O CE 

Current_den 1.0 0.9 0.2 0.2 0.8 

∆NO3
-
 0.9 1.0 0.2 0.2 0.6 

∆NO2
-
 0.2 0.2 1.0 0.9 -0.2 

∆N2O 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 -0.4 -0.4 

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 -0.4 -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 

  

 

 

 

 

 

 

 

 



109 

 

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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, respectively). Green 

colored indicates positive correlations higher than 0.4. 

 

Current_den ∆NO3
-
 ∆NO2

-
 ∆N2O 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 -0.4 -0.3 -0.2 -0.4 -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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, respectively). Green 

colored indicates positive correlations higher than 0.4. 

 

Current_den ∆NO3
-
 ∆NO2

-
 ∆N2O 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 -0.4 -0.4 -0.4 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 

G14_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 (∆NO3
-
, ∆NO2

-
 and ∆N2O, respectively). 

Current_den ∆NO3
-
 ∆NO2

-
 ∆N2O CE 

G2_A 0.6 G2_A 0.7 G4_A 0.4 G4_A 0.5 G2_A 0.4 

G2_B 0.8 G2_B 0.7 G10_A 0.4 G10_A 0.4 G2_B 0.7 

G6_B 0.4 G6_B 0.5 G11_A 0.5 G19_A 0.5 G2_C 0.6 

G9_B 0.5 G9_B 0.6 G19_A 0.5 G21_A 0.5 

  G2_C 0.7 G16_B 0.4 G21_A 0.4 G8_B 0.6 

  G16_C 0.4 G2_C 0.6 G8_B 0.5 G9_B 0.5 

  

  

G16_C 0.5 G5_C 0.4 G21_C 0.4 

  

    

G20_C 0.4 

    

    

G21_C 0.4 
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S9: 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. 

∆NO3
-
 

G2 cell abundance 

(%) 
Sampling day Current density ∆NO2

-
 ∆N2O 

(mgN·L
-1

NCC·d
-1

) SP-A SP-B SP-C (day) (mA·L
-1

NCC) (mgN·L
-1

NCC·d
-1

) (mgN·L
-1

NCC·d
-1

) 

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 
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S10: 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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Autotrophic biological denitrification; Bioelectrochemical system; Cyclic voltammetry; Microbial 
electrochemical technology; Nitrate reductase; Nitrogen removal 
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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
-3

NCC·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.   

º’

 (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.   
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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
-1

, 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 µS·cm
-1

, 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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9.1.1. Electrochemical operation for reaching a high effluent quality 

(NO3
- 
and NO2

-
)  

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 

47.6±2.4 gN·m
-3

NCC·d
-1

. However, the nitrate content at the effluent (12.1±3.60 

mgN·L
-1

) did not always meet the standards required for drinking-water (11.29 

mgN·L
-1

) (WHO, 2011). Although the standards for nitrite were met (0.14±0.13 

mgN·L
-1

), 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 N2O 

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 

WO/2014/082989 (Colprim et al., 2014)). At -123 mV vs SHE, the highest nitrate 

conversion (93.9%) to N2 was found at a nitrate consumption rate of 66.4±1.0 gN·m
-

3
NCC·d

-1
, without accumulation of nitrites and a low N2O 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
-3

treated (0.68·10
-2

 and 1.27·10
-2

 kWh·gNremoved
-1

). 

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·m
-3

treated (El Midaoui et al., 2002; Twomey et al., 2010) or reverse osmosis 

(between 1.03 and 2.09 kWh·m
-3

treated (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 (NO2
-
 and NH4

+
) and with low emission as N2O (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 NO3
-
 to N2, 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 H2 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
-

removed
-1

) with respect to the BER (7.00·10-2 kWh gN-NO3
-
removed

-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 NH4
+
, which needs a 

post-treatment. It also requires the dose of Fe(0), which is released as Fe(II) or 

Fe(III) 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 N2O 

conversion to N2 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.). 

Reference 

Energy consumption 

(kWh gN-NO3
-
removed

-1) 

 

Energy consumption 

(kWh m-3 treated) Nitrate 

removal 

pathway 

Addition of 

chemicals? From Gibbs 

free energy 

Specific power 

consumption 

(Ali et al., 2010) 

From 

Gibbs free 

energy 

Specific power 

consumption 

(Ali et al., 2010) 

Denitrifying BES 

(test 12 of Chapter 5) 

1.27·10-2 0.68·10-2  0.38 0.20 Reduction to N2 No 

3D electrode biofilm reactor 

(Zhou et al., 2007) 

3.35·10-2 1.46·10-2  1.01 0.44 Reduction to N2 Yes, ethanol 

Biofilm-electrode reactor 

(Zhao et al., 2011) 

0.16·10-2  0.08 Reduction to N2 Yes, methanol 

Biofilm electrode reactor + 

sulfur denitrification  

(Wan et al., 2009) 

4.79·10-2 1.50·10-2  1.00 0.31 Reduction to N2 

Yes, sulphur 

and anthracite 

granules 

Biofilm- electrode reactor 

(Sakakibara et al., 2001) 

7.00·10-2  1.12 Reduction to N2 No 

Membrane Bioreactor 

(McAdam et al., 2008) 

2.04·10-2  0.30 Reduction to N2 

Yes, organic 

matter source 

Electrodialysis 

(Ortiz et al., 2008) 

4.95·10-2 – 1.01·10-2  0.92 – 1.69 

Separation in a 

waste brine 

No 

Electrodialysis 

(El Midaoui et al., 2002) 

0.40·10-2 – 0.80·10-2  0.04 – 0.11 

Separation in a 

waste brine 

No 

Electrodialysis 

(Twomey et al., 2010) 

n.m.  0.69 – 1.32 

Separation in a 

waste brine 

No 

Reverse Osmosis 

(Twomey et al., 2010) 

n.m.  1.03 – 2.09 

Separation in a 

waste brine 

No 
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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
-1 

and conductivity of 918±31 µS·cm
-1

 (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
-3

NCC·d
-1

, without accumulation of NO2
-
 or N2O at an HRT of 11 h. At a 

cathodic HRT of 5 h, a nitrate consumption rate of 112.9±8.0 gN·m
-3

NCC·d
-1

 was 

reached. The nitrate and nitrite standards were met and N2O 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 5293±155 µS·cm
-1

, influent nitrate concentration of 200 

mgN·L
-1

 and HRT of 16.8 h (Chapter 6). The best stable denitrifying performance was 

a nitrate consumption rate of 97.4±9.4 gN·m
-3

NCC·d
-1

 with 1.2±1.6 % of reduced 

nitrate accumulated as NO2
- 
and 13.4±13.8 % of N2O 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
-3

NCC·d
-1

. Nitrite was not accumulated 

and N2O emissions of 33.3±9.5 % were detected. By lowering the HRT, the N2O 
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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 

configuration 
MFC 

MEC with poised cathode potential at -123 

mV vs SHE 

BES geometry Rectangular Rectangular Rectangular Tubular 

Water Real groundwater Synthetic wastewater 

Conductivity (µS·cm
-1

) 955±121 918±31 5293±155 4199±282 

HRT (h) 11.9 5.0 16.8 0.6 

NO3
-
 consumption rate 

(gN·m
-3

NCC·d
-1

) 
47.6±2.4 112.9±8.0 97.4±9.4 699.8±7.0 

NO2
-
 accumulation  

(% reduced NO3
-
) 

0.6±0.6 0.0±0.0 1.2±1.6 0.0±0.0 

N2O emissions  

(% reduced NO3
-
) 

50
*
 6.4±8.2 13.4±13.8 33.3±9.5 

Reference 
Chapter 4  

(Pous et al., 2013) 

Chapter 5  

(Pous et al., 2015b) 
Chapter 6 Chapter 8 

  

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
-3

NCC·d
-1

 using a pH 

control at the cathode compartment and Zhang and Angelidaki (2013) 

reached 483 gN·m
-3

NCC ·d
-1

. 

ii) MEC with a poised cathode potential: At a cathode potential of -100 mV vs 

SHE, Virdis et al. (2009) reported 163 gN·m
-3

NCC·d
-1

. 

iii) MEC with a fixed current: Van Doan et al. (2013) observed a 39.6 gN·m
-3

NCC ·d
-

1 
and Park et al. (2005b) an impressive 7608 gN·m

-3
NCC ·d

-1
.  

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
-3

·d
-1

. Hydrogenotrophic denitrification presents a wide range of 

efficiencies when H2 is supplied.  Zhang et al., (2009) reported 404 gN·m
-3

·d
-1

, while 

Ergas and Reuss (2001) found 770 gN·m
-3

·d
-1

. When H2 is electrochemically 

produced inside the reactor, Prosnansky et al. (2002) achieved a rate of 394 gN·m
-

3
·d

-1
. Additionally, sulfur based denitrification have presented rates of 100 gN·m

-3
·d

-

1 
(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 H2 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 N2O 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 N2O to N2 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
-3

NCC·d
-1

) were achieved. Hence, N2O can also be 

reduced bioelectrochemically. In the present thesis, different N2O 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 N2O emissions have been reported. Puig et al. (2012) 

estimated a nitrous oxide emission of reduced nitrate of 4% at a conductivity of 

4303 µS·cm
-1

 and a maximum of 22% at 1768 µS·cm
-1

. Zhang and Angelidaki (2012) 

estimated N2O 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 N2O 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, N2O emissions decreased. But at 

cathode potentials lower than -203 mV vs SHE, N2O emissions increased. A 

minimum emission of 6.1 % was observed at a cathode potential of -123 mV vs SHE, 

and N2O 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 N2O 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 N2O 

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 

N2O emissions are observed.  

However, shifts in N2O 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 (Schröder, 2007). At cathode potentials higher than 0 

mV vs SHE, Desloover et al. (2011) observed lower nitrous oxide removal rates and 

higher N2O 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, N2O is reduced at higher rates (Desloover et al., 2011) and 

less N2O 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 N2O 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 

donor 

Oxidation reaction 

(redox potential at pH 7) 

Electrode 

material 
Catalysis Reference 

Acetate 
 

E0’ = -290 mV vs SHE 
Graphite Biotic 

Chapters 4 and 5 

(Pous et al., 2015b, 2013) 

Water 
 

E0’ = +840 mV vs SHE 

Graphite Abiotic 
Chapter 5 

(Pous et al., 2015b) 

Stainless steel Abiotic Chapter 6 

Chloride 
 

E0’ = +890 mV vs SHE 
Ti-MMO Abiotic Chapter 8 

 

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 (Fe
2+

) (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
2+

 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. 

Reference 
Cathode  

medium 

Electrochemical  

configuration 
Phylum Class Order 

Wrighton 

et al. 

(2010) 

A MFC Proteobacteria 

alpha 
Rhizobiales 

Sphingomonadales 

beta 
Burkholderiales 

Rhodocyclales 

delta 
 

gamma 
 

Gregory et 

al. (2004) 
A 

MEC with poised  

cathode potential 
Proteobacteria 

delta Desulfuromonadales

gamma Xanthomonadales 

Park et al. 

(2006) 
A 

MEC with fixed 

current 

Bacteroidetes Flavobacteriia Flavobacteriales 

Proteobacteria 

alpha 
Rhizobiales 

Sphingomonadales 

beta Burkholderiales 

gamma Enterobacteriales 

Van Doan 

et al. 

(2013) 

A 
MEC with fixed 

current 

Bacteroidetes Flavobacteriia Flavobacteriales 

Gemmatimonadetes 
beta 

Gemmatimonales

Proteobacteria 

Burkholderiales 

gamma 
Aeromonadales 

Xanthomonadales 

Cong et al. 

(2013) 
H 

MEC with fixed 

current 

Bacteroidetes Sphingobacteria  

Proteobacteria 

alpha 
 

beta 

Azoarcus 

Hydrogenophaga 

Thauera 

Vilar-Sanz 

et al. 

(2013) 

Either in A 

and H (but 

bacteria was 

found at 

different 

percentages) 

MFC 

Actinobacteria Actinobacteridae Actinomycetales 

Deinococcus Deinococci Thermales 

Proteobacteria 

alpha 

Rhizobiales 

Rhodobacterales 

Rhodospirillales 

beta 

Burkholderiales 

Hydrogenophilales 

Nitrosomonadales 

Rhodocyclales 

gamma 
Pseudomonadales 

Xanthomonadales 

Wrighton 

et al. 

(2010) 

Autotrophic 

cathode 

coupled to 

nitrifying 

reactor 

MFC 

Chloroflexi 
  

Firmicutes 

bacili 
 

catabacter  

clostridia  

desulfotomaculum  

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 NO3
-
 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 N2O 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. 

 

 

 



 
 

  165 

 

Chapter 10. Conclusions 

 

  



 
 

  166 

 

 

  



 
 

Chapter 10. Conclusions 

  167 

 

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: 

 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
-3

treated or 0.68·10
-2

 and 1.27·10
-2

 kWh·gNremoved
-1

). 

 The operation at low hydraulic retention time increased the nitrate 

consumption rate (up to 700 gN·m
-3

·d
-1

 at 0.6 h) and decreased NO2
-
 and 

N2O accumulations. A linear correlation between the nitrate loading rate 

(modified by changing the HRT) and the nitrate consumption rate was 

found (r
2
 = 0.9989), with slope of 0.5. In addition to nitrate consumption 

rate increasing, effluent nitrate concentrations increased as well. 

 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 NO2
-
. A wider group of subcommunities were involved in 

NO2
-
 and N2O reductions.  
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 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). 

 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
3
·d

-1 
of 

nitrate-polluted groundwater.  
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