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Abstract

Several regions around the world present high levels of nitrate in groundwater. Due to
its toxicity, nitrate must be removed before the groundwater is used as drinking- water.
This study assessed how a denitrifying bioelectrochemical system could be operated to
treat nitrate- polluted groundwater. It evaluated the cathode potential (from +597 to -
703 mV vs SHE) and the anode electron donor (acetate and water). Similar trends were
found regardless of the anode electron donor. The nitrate removal rate-increased from
1.05 to 5.44 mgN—NO3'~L1\ICC'1~h'1 when the cathode potential was lowered from +597 to
-403 mV vs SHE, where it stabilized. The nitrate reduction end- products (nitrite,
nitrous oxide and dinitrogen gas) also changed with'the different potentials of the
cathode electrode. The World Health Organization nitrates and nitrites standards for
drinking- water were reached at cathode potentials between -103 and -203 mV vs SHE.
The highest rate of nitrate conversion to N (2.59 mgN-NOj3-Lncc -h', 93.9%)
occurred at -123 mV using water as anode electron donor, with an estimated operational
cost similar to conventional technologies (0.68- 102 kWh- gN—NO3'removed'1). The long-
term stability of proposed operation was demonstrated during 96 days, and the rate of
nitrate conversion to N, even increased to 4.09 mgN—NO3'~LNcc'1~h'1. A carbon- free
operation for a bioelectrochemical system has been developed to treat nitrate- polluted

groundwater at a competitive cost.

Keywords: Biocathode, bioremediation, denitrification, microbial electrolysis cell,

microbial fuel cell, nitrogen.



1. INTRODUCTION

The presence of nitrate in groundwater has become a worldwide concern because of its
toxicity to human health [1-3]. The Environmental Protection Agency (EPA) considers
that only removal techniques such as reverse osmosis, electrodialysis and ion exchange
are able to reduce nitrate content below its guideline values [4]. However, reverse
osmosis, electrodialysis technologies imply high energy costs between 0.69-and 2.09
kWh m” groundwater [5], while ion exchange requires an extra cost for resin
regeneration [6]. In all three cases, they also generate waste brine that is difficult to

dispose of because nitrate is only separated from groundwater, not treated [7].

Biological denitrification could overcome these drawbacks by allowing a complete
treatment of nitrate to produce harmless dinitrogen gas (N2). Groundwater is
characterized by the absence of organic matter. Therefore, conventional heterotrophic
denitrification has to be performed by adding an organic carbon source [8,9]. However,
this generates an excess of sludge, and the dose of organic matter increases the
treatment cost. Moreover, the presence of organic carbon compounds is forbidden in
drinking- water. Therefore, unconventional strategies for biologic denitrification need to
be explored. Bioelectrochemical systems (BES) are capable of treating nitrates in an
autotrophic denitrifying biocathode [10]. The main challenge of reducing nitrate to Nj is
the accumulation of denitrification intermediates such as nitrite (NO,") and nitrous oxide
(N,0). NO; in drinking- water is more toxic for human health than nitrate (standard
value of 0.91 mgN—NOz'~L'1; [11]), and the emission of N>O, a high- impact greenhouse
gas, should be avoided [12]. Biocathodes used in BESs are able to perform the entire
autotrophic denitrificative pathway sequentially from NO;, NO, and allow N>O

reduction to N, [13]. The single reductions of nitrite and nitrous oxide using a



biocathode were also demonstrated by Puig et al [14] and Desloover et al [15],
respectively.

Previous studies [16,17] have demonstrated that nitrate could also be removed from
low ionic strength waters. In these studies the BES was operated as a microbial fuel cell
(MFC). In a MFC anode and cathode reactions are thermodynamically spontaneous, and
no power input is required. Although nitrate could be removed, full denitrification was
not reached, with N,O emissions accounting the 50% of nitrate -removed. The
accumulation of denitrification intermediates can be caused by a limitation of the
electrons necessary for denitrifying bacteria to completely reduce nitrate to N, [18]. In a
denitrifying MFC, the electron availability depends on the electron transport from the
anode electron donor to the cathode denitrifying bacteria. The overall electron transport
is hindered by MFC overpotentials that are mainly caused by electrode materials,
bacterial metabolic losses, membrane characteristics and ionic strength [19]. When
water with low ionic strength such as groundwater is treated, the overpotentials related
to ion-transport (membrane transport, ohmic and pH gradient losses) increase. Puig et al
[16] observed that overpotentials related to ion- transport could be increased up to 80%
by reducing water conductivity from 4000 to 1000 uS s'. For groundwater treatment, if
conductivity-is artificially increased through added chemicals such as NaCl, they must
be discarded so that they do not impair water quality. To remove the nitrate from
groundwater at higher rates and produce fewer intermediates, other strategies should be
followed. If an external power is applied to the BES, the cell is known as a microbial
electrolysis cell (MEC). To promote denitrification in BES, the cell can be operated as
an MEC instead of an MFC.

This study aimed to improve BES performance in treating nitrate- polluted

groundwater and overcome its main drawbacks (low conductivity and accumulation of



intermediates). This study focused on the influence of the cathode potential and
examined the use of organic matter and water as anode electron donors. The metrics for
the operation and process assessments were: i) nitrate removal rates; ii) complete
denitrification achieved and iii) energy requirements. At the end of the study, the long-

term stability of the proposed operation was tested.

2. EXPERIMENTAL SECTION

2.1. Experimental set-up

The BES consisted of an anode and a cathode placed on opposite sides of a single
methacrylate rectangular chamber [16]. The anode and cathode chambers were filled
with granular graphite (diameter 1.5-5 mm, EnViro-cell, Germany), which decreased
the compartment volumes to 450 and 600 mL (net anode and cathode compartments
NAC and NCC volumes), respectively. Two thinner graphite electrodes (130 x 6 mm,
Sofacel, Spain) were used as anode and cathode current collectors. A cation exchange
membrane (CEM, Nafion® 117, Dupont, USA) was placed between the anode and
cathode frames. At the steady state, influents were continuously fed at a flow rate of
1.12+0.07 and 1.2840.16 L d' in the anode and cathode compartments, respectively. An
internal recirculation loop (105 L d"') was placed in each compartment. The system was

thermostatically controlled at 22.5+0.5°C.

2.2. Influent characteristics

Nitrate contaminated groundwater from the village of Ordis (42°13°13°’N, 2°54°31"’,
Girona, N.E. Spain) was treated in the cathode of the BES. The groundwater was purged
with dinitrogen gas prior to being fed into the cathode to ensure anoxic conditions. The
groundwater contained 33.1142.55 mg N-NO3 L™ and 0.11+0.22 mg N-NO, L', These

values were higher than the limits given by the World Health Organization (WHO):



11.29 mg N-NO3 L™ (50 mg NOs" L) and 0.91 mg N-NO, L™ (3 mg NO,” L™)) [11].
The inorganic carbon content of the groundwater was 56.4+2.4 mg C-IC L". The
average pH was 7.8+0.2, with a conductivity of 918+31 uS cm™. Neither ammonium
(N-NH,") nor organic matter (TOC) were detected in the groundwater.

Two different electron donors were evaluated at the anode: acetate, as an example of
an organic carbon source, and water. Firstly, the anode compartment was fed with
acetate- enriched water with a chemical oxygen demand (COD) concentration of
297+60 mg COD L', a pH of 7.720.1 and a conductivity of 984+119 uSem ™.

In the second round of tests, the anode was fed with tap water without added organic
matter. In consequence, the organic matter content was found below the detection limit
in both COD (< 30 mg COD L) and TOC (< 0.01mgC L) analyses. The conductivity
was of 817x145 puS cm’' with a pH of 8.0+0.4. The inorganic carbon content was

48.74#2.4 mg C-IC L™,

2.3. BES operation
In a previous study {17], a BES was operated during 97 days to treat 1.21 L d™ of
nitrate-polluted groundwater (28.32+6.15 mg N-NO;™ L) at the biocathode. The
microbial® community established in the biocathode was dominated by
Betaproteobacteria, Candidatus Nitrotoga arctica and Thauera sp. species. That work
used acetate- enriched water as an electron donor with an anode that was fed at 1.23 L d°
" and operated at a chemical oxygen demand concentration of 283+75 mg COD L'
Once the BES reached the steady state, the experiments for the present study started.
The nitrate removal and the end- products obtained were evaluated at different fixed
cathode potentials (Table 1). Firstly, the anode chamber was operated with acetate-

enriched water (tests 2 to 7) and the cathode was fed with the nitrate- polluted



groundwater. In the first test (test 1), the BES was operated without cathode potential
control (MFC operation, data extracted from Pous et al [17]). Five tests were performed
by varying the cathode potential from +597 to -103 mV vs SHE (tests 2 to 6). A control
test (test 7) was conducted at open cell voltage (OCV).

During the second run of experiments, the BES was operated using acetate- free
water at the anode. The cathode was fed with the nitrate- polluted groundwater again.
Eleven tests (tests 8 to 18) were performed by poising the cathode potential at different
values from +97 to -703 mV vs SHE. The daily flow was incremented to'1.85 L d' on
test 14 and to 2.69+0.05 L d” on tests 15 to 18 due tothe high nitrate removal
performance.

For all of the tests, the BES was operated during at least three times the cathode
hydraulic retention time before analyzing the influent and effluent concentrations, pH,
conductivity, current production and ‘anode potential. Samples were taken for three
consecutive days and the results were expressed as the mean value plus the standard
deviation of the measurements:

After test 18, the system was operated at the conditions of test 12 for 96 days to

examine its behavior over the long- term.

2.4. Analytical methods and calculations

Standard wastewater measurements of the chemical oxygen demand (COD), total
organic carbon (TOC), inorganic carbon (IC), ammonium (N-NH4"), nitrites (N-NO;)
and nitrates (N-NO3") were taken and analyzed according to the recommendations of the
American Public Health Association (APHA) [20]. The pH and conductivity were
measured with a pH- meter (pH- meter basic 20", Crison, Spain) and an EC-meter (EC-

meter basic 30", Crison, Spain), respectively. For the biocathode, the nitrate loading



rate (mg N-NO3 L'nce h') was calculated as the daily influent/effluent of nitrate
concentration per hydraulic retention time. Finally, the nitrate removal rate (mg N-NOj3
L'Nee h'l) was calculated as the difference between the influent and effluent nitrate
loading rates.

Considering the possibility of the simultaneous presence of nitrate and nitrite in
drinking- water, the WHO recommends using a quality ratio (QR) that involve both the
concentration and the guideline value for nitrate and nitrite [11]. In order to consider
water as safe drinking- water in terms of nitrate and nitrite, the QR should not exceed a
value of one according to equation 1:

OR = Cnoy | Cno3
1129 0.91

<1 <(eq.1)
where, Cyo; is the nitrate concentration (mgN-NOs’ L") and C Noy 1s the nitrite
concentration (mgN-NO, L'l).

For tests 8 to 18, when no acetate was fed at the anode, the concentration of N,O in
the liquid- phase was measured using a N>O liquid- phase microsensor (Unisense,
Denmark). The total amount of N,O at the cathode effluent was calculated from a two-
step calculation: 1) the N,O in the gas- phase was calculated from the liquid- phase
concentration as shown in S1, 2) the total amount of N,O per volume of groundwater

treated was determined by applying equation 2:
nNZO = nNZ Ogas + nNZOquuid(eq- 2)

where nN,O is the total amount of nitrous oxide produced per volume of groundwater
treated (mole N Lgroundwater'l). To close the nitrogen mass balance, the presence of nitric
oxide (NO) was considered negligible [13] and the remaining nitrogen was considered

as the sum of nitrate assimilation and N, gas produced.



The cathode and the anode potentials were monitored with an Ag/AgCl reference
electrode (0.197 V vs standard hydrogen electrode (SHE), model RE-5B BASi, United
Kingdom). For tests 2 to 6 and 8 to 18 the cathode potential was fixed using a

potentiostat (model SP50, Bio-logic, France).

3. RESULTS AND DISCUSSION

3.1. Effect of the cathode potential in a denitrifying BES

Previous experiments have demonstrated the capacity of the BES to reduce nitrate in the
groundwater (test 1, [17]). At the steady- state, the cathode potential stabilized at -13+9
mV vs SHE, achieving a nitrate removal efficiency of 64% and a nitrate removal rate of
1.98 mgN-NO3 LNCC_I hl. However, N,O was the main product of the denitrifying
cathode, and the standard of drinking- water quality was not reached in terms of nitrates
and nitrites. It was necessary to improve the water quality as well as the nitrate removal
rate. To increase the nitrate removal efficiency, the cathode electrode was poised at
different potentials from +597 to -703 mV vs SHE (Table 1). At the start, the anode
compartment was fed with acetate (from tests 1 to 7) because that is the most common
feed for the conventional anode used in denitrifying BES [10,13]. Considering that
groundwater is characterized for the absence of organic matter, from tests 8 to 18 only
water was provided as an anode electron donor. The results obtained in terms of nitrate
removal rate and demanded current are shown in Figure 1 and discussed in section
3.1.1, while the percentage of nitrogen species at the effluent is shown in Figure 2 and
discussed in section 3.1.2. A complete dataset of the different tests can be found at

supplementary information.

3.1.1. Nitrate removal rate and current demand
The nitrate removal rate in the biocathode was strongly influenced by the cathode
potential (Figure 1), and it showed negligible differences when acetate or water were

9



used as an anode- electron donor. In tests where acetate was used as the donor (tests 1 to
6), the nitrate removal rate increased from 1.05 to 2.12 mgN-NO;3" Lnee ! b (38 to 80%
nitrate removal efficiency) when the cathode potentials were lowered from potentials of
+597 to -103 mV vs SHE. Then, only water was fed to the anode (tests 8 to 18) and the
biocathode showed an increase of nitrate removal rate from 0.96 to 5.44 mgN-NOj’
LNCC'1 h! (32 to 86% nitrate removal efficiency) when the cathode potential was
lowered from +97 to -403 mV vs SHE. The nitrate removal rate stabilized at cathode
potentials below -403 mV vs SHE, reaching a maximum removal rate of 6.16 mgN-
NO; Lycce h! at -703 mV vs SHE (99% nitrate removal efficiency). Therefore, above -
403 mV vs SHE, the lower the cathode potential was poised, the higher the nitrate
removal rate achieved.

An increase of the nitrate removal rate with a decrease of the cathode potential to a
minimum of -200 and -400 mV vs SHE has been reported previously by Virdis et al
[13] and by Cheng et al [21] using synthetic wastewater. However, in the present study:
i) a wider range of potentials; from +597 to -703 mV vs SHE, was studied; ii) real
groundwater was treated at the cathode; iii) the entire denitrification pathway was
evaluated (nitrate, nitrite and nitrous oxide reduction) (section 3.1.2), and iv) two
different anode feds were used (water and acetate) (section 3.2). The wider range of
potentials  evaluated allowed nitrate removal rate to increase only until a cathode
potential of -403 mV vs SHE. At cathode potentials of -403 mV vs SHE and lower, the
nitrate removal rate reached a plateau.

The influence of the electrochemical potentials in the removal activity of BES is
related to the energy gained by bacteria [22]. The major difference between the cathode
electrode potential and the formal redox potential (sequential reductions from NO;™ to

N,), the major is the energy gained for bacteria and therefore the nitrate removal rate

10



can be increased. This hypothesis was valid at a range of cathode potentials from +597
to -403 mV vs SHE, from where the nitrate removal rate stabilized until a potential of -
703 mV vs SHE.

The bioelectrochemical nature of the process described above could be demonstrated
with the current that was demanded by the biocathode (Figure 1B). When the cathode
potentials were lowered from potentials of +597 to -103 mV vs SHE in the presence of
acetate at the anode (tests 1 to 6), the increase in the nitrate removal rate was
accompanied with the growth of current demand from 0.3 mA to 9:4 mA. When water
was used as anode electron donor (tests 8 to 18) and the cathode potential was shifted
from +97 to -703 mV vs SHE, the current demand increased from 1.5 to 23.5 mA.
However, the current demand behavior was not constant in the whole cathode potential
window. From +97 to -203 mV vs SHE, the current increased exponentially from 1.5 to
12.6 mA. In contrast, from -303 to -703 mV vs SHE, the current showed grew linearly
from 15.8 to 23.5 mA.

In the OCV experiment (test 7), the nitrate removal rate was 0.23 mgN-NO3 LNCC_I
h™ (10% of nitrate removal efficiency), indicating a low nitrate consumption by non-

electrotroph bacteria.

3.1.2. Nitrate reduction end- products (NO;", N,O, N, + N-assimilation)

In a denitrification process, not only the nitrate removal rate but also the nitrate
reduction end- products (NO7", N,O, N) should be considered, with N, as the desired
end- product. Although N, concentrations could not be evaluated in this work, NOs’,
NO,", N,O and NH,4" were analyzed in both anode and cathode chambers. Ammonium
was not detected in either anode or cathode effluent, suggesting that the dissimilatory

nitrate reduction to ammonium did not take place. No presence of nitrate, nitrite or

11



nitrous oxide was detected at the effluent of the anode in any test, suggesting no
diffusion of these species from the cathode to the anode. As a result, the authors
consider that nitrate was solely consumed at the cathode. The percentage of nitrate,
nitrite and nitrous oxide at the effluent of the cathode at each test are shown in Figure 2.

When acetate was used as anode electron donor (tests 1 to 6; Figure 2A), the nitrite
percentage at the effluent decreased from 4.0% to 0.4% by drifting the cathode potential
from +597 to -103 mV vs SHE. When water was used as an anode electron donor (tests
8 to 18; Figure 2B), the behavior was similar. Nitrite accumulation was depleted from
1.9 to 0.0% when the cathode potential was changed from +96 to -53 mV vs SHE. From
here down, nitrite was not accumulated until -303 mV «wvs SHE. From -303 to -703 mV
vs SHE, the NO; increased to percentages between 30.2 and 49.5%. Regarding N.O
accumulation, the percentage at the effluent was between 3.7 and 5.5% at cathode
potentials higher than -123 mV vs SHE. The percentage increased up to 18.8% and
18.4% at -203 and -303 mV vs SHE, respectively. At potentials between -403 and -703
mV vs SHE, the percentage of N,O at the effluent decreased to values between 7.1 and
12.6%.

The variation of nitrate reduction end- products (NO;,  and N,O) has been reported
previously from:+100 to -200 mV vs SHE [13], where a decrease on intermediates
accumulation were observed when the cathode potential was lowered using synthetic
wastewater as medium. In the present study, the cathode potential range was larger
(from +597 to -703 mV vs SHE), and contaminated groundwater was treated. The use of
groundwater implies the use of restrictive water because of its low ionic strength (<1.5
mS cm™") and low nutrient availability (no organic carbon or phosphates were detected).
The study of a wider range of cathode potentials revealed unexpected results. When the

cathode electrode was polarized at potentials lower than -303 mV vs SHE, the reduction
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of nitrite and nitrous oxide was negatively destabilized. As a consequence, an

accumulation of nitrite and nitrous oxide was observed at those potentials.

As mentioned above, no ammonium was produced and no nitrate diffused to the
anode. Therefore, all reduced NOs5 that was not accumulated as NO, or N,O, had to be
finally reduced to N> or assimilated by bacteria. The sum of N> and NOs™ assimilation at
the effluent reached its highest value at -123 mV vs SHE (84.1%). At this potential,
93.9% of reduced nitrate was converted to N» or assimilated by bacteria. Only 6.1% of
reduced nitrate was in a form with N>O as an intermediate product. Such a low N,O
accumulation in a denitrifying BES is not common. In a recent article, Van Doan et al
[23] described that 70% of reduced nitrate was accumulated as nitrous oxide by
operating a BES at a constant current. A constant current gives a limited amount of
electrons. By supplying a limited amount of electrons, electron competition between the
different denitrifying enzymes can end- up producing an accumulation of N,O [18]. On
the contrary, the study presented here demonstrates that N,O accumulation can be
sharply reduced by controlling-the cathode potential instead of controlling the current
supplied. The use of a poised electrode gives unlimited source electrons for the
denitrifying .community. Hence, the electron competition between the different

denitrifying enzymes can be lessened and the N,O accumulation can be avoided.

3.2. Anode electron donor behavior in the denitrifying BES

The activity of the anodic compartment is a key factor for evaluating the feasible
utilization of a denitrifying BES to treat nitrate- polluted groundwater. Taking into
account that groundwater is characterized for the absence of organic matter, two

different anodic feds were considered: i) acetate- enriched water (tests 1 to 6) and ii)
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water (tests 8 to 18). The objective was to check the influence of using an acetate-
oxidizing anode or a water- oxidizing anode.

The activity of anode compartment was followed via the anode potential measured at
each test (Table 2). Considering first the tests where acetate was fed at the anode (tests 1
to 6), it could be deduced that when cathode potentials higher than 0 mV vs SHE were
applied, acetate was the sole anode electron donor. However, at cathode potentials
lower than -100 mV vs SHE, the anode potential rose to +1000 mV vs SHE. At that
higher potential, the oxidation of water to oxygen (E” (H,O/Oy) = +776£31 mV vs
SHE) is more likely to occur than acetate oxidation to carbon dioxide (E> (CH3;COO"
/CO) = -173£27 mV vs SHE). When the cathode potential was poised at values lower
than 0 mV vs SHE, the biocathode required higher electron flux. However, the
oxidation of acetate at the anode was not-able to provide the current needed for the
nitrate reduction at the cathode. As a consequence, the electron donor at the anode
changed from acetate to water. Moreover, in all tests, the anode coulumbic efficiencies
were lower than 15%, which suggested that acetate was mainly consumed by non-
electroactive bacteria.

The pHs of each compartment were also checked (Table 2). As the cathode potential
was lowered from +597 to -203 mV vs SHE, the increase current demand increased,
resulting on a decrease of the anode pH regardless the anode fed used (acetate or water).

Focusing on tests with presence of acetate at the anode, it could be observed that
when the cathode potential was poised at values higher than 0 mV vs. SHE, the
bioelectrochemical activity was low (current demand below 3 mA), which produced
little changes on the anodic pH (0.7 units of pH). As the cathode potential was drifted to
potentials lower than -103 mV vs SHE, the bioelectrochemical activity grew (current

demand increased to 9.4 mA), which provoked a decrease of the anodic pH regardless
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the anode fed used. Considering the low pHs observed at the anode when water was
being used as electron donor, it can be assumed that water oxidation was an abiotic
process. On the contrary, the pH at the effluent of the cathode remained almost stable or
slightly increased, allowing the biological reduction of nitrate. The combination of
biological denitrification at the cathode and abiotic oxidations at the anode could
improve the denitrifying BES capabilities. For example, abiotic anodes could support

disinfection processes, as chlorine evolution [24].

3.3. Driving the BES performance to achieve the standard of drinking-water

quality

In order to accomplish the legislation in terms of nitrates and nitrites, drinking- water
must present a QR value below or equal to 1. Figure 3 shows the QR at the effluent of
the cathode in all tests.

In spite of the different anode fed used (acetate or water), similar QR trend was
observed. The quality ratio stabilized approximately 3 at cathode potentials higher than
+196 mV vs SHE. By lowering the cathode potential to -103 mV vs SHE, the QR
diminished until reaching the standards (values less than 1). At a cathode potential of -
103 mV vs SHE, the QR was 0.64 and 0.87 for acetate and water as anode fed,
respectively. The standards of quality were accomplished at cathode potentials between
-103 and -203 mV vs SHE, with the lowest QR of 0.31 at -123 mV vs SHE. Therefore,
we propose that the biocathode of a denitrifying BES, for the treatment of nitrate-
polluted groundwater, should be poised at a potential between -103 and -203 mV vs
SHE. At these low cathode potentials, the anode electron donor was always water, even
when acetate was fed to the anode compartment. Hence, the use of acetate at the anode
was useless when biocathode demanded higher currents; the acetate- oxidizing reaction

15



was not able to fulfill the biocathodic requirements. Moreover, for groundwater
treatment, the use of acetate would imply not only the addition of chemicals, but also an
additional care of the anode microbial community and a possible contamination of
cathode groundwater due to acetate flux trough the membrane [25]. For these reasons,
we consider that the use of acetate can be avoided in a BES treating groundwater

through the input of external energy.
3.4. Economic perspectives on treating nitrate contaminated groundwater

The operational cost related to energy consumption was calculated at the best
performance using water (test 12) as anode electron donor. Table 3 presents the energy
consumption for the nitrate- polluted groundwater treatment using BES and compares it
with other technologies, such as electrodialysis or membrane bioreactor. Two different
methods of calculation were used: i) from Gibbs free energy and ii) from specific power
consumption [26].

The energy consumed in‘the BES proposed in our study was 1.27- 107 or 0.68-107
kWh gN—NO3'm10Vm'1 (0.37 and 0.20 kWh m'3treated). If energy consumption is compared
to other technologies that are able to reduce NO3™ to Ny, the use of BES with the control
of the cathode potential presented lower energy consumption. A special mention should
be made of the biofilm- electrode reactor technology (BER) [27]. In a BER, an external
power input is used to produce hydrogen in the cathode, which is subsequently used by
bacteria to reduce nitrates. Power input is also applied in the BES presented in this
article, but no H, production was detected. Thus, nitrate reduction was not mediated
through hydrogen oxidation. In the BES presented in here, the cathode potential is the
parameter that is proposed to be controlled, while in the BER, the external power
voltage is fixed. Hence, BER controls the voltage difference between anode and

cathode, whereas here we propose to control the potential of the cathode chamber where

16



the desired reaction takes place. According to the results, the control of the cathode
potential allowed the control of nitrate reduction end- products and it implied a lower
energy consumption (0.68- 10% and 1.27-10% kWh gN—NO3'removed'1) with respect to the
BER (7.00-10” kWh gN-NO3 emoved” [27]).

In addition, BES showed similar energy requirements as those observed in a
conventional technique such as electrodialysis (between 0.40-107 — 4.95-102 kWh gN-
NO3'remOW{1 according to El Midaoui et al [28] and Ortiz et al [29]). By supplying a
similar amount of energy, the denitrifying BES was able to diminish the nitrate content
below its guideline value. Moreover, NO;  was reduced without producing harmful

products (NO;", N,O or NH,").

3.5. Long-term activity of denitrifying-BES

Taking into account the nitrate treatment performance and the associated energy
requirements, we propose that a denitrifying BES for the treatment of nitrate- polluted
groundwater could be operated at a poised cathode of -123 mV vs SHE and the anode
fed with water (test 12). The BES was operated under conditions expressed at test 12 for
96 days after test 18 to demonstrate the robustness of the technology. During the first 48
days groundwater was fed a 1.3 L d”', while from day 49™ to 96™, the flow was doubled

to2.6Ld", Figure 4 presents the results obtained.

Despite the different cathode potentials tested earlier, when the cathode potential was
again poised at -123 mV vs SHE, the denitrifying activity quickly recovered (nitrate
removal rate of 2.09+0.29 mgN-NOs3 L'xee h™"), and the quality ratio was
accomplished (0.92+0.14). From day 18" to 48™, the overall denitrifying performance
was even improved, the nitrate removal rate increased to 2.72+0.20 mgN-NOs’ L'nee v

1, delivering a 3.5% of nitrate at the effluent, and the QR decreased to 0.10+0.05.
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Moreover, no nitrite or nitrous oxide was detected, indicating that nitrate was
successfully reduced without accumulating intermediate products.

From day 49" to 96th, the influent flow was doubled from 1.3 to 2.6 L d'. Nitrate
removal rate increased to 4.74+0.39 mgN-NOj; L'INCC h'! and the QR was still
accomplishing the standards (0.12+0.27). The nitrate conversion rate to N, <was
4.09+0.33 mgN-NOs L 'yoc b

Therefore, the long- term stability of the proposed parameters (cathode potential

poised at-123 mV vs SHE and water as anode electron donor) was- demonstrated.

S. CONCLUSIONS

The usage of a denitrifying biocathode, at a fixed potential, allowed nitrate- polluted
groundwater treatment, reaching the standards of nitrates and nitrites for drinking- water
at a competitive cost. The lowest accumulation of intermediates (NO;, N.O) was
observed at -123 mV vs SHE and using water as anode electron donor. The long- term
stability of the proposed operation was demonstrated during 96 days, reaching a nitrate
conversion rate to dinitrogen gas of 4.09 mgN-NO5’ L'INCC hl.

Water, rather than acetate, was the most reasonable anode electron source because it:
i) has a similar cost; ii) does not require the addition of chemicals no caring for the
anode microbial community; iii) does not have the potential to poison groundwater (as
acetate does by diffusion through membrane).

A carbon- free technology for the biologic treatment of nitrates in groundwater at a

competitive cost has been developed.

ACKNOWLEDGEMENTS
This research was financially supported by the Spanish Government (CTQ2011-23632,

CONSOLIDERCSD2007-00055) and the Catalan Government (2014-SGR-1168). Narcis Pous

18



was supported by a project grant from the Catalan Government (2012 FI-B 00941). The authors
acknowledge the assistance of Dr. Marta Coma, Dr. Erika Fiset, Ms. Ariadna Cabezas and Ms.

Gemma Rustullet.

6. REFERENCES
[1] D.S. Powlson, T.M. Addiscott, N. Benjamin, G. Cassman, T.M. De Kok, J.J.M. Van
Grinsven, J.L.. L’hirondel, A.A. Avery, C. Van Kessel. When does Nitrate become a risk for

humans? J. Environ. Qual. 2008, 37 (2) 291-295. DOI: 10.2136/sssaj2006.0181.

[2] C.M. Schmidt, A.T. Fisher, A.J. Racz, B.S. Lockwood, M. Los Huertos. Linking
denitrification and infiltration rates during managed groundwater recharge. Environ. Sci.

Technol. 2011, 45 (22), 9634-9640. DOI: dx.doi.org/10.1021/es2023626.

[3] L.A. Sprague, R.M. Hirsch, B.T. Aulenbach. Nitrate in the Mississippi river and its
tributaries, 1980 to 2008: Are we making progress? Environ. Sci. Technol. 2011, 45 (17),

7209-7216. DOI: dx.doi.org/10.1021/es201221s.

[4] Consumer Factsheet on Nitrates/Nitrites. EPA, Environmental Protection Agency, 2006.

[5] K.M. Twomey, A.S. Stillwell, M.E. Webber. The unintended energy impacts of increased
nitrate contamination from biofuels production. J. Environ. Monit. 2010, 12 (1), 218-224.

DOI: 10.1039/b913137j.

[6] A:M. Gabriel, Y. Kim, A. Amini, Q. Zhang, T.H. Boyer. Efficiency and life cycle
environmental impacts of ion-exchange regeneration using sodium, potassium, chloride, and

biocarbonate salts. Chem. Eng. J. 2014, 254, 198-209. DOI: 10.1016/j.cej.2014.05.086.

[7] M. Shrimali, K.P. Singh. New methods of nitrate removal from water. Environ. Pollut. 2001,

112 (3), 351-359. DOI: 10.1016/S0269-7491(00)00147-0.

[8] S. Aslan, H. Cakici. Biological denitrification of drinking water in a slow sand filter. J.

Hazard. Mater. 2007, 148 (1-2), 253-258. DOI:10.1016/j.jhazmat.2007.02.012.

19



[9] M.ILM. Soares. Biological denitrification of groundwater. Water, Air and Soil Pollution.

2000, 123 (1-4), 183-193.

[10] P. Clauwaert, K. Rabaey, P. Aelterman, L. De Schamphelaire, T.H. Pham, P. Boeckx, N.
Boon, W. Verstraete. Biological denitrification in microbial fuel cells. Environ. Sci. Technol.

2007, 41 (9), 3354-3360. DOI: 10.1021/es062580r.

[11] World Health Organization (WHO). 2011. Nitrate and nitrite in drinking-water:

Background document for development of WHO Guidelines for drinking-water quality.

[12] P. Forster, V. Ramaswamy, P. Artaxo, T. Berntsen, R. Betts, D.W. Fahey, J. Haywood, J.
Lean, D.C. Lowe, G. Myhre, J. Nganga, R. Prinn, G. Raga, M. Schulz, R. Van Dorland.
Changes in atmospheric constituents and in radiative forcing. In: Climate change 2007: The
physical science basis. Contribution of working group I to the fourth assessment report of the
Intergovernmental Panel on Climate Change. [S. Solomon, D. Qin, M. Manning, Z. Chen,
M. Marquis, K.B. Averyt, M. Tignor, H.L. Miller, (eds.)]. Cambridge University Press,

Cambridge, United Kingdom and New York, NY, USA.

[13] B. Virdis, K. Rabaey,Z. Yuan, R.A. Rozendal, J. Keller. Electron fluxes in a Microbial
Fuel Cell performing carbon and nitrogen removal. Environ. Sci. Technol. 2009, 43 (13),

5144-5149. DOL: 10.1021/es8036302.

[14] S. Puig, M. Serra, A. Vilar-Sanz, M. Cabré, LL. Baifieras, J. Colprim, M.D. Balaguer.
Autotrophic nitrite removal in the cathode of microbial fuel cells. Bioresour. Technol. 2011,

102 (6), 4462-4467; DOI 10.1016/j.biortech.2010.12.100.

[15] J. Desloover, S. Puig, B. Virdis, P. Clauwaert, P. Boeckx, W. Verstraete, N. Boon.
Biocathode nitrous oxide removal in bioelectrochemical systems. Environ. Sci. Technol.

2011, 45 (24), 10557-10566. DOI: dx.doi.org/10.1021/es202047x.

20



[16] S. Puig, M. Coma, J. Desloover, N. Boon, J. Colprim, M.D. Balaguer. Autotrophic
denitrification in microbial fuel cells treating low ionic strength water. Environ. Sci.

Technol. 2012, 46 (4), 2309-2315. DOLI: dx.doi.org/10.1021/es2030609.

[17] N. Pous, S. Puig, M. Coma, M.D. Balaguer, J. Colprim. Bioremediation of nitrate-polluted
groundwater in a microbial fuel cell. J. Chem. Technol. Biotechnol. 2013, 88 (9), 1690-1696.

DOI: 10.1002/jctb.04020.

[18] Y. Pan, B.J. Ni, P.L.. Bond, L. Ye, Z. Yuan. Electron competition among nitrogen oxides
reduction during methanol- utilizing denitrification in wastewater treatment. Water Res.

2013, 47 (10), 3273-3281. DOI: 10.1016/j.watres.2013.02.054.

[19] B.E. Logan, B. Hamelers, R. Rozendal, U. Schrider, J. Keller, S. Freguia, P. Aelterman,
W. Verstraete, K. Rabaey. Microbial fuel cells: Methodology and technology. Environ. Sci.

Technol. 2006, 40 (17), 5181-5192. DOI: 10.1021/es0605016.

[20] APHA. Standard Methods for the Examination of Water and Wastewater, 19th ed.
American Public Health Association, Washington, DC, USA. 2005.

[21] K.Y. Cheng, M.P. Ginige, A.H. Kaksonen. Ano- cathodophilic biofilm catalyzes both
anode carbon oxidation and cathode denitrification. Environ. Sci. Technol. 2012, 46 (18),

10372-10378. DOI: dx.doi.org/10.1021/es3025066.

[22] U. Schroder. Anode electron transfer mechanisms in microbial fuel cells and their energy

efficiency. Phys. Chem. Chem. Phys. 2007, 9 (21), 2619-2629. DOI: 10.1039/b703627m.

[23] T. Van Doan, T.K. Lee, S.K. Shukla, J.M. Tiedje, J. Park. Increased nitrous oxide
accumulation by bioelectrochemical denitrification under autotrophic conditions: Kinetics
and expression of denitrification pathway genes. Water Res. 2013, 47 (19), 7087-7097. DOI:

10.1016/j.watres.2013.08.041.

21



[24] T. Tzedakis, Y. Assouan. One- flow feed divided electrochemical reactor for indirect
production of hypochlorite from brine for swimming pool treatment- experiment and

theoretical optimization. Chem. Eng. J. 2014, 253, 427-437. DOI: 10.1016/j.cej.2014.05.001.

[25] J.R. Kim, S. Cheng, S. Oh, B.E. Logan. Power generation using different cation, anion and
ultrafiltration membranes in microbial fuel cells. Environ. Sci. Technol. 2007, 41 (3), 1004-

1009. DOL: 10.1021/es062202m.

[26] M.B.S. Ali, B. Hamrouni, M. Dhahbi. Electrodialytic defluoridation of brackwish water:
Effect of process parameters and water characteristics. Clean — Soil, Air, Water. 2010, 38

(7), 623-629. DOI: 10.1002/clen.200900301.

[27] Y. Sakakibara, T. Nakayama. A novel multi- electrode system for electrolytic and
biological water treatments: electric charge transfer and application to denitrification. Water

Research. 2001, 35 (3), 768-778.

[28] A. El Midaoui, F. Elhannouni, M. Taky, L. Chay, M.A. Menkouchi Sahli, L. Echihabi, M.
Hafsi. Optimization of nitrate temoval operation from ground water by electrodialysis. Sep.

Purif. Technol. 2002, 29(3), 235-244.

[29] J.M. Ortiz, E. Exposito, F. Gallud, V. Garcia- Garcia, V. Montiel, A. Aldaz. Desalination
of underground brackwish waters using an electrodialysis system powered directly by
photovoltaic energy. Sol. Energ. Mat. Sol. C. 92 (12), 1677- 1688. DOL

10.1016/j.s0lmat.2008.07.020.

[30] M. Zhou, W. Fu, H. Gu, L. Lei. Nitrate removal from groundwater by a novel three-
dimensional electrode biofilm reactor. Electrochim acta. 2007, 52 (19), 6052-6059. DOI:

10.1016/j.electacta.2007.03.064.

[31] Y. Zhao, C. Feng, Q. Wang, Y. Yang, Z. Zhang, N. Sugiura. Nitrate removal from

groundwater by cooperating heterotrophic with autotrophic denitrification in a biofilm-

22



electrode reactor. J. Hazardous Materials. 2011, 192 (3), 1033-1039. DOI:

10.1016/j.jhazmat.2011.06.008

[32] D. Wan, H. Liu, J. Qu, P. Lei, S. Ziao, Y. Hou. Using the combined bioelectrochemical and
sulfur autotrophic denitrification system for groundwater denitrification. Bioresource

technology. 2009, 100 (1), 142-148. DOL: 10.1016/j.biortech.2008.05.042.

[33] EJ. McAdam, S.J. Judd. Immersed membrane bioreactors for nitrate removal from
drinking water: Cost and feasibility. Desalination. 2008, 231(1-3), 52-60.

DOI:10.1016/j.desal.2007.11.038

23



A

-800 -600 -400 -200 O 200 400 600 800

Cathode potential (mV vs SHE)

B

® Testslto6 B Test7(OCV) ® Testslto6
O Tests8to 18 O Tests8to 18
7 25
—~ o
2 61909 o
ey 4
O - 1 oo 20 e)
g0 ° z o
3 2 E 15 - ©
g 2 4 <
g.' © % o)
™ |
5g ° o0 £ 101 E
L2 24 e @ 2
® °
=2 S * 5] o]
€1 : . d
®0
0 ‘ = 0 : — o o °

-800 -600 -400 -200 O 200 400 600 800

Cathode potential (mV vs SHE)

Figure 1. A) Nitrate removal rate performance at different cathode potentials. Error bars represent
standard deviations of replicate samples (n=3). B) Current demand at different poised cathode potentials.

Error bars represent standard deviations of replicate samples (n=3).
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Figure 2. A) Percentages of nitrate and nitrite at the effluent at different cathode potentials treating
nitrate- contaminated groundwater with acetate fed at the anode (tests 1 to 6). Error bars represent
standard deviations of replicate samples (n=3). B) Percentages of nitrogen compounds at the effluent
when different cathode potentials were applied and water was used as anode electron donor (tests 8 to

18). Error bars represent standard deviations of replicate samples (n=3).
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Figure 4. Long- term performance of BES at cathode potknfial23 mV vs SHE and using water as

anode fed.
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Table 1. Experimental conditions of each test. Legend: (*) states for the conditions

applied during the long- term performance evaluated after the test 18.

Electron donor Cathode Cathode potential Cathode flow
Experiment

(Anode) potential control (mV vs SHE) @dh

Test 1 No, free -1349 1.35
+597 1.27

1397 130

_______ Testd Acetate Yes +196 1.33
"""" Tests 21 1.33
"""" Test6 103 133
"""" Test7 No, OCV 279 1.26
Test 8 +97 138

3 138

-53 1.32

TR T -103 Al
T Test 12(%) 123 1.34
TTTest 137 Water Yes 203 1.26
303 1.85

-403 2.67

T Test 16 503 2.76
T Test 17 603 2.68
T Test 18 7703 2.64
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Table 2. Anode potential and pH measured at the effluent of the anode and the cathode
at each test. The results are presented as the mean + standard deviations of replicate

samples (n=3).

Anode potential pH anode pH cathode
Experiment
(mV vs SHE) effluent effluent
Test 1 -191451 7.95+021 7.75+0.39
Test 2 -579+19 7.71+0.15 777021
Test 3 -471£21 7.99+0.15 8.06+0.16
Test 4 -420+4 7.80+0.23 8.15+0.21
Test 5 -290+1 7.25+0.05 8.45+0.15
Test 6 +1010+38 6.61+0.10 8.56+0.09
Test 8 +967+4 6.73+0.04 8.15+0.18
Test 9 +984+2 6.73+0.19 8.15+0.27
Test 10 +965+5 6.26+0.08 8.17+£0.33
Test 11 +966+4 5.80+0.09 8.18+0.06
Test 12 +1072+7 545+029 8.19+0.19
Test 13 +1179+4 4274026 8.22+0.36
Test 14 +1196+6 3.99+0.09 8.23+0.11
Test 15 +1240+5 3.42+0.08 8.25+0.05
Test 16 +1264+2 3.94+0.07 8.23+0.24
Test 17 +1237+8 3.57+0.14 8.24+0.06
Test 18 +1274+3 3.13+0.15 8.25+0.17
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Table 3. Comparison of energy consumption and characteristics for nitrate- polluted groundwater

treatment for this study (test 12), conventional treatments and other technologies found in the

bibliography. In references where energy consumption was not directly mentioned, it was calculated from

Gibbs free energy and Specific power consumption. Legend: Not mentioned (n.m.).

Energy consumption

Energy consumption

(KWh gN-NOs removea™) (KWh m” rearea) Nitrate
Addition of
Reference Specific power From Specific power removal
From Gibbs chemicals?
consumption Gibbs free consumption pathway
free energy
[26] energy [26]
This study
1.27-107 0.68-10 0.38 0.20 Reduction to N, No
(test 12)
3D electrode biofilm reactor
3.35-107 1.46-107 1.01 0.44 Reduction to N, Yes, ethanol
[30]
Biofilm-electrode reactor
0.16:10? 0.08 Reduction to N, Yes, methanol
[31]
Biofilm electrode reactor + Yes, sulphur
sulfur denitrification 4.79-10° 1.50-107 1.00 0.31 ReductiontoN,  and anthracite
[32] granules
Biofilm- electrode reactor
7.00:102 1.12 Reduction to N, No
[27]
Membrane Bioreactor Yes, organic
2.04-107 0.30 Reduction to N,
[33] matter source
Electrodialysis Separation in a
4.95-107-1.01-102 0.92 - 1.69 No
[29] waste brine
Electrodialysis Separation in a
0.40-107 - 0.80-107 0.04 -0.11 No
[28] waste brine
Electrodialysis Separation in a
n.m. 0.69 - 1.32 No
[51 waste brine
Reverse Osmosis Separation in a
n.m. 1.03-2.09 No

[5]

waste brine
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Highlights

Anode feed and cathode potential were evaluated for nitrate treatment

groundwater.

Cathode potential shifted nitrate removal rate and intermediates accumulation.

The lowest accumulation of NO;, and N,O was observed at -123 mV vs SHE.
Water, rather than acetate, was the most reasonable anode electron source.

Carbon- free treatment of nitrate- polluted groundwater at a competitive cost.

in
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