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Abstract: Nitrate groundwater contamination is an issue of global concern that has not been
satisfactorily and efficiently addressed, yet. In this study, a 2-stage, sequential bioelectrochemical
system (BES) was run to perform autotrophic denitrification of synthetic groundwater. The system
was run at a 75.6 mgNO3™-N L~ nce d71 nitrate loading rate, achieving almost complete removal of
nitrate (>93%) and Total Nitrogen (TN) (>93%). After treatment in the first stage reactor values of
effluent nitrate compatible with the EU and USA limits for drinking water (<11.3 and 10 mgNO3;™-N
L~!, respectively) were achieved. Nitrite and nitrous oxide were observed in the first stage’s effluent,
and were then successfully removed in the second stage. The observed nitrate removal rate was
73.4 + 1.3 gNO3~-N m~3ycc d7!, while the total nitrogen removal rate was 73.1 + 1.2 gN m3cc d 7.
Specific energy consumptions of the system were 0.80 + 0.00 kWh m~3, 18.80 + 0.94 kWh kgNO;~-N~!
and 18.88 + 0.95 kWh kgN~!. Combination of two denitrifying BES in series herein described proved
to be effective.

Keywords: groundwater; autotrophic denitrification; bioelectrochemical system; biocathode;
microbial electrochemical technologies; bioremediation; bioelectroremediation

1. Introduction

Nitrate-contamination of groundwater is a worldwide-diffused issue; nitrate presence has been
detected in groundwater in countries in all continents, regardless of their level of development [1-3].
An increase in groundwater nitrate concentration in recent years has been reported [4,5].

The main sources for nitrate in groundwater are anthropogenic, due to intensive use of fertilizers [6],
other important sources are represented by leakages from sewage systems, on-site wastewater disposal
systems, cattle feedlots, and spread of manure and sludge residuals on agricultural land [7-9];
this variety of sources is the main cause of the widespread diffusion of the contamination in different
areas of the planet despite different land uses and development levels. In addition, nitrate can
naturally occur in groundwater, with background natural concentrations reported to be higher than
3 mgNO;~-N L1 [10].

Groundwater is used in large part of the world as a drinking water source; thus, the intake of
nitrate-contaminated water may lead to several health issues. Nitrate has been identified as toxic [11-13].
Infant methemoglobinemia can be caused by the consumption of nitrate: nitrite, microbially reduced
from nitrate by intestinal bacteria, can oxidize the hemoglobin-contained iron from the ferrous to the
ferric form, obtaining methemoglobin, that cannot bind oxygen and thus may lead to cyanosis and
brain anoxia [14]. In addition, its intermediate N-form nitrite has been correlated to carcinogenicity
due to the formation of nitrosamine in reactions with secondary and tertiary ammines in acidic
environments [11,15]. Another intermediate N-form, nitrous oxide, is a known greenhouse gas
(GHG) [16], even though it is reported as being neither toxic nor carcinogenic. Due to the health issues
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connected to the consumption of nitrate-contaminated drinking water, governments and international
organizations have issued strict regulations and guidelines on its presence in drinking water, as shown
in Table 1.

Table 1. Limits for nitrate and nitrite in drinking water in national regulations and international

guidelines.
o NO3;~-N conc. NO;,~-N conc.
Country/Institution Combined limits Ref.
mgNO;-NL1  mgNO,-NL-1
sum of NO3™-N and NO, " -N
USA 10 1 concentrations < than 10 [17]
Canada 10 1 - [18]
sum of the ratios of NO3;™-N and
WHO 11 0.9 NO,™-N concentrations to their [19]
guideline value < 1
China 10 - - [20]
Switzerland 5.6 - - [21]
sum of the ratios of NO3™-N and
EU 11.3 0.9 NO,™-N concentrations to their [22]

guideline value < 1

Different options for nitrate removal from aqueous solutions have been tested and operated so
far [23,24]; amongst all, autotrophic denitrification using bioelectrochemical systems (BES) has shown
promising results [25,26].

Other than physicochemical methods, conventional biological denitrification techniques exploit
the activity of heterotrophic bacteria, in which organic matter is used both as a carbon source and
an electron donor. However, some drawbacks in the groundwater denitrification treatment with
heterotrophic processes can be identified: the necessary addition of organic matter, otherwise scarcely
present in the medium, to avoid limitations in the process kinetics, and the consequent implementation
of post-processing techniques (settling, physical retention, and/or other) to remove the excess biomass
accumulated during the process [27]. An alternative is represented by autotrophic denitrification,
in which organic matter is not necessary to the process. Autotrophic bacteria, in fact, use inorganic
carbon as carbon source (e.g., bicarbonates), and the electron sources required to activate their
metabolism are also of inorganic origin (e.g., Hp, reduced sulfur, iron or manganese species) [28].
In BESs, electrons are provided by an external source and reach the cathodic chamber through the
electrode. Different strategies can be operated to maintain a continuous electron flow: by exploiting a
bioanode performing oxidation of organic matter [29], or by an abiotic anode and connection with a
potentiostat, to maintain cathodic potential at a specific reductive level [30], or by direct electric current
provided by a generator [31].

If autotrophic bacteria are performing denitrification, the desired electron acceptor is not oxygen,
but nitrate and other possible intermediate nitrogen forms (nitrite, nitric oxide and nitrous oxide)
before the final reduction step to Ny gas [25]; a competition between the different electron acceptors
is possible [32]. The presence of intermediate N-forms is not desirable due to the abovementioned
reasons. Other than nitrate, nitrite [32,33] and nitrous oxide [34] have been removed via biocathodic
autotrophic denitrification from contaminated groundwater.

Different microorganisms were detected on the surface of biocathodes; Proteobacteria have been
reported as abundant or dominant in several works [35-37]. Recently, Vilar-Sanz et al. [36] reported a
monospecific biofilm nitrate reduction; however, the nitrite-reducing Alphaproteobacteria strains were
not able to reduce nitrate or nitrous oxide, suggesting that a mixed microbial community is necessary
to complete a nitrate denitrification pathway in order to dinitrogen gas.

In a previous study by the authors, a 1-stage denitrifying BES reactor was successfully designed
and built to remove nitrate from groundwater [38]. However, the denitrification process was incomplete
at nitrate loading rates higher than 33.45 mgNO3;™-N L~ nce d71, indicated by the appearance of nitrite
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in the effluent. The aim of the study presented herein is the improvement of the removal capacity
of nitrate and intermediate N-forms in a BES denitrification reactor by applying a 2-stage process
configuration. Therefore, we present a sequential 2-step BES systems composed by 2 BES in series,
to overcome the limitations occurred in the application of a single BES, and achieve full autotrophic
denitrification of synthetic groundwater. The performances in terms of denitrification and energy
consumption are analyzed and discussed.

2. Materials and Methods

2.1. Experimental Setup

Two dual-chamber BESs (BES-1 and BES-2) based on a previously described scheme [39,40], each
consisting of an abiotic anodic chamber and a biotic cathodic chamber on the opposite sides of a
methacrylate rectangular frame, were operated and monitored during the study. Cation Exchange
Membranes (CEM, CMI-7000, Membranes International Inc., Ringwood, NJ, USA) were used as
separators between chambers; CEM was chosen to avoid migration of nitrate and nitrite to the
anodic chamber. The cathodic chambers were both filled with granular graphite (model 00514,
diameter 1.5-5 mm, EnViro-Cell, Oberursel, Germany), with final free volume of 675 mL net cathodic
compartment (NCC) for BES-1 and 520 mL (NCC) for BES-2. A folded stainless steel mesh (40 x 20 cm)
was used as electrode in the anodic chamber of BES-1, decreasing its volume to 760 mL net anodic
chamber (NAC), while BES-2 anodic chamber was filled with granular graphite obtaining a final free
volume of 640 mL (NAC). In order to allow external electrical connection, graphite rod electrodes
(250 x 4 mm) were inserted in BES-1’s anodic and cathodic chambers; in the case of BES-2, a stainless
steel rod electrode (250 X 5 mm) was inserted in the anodic chamber, while a graphite rod electrode (250
X 4 mm) was inserted respectively in the anodic and cathodic chambers. Ag/AgCl reference electrodes
were placed in the cathodic chambers (+0.197 V vs. SHE, Xi’an Yima Opto-Electrical Technology Co.,
Xi’an, China). A scheme of the system is reported in Figure 1.
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Figure 1. Two stage BES for nitrate removal: liquid and electric schemes: anodic circuit: red
lines; cathodic circuit: blue lines; electric circuits: dashed lines. Legend: (1)(6) cathode (working)
electrodes; (2)(7) anode (counter) electrodes; (3)(8) Ag/AgCl reference electrodes; (4) feeding pump; (5)
recirculation pumps.
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Two potentiostats (mod. NEV 3 and NEV 4, Nanoelectra, Alcala de Henares, Spain) were operated
to set applied potentials at the cathodes: in both cases, the potential was set at —0.303 V vs. SHE (0.5
V vs. Ag/AgCl reference electrode), as already done in a previous work by the authors [38]. Dosage of
influents and recirculation were performed using two peristaltic pumps (BT100N, Baoding Shenzhen
Precision Pump Co., Shenzen, China), with continuous closed-loop recirculation to achieve well-mixed
conditions in the BES. Well-mixed conditions are essential to achieve the necessary contact between
the substrate and the biomass [41]. Synthetic groundwater with micronutrients (0.326 g L' KNO3,
1.600 g L' NaHCO3, 0.003 g L™ KCl, 2.458 g L™ Nap,HPOy, 1.522 g L~! NaH,POy) was fed to the
cathodic chambers during the experiments. Phosphate buffer solution (PBS, 30 mM, pH 7), with the
following composition: 1.228 g L~! Na,HPOy, 0.761 g L~! NaH,POy was used as pH-control for the
anodic chamber. The value of pH was chosen as a value feasible for groundwater, falling in the ranges
previously reported by Bundschuh et al. [42] and Frengstad et al. [43]. The conductivity of the cathodic
influent was 4152 + 567 uS cm™!; Hu et al. [44] reported an electrical conductivity in groundwater
between 760 and 6640 uS cm™!; a lower value (1000 uS cm~! or lower) was reported by Pous and
co-workers to negatively affect biocathodic denitrification [45]. No organic matter was supplied to
the BES during the experimentation. Both BES-1 and BES-2 were inoculated using the effluent of a
parent BES performing cathodic autotrophic denitrification [38]. The biocathode in the parent BES was
obtained by switching an anodic biofilm to cathodic conditions, as described by Molognoni et al. [30];
such a procedure based on the bidirectional microbial electron-electrode transfer of ano-cathodophilic
biofilms allows the development of a thicker and more diversified biofilm in a shorter period of time
compared to conventional inoculation processes [46]. Both the BESs object of this study were connected
to a tank containing the effluent of the parent biocathode; once the electrical activity of the BESs
was visible (after 2 days), they were disconnected and fed with the synthetic groundwater. After the
electrical activity had reached a stability (in a one-month period), the BES were connected in series.

2.2. Operating Conditions

The system was run at the maximum NO3™-N concentration applied in our previous study
(452 mgNO3™-N L~ !)and ata2 L d~! flow-rate for a duration of 2 months, thus at a nitrate loading rate
(75.6 mgNO3™-N L~1nce d71, calculated on the total NCC of the system) higher than the maximum
applied in our previous work (67.0 mgNO3;™-N L~ nce d71) [38]. The hydraulic retention time (HRT)
of the entire system was 9.56 h. The HRT of BES-1 was 5.4 h, while that of BES-2 was 4.16 h. Anodic
solution was continuously recirculated in closed-loop mode, and substituted when its pH reached a
value of 5 (usually every two weeks).

The experiments were performed at ambient temperature (23 °C); groundwater temperature is
a highly-variable parameter due to seasonal variations and because of different climates [47], other
than being influenced by the depth of the aquifer and by anthropic activities [48,49]. Worldwide
groundwater temperature has been reported in a very large range (5-30 °C) [50].

2.3. Analytical Methods and Calculations

Effluents of both cathodic chambers were characterized for NO3™-N, NO,™-N and total nitrogen
(TN) concentrations. NO3~-N and TN concentrations were determined by spectrophotometric analysis
(HI83224 Wastewater Treatment Photometer, Hanna Instruments, Milan, Italy); NO, "-N concentration
by nitrite test kits (HI3873, Hanna Instruments, Milan, Italy). N,O-N concentration was calculated
as the difference between TN and other N-forms, NO was not considered in the balance due to its
extremely fast reduction kinetics [51]. No effluent gaseous analyses were performed throughout
the experiment. Conductivity and pH of influents and effluents were measured daily using a
multi-parametric probe (InteliCAL™ probes + HQ40d™ Digital Meter, Hach Lange, Lainate, Italy).
Electrical consumption, in terms of current and power, were monitored and logged every minute
on both BESs by a potentiostat connected to a PC. Current density (A m3Nce) and power density
(W m~3Ncc) for each BES were consequently calculated by respectively dividing the current and the
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power by the correspondent NCC. Nitrate and TN removals were calculated as difference between
influent and effluent concentrations, integrated over treated volume, for each BES. Nitrate and TN
removal rates (respectively, gNO3;~-N m~3nce d7!and gN m~3nce d71) were calculated as shown in
Equations 1 and 2, as proposed in Molognoni et al. [30]:

Nitat Lat (CNO;—N,z‘n - CNO;—N,out) )
itrate removal rate = NCC Q (1)

(CrNin — CTN,out)
NCC

where CNOS‘ _N,in and CNOS‘ _N,out are influent and effluent concentrations of NO3™-N (mgNO3;™-N LY,

TN removal rate =

Q 2

Q is the flow-rate (L d71), Crn,in and Crp oy are TN influent and effluent concentrations (mgN LY,
respectively. For the calculation of the removal rates of BES-1 and BES-2, the relative NCC were
used. In the case of the sequential system, the NCC was calculated as the sum of the NCCs of BES-1
and BES-2.

The quality ratio (QR) for drinking water was calculated as follows [19]:

CNos-Nout  CNO;-N,out
" 09

QR = ®)

where CNO; _N,in 18 the concentration of nitrous nitrogen in the effluent; QR should not exceed 1.

Based on observed data, the Specific Energy Consumptions SECy (volumetric, kWh m=3cated),
SECy (nitrate specific, kWh kgNO3;~-N~1), and SECry (total nitrogen specific, kWh kgN~!) were
computed based on Cecconet et al. [52]:

t
|5 P(t)dt
SECy = O 4
v Vtreated ( )
t
P(t)dt
SECy = M ®)
mNO;—N rem
t
|5 P(t)dt
E _ S0
SECTy MTN rem (©)

where P(t) represents the power demand, Vi44 the treated volume, mn03-Nrem and mrnyen, respectively
the daily amount of nitrate and total nitrogen removed.

When considering the combined system (BES-1 followed by BES-2), the SEC relative to the system
were computed as follows, as proposed in Cecconet et al. [53]:

o Pr(b)dt + [ Pa(t)dt

SEC = 7
vitot Vtreated ( )
t t
Py(t)dt + [ Py(t)dt
SECN tor = b k 8
mNO;—N rem,tot
t t
Py(t)dt + [ P(t)dt
SECTN tot = fo fo 9

MTN rem, tot

where SECy, 4t is the volume specific SEC of the system (kWh M2 eated)s SECN 1ot is the nitrate specific
SEC of the system (kWh kgNO3™-N~1), SECTy 4ot is the total nitrogen specific SEC of the system (kWh
kgN™1), P;(t) and P,(t) are the power demand values recorded by the potentiostats connected to BES-1
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and BES-2 respectively, mn03 ™ -Nrem 1ot 15 the mass of NO3;™-N removed by the system and mpyesm tor 1S
the mass of total nitrogen removed by the system. Coulombic efficiency (CE, %) for BES-1, BES-2, and
the sequential system was calculated using the method reported in Pous et al. [54].

Unless otherwise stated, the results reported in the following sections are expressed as average
(during the whole experimentation) + standard deviation.

3. Results and Discussion

3.1. Nitrogen Removal

The effluent N-forms of each BES during the whole experimentation are shown in Figure 2; due to
the configuration of the sequential treatment, BES-2’s effluent was also the effluent of the system.

50
48 |
16
|
44
42
40 - .
= — = NO,-N, Influent
18 — —=—NO,-N, BES-1
—~ 16 .
2 ——NO,N, BES-1
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E 12 4 —v—NO,-N, BES-2
Z 10 4 +—NO,-N, BES-2
8 - »— TN, BES-2
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Figure 2. Nitrogen forms in the effluent of BES-1 and BES-2 during the experimentation. The effluent
of BES-2 is also the effluent of the sequential system.

BES-1 was able to achieve excellent results in terms of nitrate removal (88 + 3% throughout the
whole experimentation) and obtain a nitrate concentration in the effluent lower than 8.2 mgNO3~-N L7,
thus able to fulfill the nitrate limits imposed by the majority of the regulations reported in Table 1.
On the other hand, the nitrite concentration in BES-1 effluent was far higher than the admissible
value (1.5 + 0.6 mgNO,~-N L7!), leading BES-1 to score a 72 + 3% TN removal. Therefore, the QR
relative to the effluent of BES-1 was higher (2.1 + 0.6) than the admissible value (1.0). These results
confirmed that a single biocathodic BES may not be able to achieve full denitrification at relatively
high nitrate loads, as previously shown in Cecconet and co-workers [38]. Surprisingly, the majority of
non-nitrate TN was originated from nitrous oxide, which concentration was far higher than that of
nitrite during the whole experiment, and whose presence was not relevant in our previous experience.
Based on those results, a single stage consisting in BES-1 was not sufficient to ensure sufficient quality
as prescribed for drinking water production. The addition of a second stage (BES-2) led to the nearly
complete removal of nitrite and nitrous oxide (0.1 + 0.1 mgNO, -N L'and 0.1 +0.1 mgN,O-N L,
respectively), and to a reduction in nitrate concentration (1.4 + 0.7 mgNO3~-N L1). It is remarkable
that the sequential system was able to constantly maintain the concentration of nitrate and nitrite
under the prescribed limits for drinking water production, despite the high nitrate loading rate of
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the system (75.6 mgNO3;™-N L~ Ince d71); in addition, the system scored a QR value of 0.2 + 0.1,
far below the maximum acceptable value. Even though pH has been claimed as a major player in the
biocathodic denitrification process, with optimal values around 7.5 [38,55], in this study no evidence
of accumulation of intermediate N-forms due to pH was recorded: BES-2, whose influent pH was
far from neutrality (8.6 + 0.5) due to its correspondence with BES-1 effluent, succeeded in achieving
almost a complete removal of nitrite and nitrous oxide during the whole experimentation. No N-forms
were detected in the anodic chamber.

The nitrate removal rate of the sequential system during the experimentation was 73.4 + 1.3
gNO3;™-N m~2Ncce d71; those of BES-1 and BES-2 were respectively 117.3 + 4.1 and 16.3 £ 5.9 gNO3;™-N
m~3\cc d7!. The limitation in the nitrate removal rate scored by BES-2 can be attributed to the fact
that the majority of the nitrate was removed in the first stage. Contrary, BES-2 was active mainly in
the removal of nitrite and nitrous oxide; therefore, the difference of TN removal rates between BES-1
and BES-2 was lower (95.7 + 5.1 and 43.6 + 7.9 gN m~3ycc d~}, respectively). The sequential system
scored a 73.1 + 1.2 gN m~2ycc d~! TN removal rate, very close to the nitrate removal rate, suggesting
a complete autotrophic denitrification.

3.2. Electric Performances and Energy Consumption

Current and power were recorded during the whole experimentation by the connected
potentiostats. In the case of current density (Figure 3), BES-1 reached higher values than BES-2
(37.7 + 0.8 A m~3Ncc and 14.0 + 2.1 A m~3ycc respectively): this may be explained by the fact that
BES-1 was working in a fully-operative mode, while BES-2’s action was limited to a polishing step
of BES-1 effluent, and consequently working at a lower nitrate load than BES-1. Higher standard
deviations in BES-2 current density may be attributed to the variability of the effluent of BES-1,
that instead was receiving an influent with constant nitrate concentration. BES-1 scored a 57 + 4% CE,
lower than that of BES-2 (90 + 5%); the sequential system obtained a 61 + 5% CE.

45

40 -

35 4!

30 A

—BES-1
—BES-2

25 A

20

Current density (A m?ycc)

15 ~

5 T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (d)

Figure 3. Current density (absolute value) measured over the whole study period. Shaded areas
represent the daily standard deviation.
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The power density (Figure 4) values followed the same scheme of the current density; higher

power demands were recorded by BES-1 rather than by BES-2 (26.4 + 2.3 W m~3ncc and 26.4 £ 23 W

m~3\cc respectively); this may confirm that BES-2 was not working at full load.

95 ~

85 ~

75 4

65 1 __BEs1
——BES-2
55 -

Power density (W m3yc)

15 T T T 7 T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (d)

Figure 4. Power density recorded during the experimentation. Shaded areas represent the standard
deviation of the daily values.

The SECs of each single stage and of the whole system were calculated, and are reported in
Tables 2 and 3. Interestingly, the mean SECy value of BES-2 was higher than that of BES-1 even though
its power density was lower: this can be explained by the lower mass of nitrate removed by BES-2 due
to the majority of the denitrification process (in particular the nitrate-nitrite step) being carried out by
BES-1. This is another hint that the system may work at a higher nitrate load to fully profit from the
presence of BES-2.

Table 2. Specific energy consumption calculated for each stage and for the sequential system.

BES SECN SECy SECTN
kWh kgNO3;~-N -1 kWh m—3 kWh gN-1
BES-1 16.58 + 1.02 0.64 + 0.04 20.22 + 1.46
BES-2 40.49 + 20.52 0.16 = 0.00 14.96 + 2.54
Table 3. Specific energy consumption for the sequential system.
BES SECn,tot SECvytot SECTN tot
kWh kgNO3;~-N—1 kWh m-3 kWh kgN -1
System 18.80 + 0.94 0.80 + 0.00 18.88 + 0.95

The SECy 4ot of the sequential system (18.80 + 0.94 kWh ngO3‘—N‘1) was far lower than other
values reported in literature for single-stage denitrifying BESs, that recorded SECy values of 89 kWh
ngng-N_1 [26] and 68 kWh ngO3_-N_l [56], but higher than that reported (3.17 kWh ngO3_—N_1)
in our previous work [38]; it has been reported that in potentiostatically-controlled biocathodes
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the energy consumption is strongly dependent on the amount of terminal electron acceptors (TEA)
available [38,52]: thus, the sequential system was operated at a higher nitrate loading rate than our
previous work [38], and this, in combination with the presence of 2 BESs, may explain the higher
energy consumption. On the other hand, it showed a higher energy consumption than that reported
in the sequential denitrifying BES described by Cecconet et al. [53] (12.59 kWh kgNO3;~-N~1): SECyN
was shown to decrease at the increase of nitrate loading rate, with the system achieving lower specific
energy consumption at the maximum nitrate loading rate of 301.3 gNO3~-N m~3Ncc d~!; the lower
nitrate loading rate reported in this work (75.6 gNO3;™-N m3ycc d™) may be the cause of the higher
energy consumption compared to the other reported sequential system [53].

Using SECy and SECy it is possible to compare the energy consumption of the sequential system
to that of other non-BES technologies: the system showed SECy; in the range reported for electrodialysis
by Ortiz et al. [57] (49.5-10.1 kWh ngog_—N_l), and SECy slightly lower than the minimum reported
(0.92 kWh m~3) by the same authors. Compared to SECy reported for reverse osmosis (1.03-2.09 kWh
m~3) by Twomey and coworkers [58], the system showed a lower value (0.80 kWh m~3).

Despite the favorable energy consumption values, a wider analysis would be necessary to assess
the energy consumption of the system, considering the energy spent for pumping and recirculation [59],
other than the life cycle assessment of the technology [60,61].

3.3. Technological Perspectives

The technology herein presented appears to be effective for nitrogen forms removal from
groundwater, compatibly with the stricter concentration limits prescribed by the EU drinking water
legislation. The system was tested in laboratory scale achieving satisfactory results, however, with
some adaptations groundwater treatment with BES technology could also become a feasible option for
in situ denitrification. Different strategies have been reported by other researchers for in situ treatment
of different contamination plumes, for example, the treatment of hydrocarbon-contaminated aquifers,
such as the insertion of permeable barriers in confined or unconfined aquifers to provide treatment
exploiting the natural flow of the water [62]. Cecconet et al. [52] recently analyzed the estimated energy
demands related to the application of similar systems of controlled biocathodic denitrification in ex situ
on-site and in situ modes. They assessed that energy requirements for BES power supply outcompeted
all the other energy expenditures under the various scenarios considered, with specific theoretical
energy consumption (based on mass of NO3-N removed) of 19 and 10 kWh kgNO3-N~!, respectively
for in situ and ex situ on-site treatments (the latter not including water pumping to the surface for
treatment), very similar to the experimental values determined herein.

Pumping extraction of groundwater for on-site treatment could however have a greater impact on
energy consumption, depending on water table depth and nitrates concentration, increasing potential
treatment costs. This could however make sense if treatment is done just prior to the point of supply of
a distribution system, without the need for groundwater re-injection.

Very similar systems could also be applied to solve contamination problems related to the presence
of different harmful contaminants at the same time (e.g., arsenic) in aquifers, potentially achieving
simultaneous removal of both pollutants; BES have already proved to be able to remove a wide variety
of contaminants from groundwater: besides nitrate, sulfate, perchlorate, aromatic hydrocarbons and
metal ions have also been removed or recovered through BES so far [63,64].

Considering the many pollutants that affect groundwater quality nowadays due to anthropogenic
impact, an interesting perspective would be to evaluate lab-scale the efficiency of BES systems not
only treating a single compound at a time (like often reported in literature), but processing cocktails of
contaminants, in order to increase the feasibility and the appeal of BES systems for real scale application
despite the high investment costs.

Pous et al. [65] reported that nitrate and nitrite reduction happened at different potentials; the
operation of the sequential system with different set potentials in the different steps may constitute an
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evolution of the BES-based denitrification described in this study; a similar approach could be applied
to other contaminants in groundwater.

4. Conclusions

Autotrophic bioelectrochemical nitrate removal systems could constitute an efficient methodology
for denitrification of drinking water groundwater supplies. This study showed that a 2-stage BES could
efficiently treat contaminated groundwater to comply with drinking water regulation requirements.
Although this has been done at laboratory scale so far, it is not unrealistic to imagine such a system
being scaled-up for field use, to accommodate the large flows that are required to process the volumes
needed by water supply distribution systems.

As described in this paper, an autotrophic bioelectrochemical nitrate-removal system was built and
operated, treating the 2 L d~! of nitrate-contaminated synthetic groundwater with nitrate concentration
of 452 mgNO;~-N L~!. The 2-stage nitrate and nitrite removal efficiency was close to 100%, with specific
energy consumptions (SECyot, SECp 1ot and SECTy o) of 0.80 + 0.00 kWh m~3, 18.80 + 0.94 kWh
kgNO;-N~! and 18.88 + 0.95 kWh kgN~!. The average nitrate and TN removal rate scored by the
system were 73.4 + 1.3 gNO3;7-N m3Nce d7!and 73.1 + 1.0 gN m3Nce d7L. The system specific
energy consumption was lower than in other single-stage BESs reported in literature and close or lower
to values reported for nitrate removal using reverse osmosis and electrodialysis.
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