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Denitrifying bioelectrochemical systems (BES) allow safe nitrate treatment in waters with low organic car-

bon content without chemical requirements and at a competitive cost. However, this technology should

move towards scaling-up by improving removal rate capabilities. In this study, a novel tubular design was

used to evaluate whether the hydraulic retention time and the influent nitrate concentration influence the

nitrate removal rate of denitrifying BES. A nitrate consumption rate of up to 849 g N mycc > d ™ was

reached without accumulation of nitrites at a HRT of 28 minutes. Nitrate removal activity was evaluated
Received 4th May 2017, under different nitrate influent concentrations and under different HRTs. Results suggested preeminence of
Accepted 29th June 2017 HRT on modulating the denitrifying activity. Therefore, this study presents an innovative design for nitrate
removal using denitrifying BES and it demonstrates that operation at low HRTs increases the nitrate re-
moval rate. It suggests that an appropriate approximation of scaling-up denitrifying BES would be the im-
rsc.li/es-water plementation of compact reactors connected in series operated at low HRTs.

DOI: 10.1039/c7ew00145b

Water impact

Bioelectrochemical systems are a promising alternative for dealing with nitrates in waters with low organic matter content. Their future implementation
depends on achieving higher treatment performances. We demonstrated that high nitrate removal rates can be obtained by decreasing the HRT. Operation
at low HRTs requires lower reactor volumes, which increases the denitrifying BES market opportunities.

1. Introduction BES are usually based on an anode and a cathode sepa-
rated by an ion exchange membrane.'’ When a BES aims to
treat nitrate, the cathode is colonized by autotrophic
denitrifying bacteria. They are able to reduce nitrate to nitro-
gen gas using an electrode as an electron donor."”™"> Differ-
ent reactions can be used at the anode compartment. Anodic
organic matter oxidation is the most common configura-
tion.>* However, this operational strategy applied to waters
with low organic matter content would require chemical ad-
dition (i.e. acetate enriched solution). In previous studies, it
has been demonstrated that water (instead of organic matter)
can be successfully used as an anode electron donor if exter-
nal energy is applied (either by supplying a constant cur-
rent'®"” or by controlling the cathode potential’®'®). In con-
sequence, BES become a sustainable technology to treat
nitrates: i) no organic matter/chemical addition is required;
ii) low energy consumption is needed (0.68 x 10> kW h g
N-NO; removed; 0-20 KW h Myreatea °)™° with respect to compet-
ing technologies for nitrate removal (membrane bioreactors
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The presence of nitrate in groundwater, surface water and
wastewater demands the investigation of innovative technolo-
gies for its removal." Bioelectrochemical systems (BES) could
emerge as an alternative technology for nitrate treatment.’>”
Market opportunities can be found in different kinds of wa-
ters that present a lack of organic matter content: i) urban
wastewaters with a low C/N ratio, where denitrifying BES
could be applied as a tertiary treatment for nitrogen
polishing;* ii) the anammox process, according to stoichiom-
etry, releases 16.1% of initial ammonium as nitrate, thus the
anammox effluent might require a nitrate post-treatment;’
iii) nitrate accumulates in aquaculture systems which harms
fish production,’® thus requiring nitrate treatment with exter-
nal electron donor supply;’ iv) nitrate-polluted groundwater

is a worldwide concern.®*°
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(0.69 and 1.03 kW h Myeqed , respectively)).>! However, con-
sidering the high capital costs required for implementing
BES-based technologies,>*>* nitrate reduction rates should
outperform current treatments. To date, the highest nitrate
removal rate in denitrifying BES has been described by
Clauwaert et al. (2009) using a microbial fuel cell (MFC) with
pH control for treating synthetic wastewater (503 g N m™>
d™").** This value is below those of other organic carbon-free
technologies for treating nitrates, such as hydrogenotrophic
denitrification (up to 770 g N m™ d™' treating nitrate-
polluted groundwater).>®

One of the parameters that might be limiting the current
BES performances is an improper water distribution inside
the reactor.”® A non-appropriate hydrodynamics can lead to
heterogeneous colonization of the cathode compartment.'®
As a result, zones with different denitrification potentials can
appear.'® In order to improve the water flux distribution in-
side the reactor, efforts can be made on improving the reac-
tor design and operation.*® For these reasons, this work eval-
uates the application of high influent flow-rates in a novel
tubular denitrifying BES. We investigated the effect of the hy-
draulic retention time (HRT) and nitrate influent concentra-
tion on nitrate removal rates.

2. Methods

2.1. Experimental set-up

Two identical denitrifying BES reactors were assembled for
performing the experiments (replicates 1 and 2). Fig. 1 shows
the schematic representation of the reactors. The denitrifying
BES consisted of a tubular reactor where the two compart-
ments (anode and cathode) were separated by a tubular cat-
ion exchange membrane (CEM, CMI-7000, Membranes Int.,
USA). The cathode was located at the inner part of the reac-
tor, and the anode in the outer. The cathode was filled with
granular graphite (diameter 1.5-5 mm, EnViro-cell, Germany)

Reference electrode
(Ag/AgCl) <«

Effluent

1
J

!

Anode
(Ti-MMO rod)

Membrane
(Tubular cation exchange membrane)

Cathode
(Granular graphite + graphite rod)

Influent
Fig. 1 Scheme of the denitrifying BES used in this study.
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and a graphite rod (250 x 6 mm, Mersen Ibérica, Spain) used
as the electrode collector. The resulting net cathode volume
(net cathode compartment volume - NCC) was 0.24 L.

A Ti-MMO electrode rod (225 x 6 mm, NMT electrodes,
South Africa) was used as the anode electrode. Ti-MMO
electrodes are able to promote chloride oxidation to chlo-
rine.>” However, no chlorine production was observed in the
denitrifying BES of this study.

An Ag/AgCl reference electrode (+0.197 V vs. standard hy-
drogen electrode (SHE), model RE-5B BASi, USA) was intro-
duced in the cathode compartment. The cathode potential
was poised at —0.320 V vs. Ag/AgCl using a potentiostat (VSP,
Bio-logic, France) according to previous knowledge."’

A flow-through configuration was used to reduce the num-
ber of pumps needed. Nitrate-contaminated water was di-
rectly fed to the bottom of the cathode compartment (inner
part of the reactor), and spilled from the top to the anode
compartment (outer part of the reactor). The system was ther-
mostatically controlled at 22 + 1 °C.

2.2. BES inoculation and operation

In both replicates, the cathode was inoculated with the efflu-
ent of a parent denitrifying BES and operated under fed-
batch mode during the first 10 days.'® During the inocula-
tion, the BES was connected in closed-loop mode to a 2.5 L
tank. The tank was filled with 1.5 L of the influent medium
(described in section 2.3.) with 1.0 L of the effluent of a par-
ent denitrifying BES. The medium was replaced with new
fresh medium when nitrate was consumed to below 1 mg
N-NO;~ L. Then, the denitrifying BES was fed under
continuous-flow mode at a flow of 0.6 and 0.5 L d™%, corre-
sponding to a cathodic HRT of 9.60 h and 10.89 h in replicate
1 and 2, respectively. After eight days of operation, the cur-
rent and the nitrate removal rate stabilized (steady-state con-
ditions were reached). Then, the different hydraulic retention
times were tested.

2.3. Experimental procedure to evaluate the effect of the
hydraulic retention time and the nitrate influent
concentration on nitrate removal performance

The denitrifying BES were fed with an organic-carbon-free
synthetic medium prepared with distilled water. It contained
0.20 g L' NaNO; (33 mg N-NO;~ L™%); 1.05 g L™ NaHCO; as
the inorganic carbon source; 0.32 g L™ Na,HPO,-7H,0; 2.14 g
L™ KH,PO,-H,0; 0.50 g L™* NaCl; 0.10 g L™ MgSO,-7H,0;
0.02 g L™* CaCl,; 0.02 g L™ NH,CI; and 0.1 mL L™ trace nutri-
ents.”® Media were flushed with N, gas for 15 minutes prior
to feeding. Different HRTs from the initial 10.89 to 0.46 h (28
min) were applied. Every HRT was maintained for seven days.
Five samples were taken and analyzed at every test (one per
day, from the 3rd day to the 7th).

The nitrate removal activity was also evaluated at different
nitrate influent concentrations. In order to evaluate the effect
of different nitrate contents on nitrate removal performance,
the influent medium was spiked with different nitrate

Environ. Sci.. Water Res. Technol., 2017, 3, 922-929 | 923
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concentrations from 0.04 to 0.68 g L' NaNO; (from 6.5 to
112.0 mg N-NO;~ L™"). The conductivity of the medium was
adjusted to 4.1 mS cm™* by controlling the Na* content at
0.25 g L™ Na® through spiking different NaCl concentra-
tions from 0.61 to 0.17 g L™" NaClL The conductivity was set
constant in all tests to avoid its influence on bio-
electrochemical denitrification.® The set of different nitrate
influent contents was evaluated at three different HRTs: 1.2,
1.6 and 3.4 h.

2.4. Analytical methods and calculations

Samples from the effluent of the reactor were regularly
taken and analyzed. Standard wastewater measurements of
ammonium (N-NH,'), nitritess (N-NO, ) and nitrates
(N-NO;") were taken and analyzed according to the recom-
mendations of the American Public Health Association
(APHA).*® The concentration of N,O was measured with a
N,O liquid-phase microsensor (Unisense, Denmark) located
at the BES effluent. Free chlorine was analyzed using
photometric kits (100595 chlorine cell tests Spectroquant®,
Merck, Germany). 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.

In order to know the performance of each reduction step
from NO; to N, the rates of nitrate, nitrite and nitrous oxide
reduction (rNO;, 'NO, and rN,O, respectively) were calcu-
lated (eqn (1) to (3)). Nitric oxide accumulation was consid-
ered negligible.’

CNO CNO,"

3 influent —

VNO; — URT 3 effluent (1)
NO, =No, - B s @)
"N,0=rNO, - Lﬁ;}“ (3)

where CNO3_inﬂuent7 CNOB_efﬂuenty CNOZ_efﬂuent and CN,Ocffluent
account for nitrate, nitrite and nitrous oxide concentra-
tions at the influent or effluent (either ¢ N m™ or
mmol N L.

The coulombic efficiency (CE) of the denitrifying bio-
cathode was calculated by adapting the equation proposed by
Virdis et al. (2009) but taking into account the required cur-
rent for each sequential step of nitrate reduction to dinitro-
gen gas.>'® The reduction steps calculated were: the nitrate
reduction to nitrite (NO; /NO, ), nitrite to nitrous oxide (it in-
cludes NO reduction to N,O; NO, /N,0) and nitrous oxide to
dinitrogen gas (N,O/N,). The CE was calculated as shown in

eqn (4).

924 | Environ. Sci.: Water Res. Technol., 2017, 3, 922-929

View Article Online

Environmental Science: Water Research & Technology

tj

CE =

VF. (n NO,™ +n NO, +ny /Nz-ero)’ (4)

NO, /NO, NO, /N,0

where j is the current (mA); ¢ is the time-converting factor be-
tween seconds and hours (3600); V is the cathode liquid vol-
ume (L); F is Faraday's constant (96485 C mol™ e7); n ac-
counts for the number of electrons required for each reaction
(nwo,-mo,- = 2, Nwo,N,0 = 2 and ny o, = 1); 'NO;7, 'NO,™ and
N,O are the consumption rates calculated in mmol N Lycc "
h™.

3. Results and discussion

3.1. Denitrification performance in a tubular denitrifying BES
operated at low HRTs

After the inoculation period (10 days), both denitrifying BES
were fed in continuous-flow mode at a HRT of 9.60 h and
10.89 h and operated at a poised cathode potential of -0.320
V vs. Ag/AgCL"° Eight days later, the denitrifying BES reached
stable behavior with a current density of 13.8 + 1.3 A mycc
and 100% nitrate removal efficiency in replicate 1, and 22.4 +
0.7 A myce © and 94% in replicate 2. It implied a nitrate con-
sumption rate of 85 + 0 g N mycc° d* and 73 + 5 ¢ N
Mpyce © d7?, respectively. Moreover, nitrite was not accumu-
lated. Hence, the denitrifying BES allowed a complete re-
moval of nitrate without nitrite accumulation.

In order to maximize the nitrate consumption rate in the
tubular denitrifying BES, the nitrogen loading rate was in-
creased by decreasing the HRT from the initial 10.89 to 0.46
h. Fig. 2 shows the nitrate removal rate (rNO;3 ) according to
the different applied HRTs. The whole set of data is reported
in Table 1.

The nitrogen removal capabilities were clearly enhanced
by decreasing the HRT. In replicate 1, the nitrate consump-
tion rate and current demand increased from 85 + 0 g N
myce © d7' (100% nitrate removed) and 13.8 + 1.3 A mycc °
at 9.60 h to 700 + 7 g N mycc ° d™* (55% nitrate removed)
and 371.5 + 52.0 A mycc ° at 0.60 h. Meanwhile in replicate
2, by decreasing the HRT from 10.89 h to 0.46 h, the rNO;~
increased from 73 + 5 ¢ N mycc ° d™* (94% nitrate removed)
and 22.4 + 0.7 A mycc ° to 849 + 23 g N myec ° d - (50% ni-
trate removed) and 242.8 + 1.7 A mycc . Despite that the ef-
fluent nitrate concentrations were 16.4 = 0.2 mg N L™* (from
an influent concentration of 32.7 + 0.2 mg N L") when the
system was removing nitrates at 849 + 23 ¢ N mycc > d ', the
results presented here are relevant. For a general BES scale-
up, the usage of small reactors connected in series has been
seen as the most appropriate methodology.>® The capacity of
removing nitrate at a fast rate when operating the system at
0.46 h implies that lower reactor volumes can be used for
scaling-up denitrifying BES. Thus, a possible scaling-up of ni-
trate treatment in waters with low carbon content using BES
could follow the strategy of operating different compact
denitrifying BES in series.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 A) Nitrate removal rates (rNOs") at different hydraulic retention times (HRTs). B) Current density at different HRTs. Results are represented
as the mean value, and error bars represent the standard deviation of replicate samples (n = 5).

Table 1 Summary of results for the denitrification performance under different HRTs

NO;~
consumption rate

Nitrogen content

NO;  influent

NO; effluent

NO, effluent

N,O effluent

BES HRT (h) (g N-NO;” mycc > d™) (mg N-NO;” L) (mg N-NO;” L) (mg N-NO, L") (mg N-N,O L)
Replicate 1 9.60 + 0.00 85+0 33.8£0.0 0.0 + 0.0 0.0 + 0.0 —
4.93 + 0.06 144 + 3 33.8+0.0 43+0.3 0.0 + 0.0 —
3.06 + 0.00 182 + 10 33.8+0.3 10.6 £ 1.4 0.0 + 0.0 —
1.61 £ 0.02 302 + 26 32.8+1.1 12.6 £ 1.3 0.0 + 0.0 11.2 £ 0.0
1.19 + 0.02 359 +19 31.3+2.1 13.4 1.3 0.0 + 0.0 13.7 £+ 1.2
0.79 £ 0.01 273 £ 15 33.4+0.8 14.6 £ 0.8 0.0 + 0.0 8.6 + 0.9
0.61 + 0.00 700 + 7 32.5+0.1 14.9 £ 0.2 0.0 + 0.0 5.9+ 1.7
Replicate 2 10.89 + 0.00 73+5 353+ 1.4 2.1 +2.7 0.0 + 0.0 15.3 + 0.4
5.37 £ 0.15 119 +13 34.2 +2.4 7.5+1.3 0.0 + 0.0 21.1 3.1
3.56 + 0.08 178 + 20 32.7+ 1.0 6.4 +2.9 0.0 + 0.0 23.5+3.2
1.49 £ 0.01 389 +13 30.5+ 1.3 6.3 +2.1 0.0 + 0.0 21.7 £1.1
1.15 £ 0.03 500 + 36 36.0 + 1.7 12.1+£1.9 0.0 + 0.0 20.6 £ 0.5
0.75 + 0.01 587 + 25 32.7 £ 0.4 14.4 £ 0.3 0.0 + 0.0 13.7 £ 0.9
0.57 % 0.00 626 + 54 32.4+0.1 17.5£1.2 0.0 + 0.0 8.5+ 0.5
0.46 + 0.01 849 + 23 32.7£0.3 16.4 £ 0.2 0.0 + 0.0 7.9+ 0.8

If the CE values are considered, slight differences in
replicate 1 and replicate 2 were observed. In replicate 1,
the CE increased from 53 + 5% at HRT 9.6 h to 127 +
1% at HRT 0.6 h. Meanwhile, in replicate 2, the CE
among the different tests ranged from 85 + 7% at HRT
10.9 h to 123 + 1% at HRT 0.4 h. At high HRTs, the slow
water flow-rate may allow endogenous heterotrophic
denitrifying bacteria to grow,’’ allowing the removal of
more nitrate than the observed current could sustain. As
the flow-rate became faster (HRT is decreased), the
denitrifying activity started to couple with the current de-
mand, and CEs around 100% could be observed (between
4.9-1.6 h in replicate 1 and between 5.4-0.5 h in replicate
2). Finally, at high flow-rates (low HRTs), a surge of CE
above 100% was detected, indicating an excess of current
supply with respect to the observed denitrification rates.
In terms of energy consumption, the two replicates dif-
fered due to the different CE trends observed. In replicate
1, at the highest performance (HRT of 0.60 h and rNO;"
of 700 + 7 g N myncc° d'), an energy consumption of

1

This journal is © The Royal Society of Chemistry 2017

1.48 x 1072 + 0.03 x 10> kW h g N-NO; removea (0.261 *
0.003 KW h mtreated%) was observed. Meanwhile in repli-
cate 2, which presented a more stable CE trend, an en-
ergy consumption of 0.89 x 107> + 0.02 x 10> kW h g
N-NO; removed (0.145 + 0.003 KW h Myreaed °) Was observed
at the highest performance (HRT of 0.46 h and rNO; of
849 + 23 g N mycc © d™). These values are slightly higher
than those values previously observed in our previous
studies using a denitrifying BES operated in a three-
electrode configuration (poised cathode potential of -0.320
V vs. Ag/AgCl) and treating water without organic matter
content, but with a different reactor design (0.68 x 107>
kW h g N-NO3 removea; 0-20 KW h Myeated °).*° In that case,
the reactor presented a rectangular shape and two pumps
were used (influent and recirculation). While in the cur-
rent work the reactor presented a tubular shape and only
one pump has been used (influent). Moreover, the energy
consumption observed here was still below the values ob-
served in competing technologies for nitrate removal
(membrane bioreactors or biofilm-electrode reactors (2.04

Environ. Sci.. Water Res. Technol., 2017, 3, 922-929 | 925
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x 1072 and 7.00 x 10> kW h g N-NO;3 removea, respec-
tively))'”*® or competing technologies for nitrate separa-
tion (electrodialysis or reverse osmosis (0.69 and 1.03 kW
h Myeated ~, Tespectively)).”!

To the best of the author's knowledge, the highest nitrate
consumption rates reported in denitrifying biocathodes of
BES were 483 and 503 g N mycc ° d™, respectively.”?* The
operation proposed in this study was able to increase the
reported values, increasing the possibilities of BES for nitrate
removal. Not only were higher nitrate removal rates observed,
but they were also achieved by operating the system at low
HRTs (0.46-0.60 h). The operation at low HRTs improved the
denitrifying activity in the denitrifying BES. The feasibility of
getting high removal rates at low HRTs implies that the reac-
tor size can be diminished. For a fixed influent water flow
that has to be treated, a change in the HRT implies a change
in the reactor volume. If the system can be operated at a low
HRT, a lower reactor volume will be needed. This has a rele-
vant impact on the application of denitrifying BES. In com-
pact bioelectrochemical reactors, lower overpotentials are
expected, and thus, higher treatment efficiencies can be
reached.’* Moreover, the usage of compact reactors also im-

A
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plies a lower space demand (lower capital cost). For
denitrifying BES application, the usage of compact reactors
connected in series might be recommended to obtain both
high nitrate rates and low effluent nitrate
concentrations.

In order to consider the whole denitrifying pathway re-
sponse, Fig. 3 shows the evolution of nitrite removal and ni-
trous oxide removal rates compared to the different substrate
availabilities. The substrate availability (NO, and N,O avail-
ability) resulted from the denitrifying activity at the different
HRTs (rNO; for NO, availability and rNO, for N,O avail-
ability). It can be observed that the decrease in the HRT (in-
crease of nitrite loading rate) not only promoted the nitrate
reduction, but also enhanced the reduction of denitrification
intermediates.

No accumulation of nitrite was detected at any HRT nei-
ther at any replicate, suggesting that the nitrite reduction
was faster than the nitrate removal step. On the contrary, ni-
trous oxide accumulation was detected. The nitrous oxide re-
moval rate increased as the HRT was reduced. In replicate 1,
the rN,O increased from 109 + 57 to 466 + 62 g N Myce > d !
by lowering the HRT from 1.19 to 0.60 h. In replicate 2, the

removal
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Fig. 3 Nitrogen oxide removal depending on substrate availability in HRT's tests: A) correlation between the nitrate consumption rate (rNO3z") and
the nitrate loading rate in HRT's tests. B) Correlation between the nitrite consumption rate (rNO,") and the nitrate consumption rate (rNOs3") in
HRT's tests. C) Correlation between the nitrous oxide consumption rate (rN,O) and the nitrite consumption rate (rNO;") in HRT's tests. Results are
represented as the mean value, and error bars represent the standard deviation of replicated samples (n = 5).
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N,O increased from 39 + 6 to 436 + 21 g N mycc ° d* by
lowering the HRT from 10.89 to 0.46 h. When the results are
compared to N,O availability (thus compared with the nitrite
removal rate) it highlights that the availability of N,O at
higher HRTs did not result in a higher N,0 removal rate, but
it did at lower HRTs. Hence, the N,O biocatalysis in this BES
was basically dominated by the hydrodynamics in the system
rather than the substrate availability.

If the N,O results are weighted by the emissions of N,O
(ratio between N,O and removed NO;'), a decrease with the
HRT can be detected. In replicate 1, the emissions of N,O de-
creased from 77 to 33% by lowering the HRT from 1.19 to
0.60 h. In replicate 2, the N,O emission was 46% of the ni-
trate removed at 10.89 h. It increased up to 90% at 1.5 h and
it finally decreased down to 48% at 0.46 h. Compared to pre-
vious studies in our group,'®"'® as well as other authors apply-
ing potentiostatic conditions,’ the reported N,O emission
values are relatively higher. The difference in N,O emissions
could be explained through the different reactor design used.
Virdis et al. (2009) and Pous et al. (2015a and 2015b) used a
rectangular reactor operated with two pumps, influent flow
and internal recirculation.®'®'® While in the current work we
performed the experiments in a tubular reactor without inter-
nal recirculation, only one pump was used for the whole sys-
tem. Nevertheless, the N,O emissions need to be mitigated in
the current system.

The time denitrifying BES react to the change in the HRT
could give an idea about the effect of the HRT on the micro-
bial performance. Fig. 4 shows the on-line response of repli-
cate 1 when changing from one HRT to the next and the
mean value of the current density for the whole test (7 days).

The on-line monitoring of current density indicated that,
in general, the system had a fast response to the increase of
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influent flow. In all tests except for the test at 0.60 h, the sys-
tem already reached a current density similar to the mean
value observed for the whole test (7 days), in less than 0.25
days. In this denitrifying BES, the microorganisms responsi-
ble for current density and nitrate reduction should be
mainly autotrophic, because the influent medium did not
contain organic matter. It only contained bicarbonate (inor-
ganic carbon) as a carbon source. Autotrophic microorgan-
isms are known to have slow growth, with estimated maxi-
mum growth rates of about 1.0 d'.** Hence, the response
observed in the denitrifying BES (less than 0.25 days to reach
the mean current density observed in the whole test) should
be mostly attributed to an increase of bacterial activity rather
than bacterial growth. Therefore, these results suggest that
the HRT parameter would be the main factor responsible for
the increase of the overall performance. However, the varia-
tion of HRT already implies both a variation in the water flux
(hydrodynamics) and a variation in the nitrate loading rate,
as the nitrate influent concentration was constant in all tests.
Thus, it could remain unclear whether the hydrodynamics or
the nitrate availability has more weighting.

In order to further investigate this point, we decided to
evaluate the performance of the denitrifying BES at different
influent nitrate concentrations and at different HRTs in the
following section.

3.2. Influence of nitrate influent concentration on
denitrifying activity at different HRTs

The nitrate removal activity was clearly enhanced when the
HRT was decreased. However, the enhancement of
denitrifying activity could rely on a better flux distribution it-
self and/or be due to a higher nitrate loading rate. In order to

Mean value for
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Fig. 4 Current density at the initial two days of the test compared to the mean current density for the whole test for replicate 1. Error bars

represent the standard deviation of replicate samples (n = 5).
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clear up this uncertainty, the nitrate removal performance
was evaluated at different influent nitrate concentrations and
at different HRTs. The rNO;  performance against the nitrate
influent concentration at different HRTs is shown in Fig. 5.

The evaluation of different nitrate influent concentrations
at different HRTs suggested a clear different microbial re-
sponse as a function of HRT. Again, the overall highest activ-
ity was observed at the lowest HRT tested (1.2 h). At this
HRT, replicate 1 presented an increase of the rNO;  from 152
+25 ¢ N myge ° d 7 to 797 + 79 ¢ N myeo © d ' by increasing
the nitrate influent concentration from 9.7 to 43.9 mg N L.
From 43.9 to 70.5 mg N L', the nitrate removal activity
presented a slight decrease to 730 + 45 ¢ N myee © d7Y, and
then a final increase to 840 + 31 ¢ N mycc ° d ™' at an influent
nitrate concentration of 84.7 mg N L. Thus, it remained in
a range between 730-840 g N mpce © d' when the influent
nitrate content was between 43.9-84.7 mg N L™*. Replicate 2
at 1.2 h presented a similar trend, but with lower maximum
activities.

At an HRT of 1.6 h, the trend was similar to the tests at
1.2 h. An increase of the nitrate removal activity, as the ni-
trate concentration at the influent increased, of up to 393 +
18 ¢ N mycc ° d™" was observed when the influent content
was 40.6 mg N L. At a higher influent NO,~ content, the ni-
trate removal rate slightly decreased until 352 + 18 g N
mycc ® d at 75 mg N L7, Finally, it increased again to 421
+45 g N myce ° d™ at the maximum nitrate influent concen-
tration tested (117.0 mg N L™"). Thus, at influent nitrate con-
centrations between 40.6-117.0 mg N L™, the nitrate removal
rate was moving in a range between 352-421 ¢ N mycc ~ d "

On the contrary, at the highest HRT (3.4 h), the nitrate re-
moval trend was different. In both replicates, the rNO;™ in-
creased to 197 + 20 and 177 + 3 g N Myce © d7! when the ni-
trate influent concentration was increased to 35.2 and 40.6
mg N L for replicate 1 and 2, respectively. From there up to
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—O— 1.2h Replicate 2
—O— 1.6h Replicate 1
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Nitrate consumption rate
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Fig. 5 Nitrate consumption rate at different nitrate influent
concentrations and at different HRTs. Error bars represent the
standard deviation of replicate samples (n = 5).
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113.0 and 120.3 mg N L7, the nitrate removal rate sharply
decreased down to 66 = 15 and 57 + 12 ¢ N mycc ° d™? for
replicate 1 and 2, respectively. Hence, these results suggested
that at higher HRTs, the presence of higher quantities of ni-
trate in the influent was, somehow, inhibitory for the nitrate
reducing bacteria. However, to the author's best knowledge,
no nitrate inhibition for denitrifying bacteria has been de-
scribed yet. A hypothesis for the change of profile for nitrate
reduction at high HRTs and high NO;  influent concentra-
tions could be the formation of free nitrous acid because of a
higher nitrite accumulation.>® However, no nitrite was ob-
served at the effluent in any test, indicating no nitrite accu-
mulation, thus FNA inhibition could be discarded. Another
hypothesis could be the presence of other processes occur-
ring inside the denitrifying BES, in which secondary metabo-
lites could act as inhibitors for denitrifiers. For example, it
has been described that plant secondary metabolites like
procyanidins are toxic to the denitrifying biomass.***® How-
ever, this hypothesis could not be evaluated.

At lower HRTs (1.2 h and 1.6 h), the nitrate reducing activ-
ity increased with the increase of substrate availability until
reaching a flat plateau. By operating the system at 1.2 h, ac-
tivity stabilization was reached between 43.9 and 54.1 mg N
L™ nitrate influent concentration. By operating the
denitrifying BES at 1.6 h, the *NO;  found the stabilization
point at lower values (32.3 mg N L™"). And by further increas-
ing the HRT up to 3.4 h, the rNO;™ trend changed its shape.
A maximum activity between 35.2 and 40.6 mg N L™, but
lower activity was found at either lower or higher nitrate in-
fluent values.

On the one hand, these results suggest that the operation
at lower HRTs increases the nitrate removal rate because of
an increase of the water flow-rate itself, and not due to an in-
crease of nitrate availability. On the other hand, it was ob-
served that, at high HRTs (3.4 h) the increase of nitrate influ-
ent concentration above 40.6 mg N L' depressed the
denitrifying activity.

4. Conclusions

A tubular denitrifying BES was developed for high denitrifica-
tion rates (up to 849 g N mycc ° d™') at low HRTs (0.6 h) with
concomitant anodic pre-disinfection. The nitrate consump-
tion rate in the tubular denitrifying bioelectrochemical sys-
tems was promoted by operating at low HRTs. Not only was
nitrate reduction enhanced, but the nitrite and nitrous oxide
consumption rates were also improved. The whole denitrifi-
cation process was benefited at lower HRTs. It suggests that
an appropriate methodology for scaling-up would be
implementing compact reactors (low volume) operated at
high HRTs to get high nitrate removal rates and connected in
series to reduce effluent nitrate content.

The tests of different influent nitrate concentrations at dif-
ferent HRTs revealed different denitrifying activities depen-
dent on substrate availability. At low HRTs (1.2 and 1.6 h),
the nitrate reducing activity increased with the increase of

This journal is © The Royal Society of Chemistry 2017
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nitrate influent concentration until reaching a flat plateau
when nitrate influent concentrations are higher than 49 and
32 mg N L', respectively. On the contrary, at higher HRTs
(3.4 h), the nitrate removal activity presented a Gauss-like
chart shape, with the maximum performance at around 38
mg N L™ and revealing inhibition at higher nitrate influent
concentrations.

The results presented here suggested that biological ni-
trate treatment can be achieved in denitrifying BES at higher
rates, competitive treatment-time and with smaller devices.
However, in order to scale-up the process and to reach com-
plete nitrate removal, the coupling of different denitrifying
BES devices operated at low HRTs would be required.
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