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a b s t r a c t

The disposal of the saline effluent generated during membrane water desalination by electrodialysis (ED)
or reverse osmosis (RO) is an increasing problem worldwide, especially for the desalination of inland
brackish water. Electrolysis can be an alternative to the denitrification of brines by the reduction of
nitrates to the desired product (N2). Nevertheless, in a paired electrolysis cell the reduced products could
be re-oxidized in the anode by the reverse reactions; for example, nitrite could be again converted to
nitrate. Membrane electrolysis can avoid these reactions. The aim of this study was to assess the efficacy
of the membrane electrolysis technique in the reduction of nitrate in water. The experiments were
performed in an electrochemical cell with two compartments separated by a cation-exchange
membrane, the cathode being made of copper and the anode of titanium oxide and ruthenium oxide
(70TiO2/30RuO2). Nitrite, ammonium and nitrogen containing gases (most of them N2) were the reaction
products. The best value was achieved with a cell voltage of 9 V and an initial concentration of 526 mg/L
of NO3

� . Under these conditions, high conversion to nitrite and gaseous compounds was registered with
the formation of just 7.8 mg/L of ammonium.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Health and environmental protection is a major concern in the
world today and avoiding air, soil and water pollution becomes a
significant challenge. Nitrogen compounds are some of the major
pollutants; they are essentially originated by human activity,
including agriculture, animal processing industries, vehicles and
waste treatment. Alternative processes should be studied to meet
the new environmental and technological requirements.

Different technologies are available to reduce the concentration
of nitrates in drinking water, such as Biological Denitrification, Ion
Exchange, Reverse Osmosis and Electrodialysis [1,2].

The conventional treatment for removing nitrogen compounds
in industrial wastewater is the biological treatment. This process,
however, is greatly influenced by temperature and organic load.
In order to remove nitrogen compounds from the groundwater
using the biological treatment, the addition of carbon-containing
compounds is required because of the low concentration of
organic material in these waters [2]. Thus, for natural waters the
biological denitrification must be carried out with the addition of
methanol or ethanol.

Other technologies have been evaluated for reducing nitrate
concentration in water such as ion exchange with a strong anionic
resin and regeneration with NaCl. Unfortunately, this process not
only adds chloride to the water but also fails to remove other
dissolved solids under the form of cations [1].

Among the alternatives for nitrate and nitrite abatement in
drinking water, catalytic hydrogenation has been the focus of
numerous research studies in the last decade. However, this
method must be improved because besides the desired reaction
that converts the contaminants into nitrogen, undesired ammonia
is produced [3,4].

In this context, the processes that apply membranes as separ-
ating agents, namely reverse osmosis (RO) and electrodialysis (ED),
appear to be valid alternatives. These processes remove other ions
in addition to nitrate, which results in decreased levels of sodium,
chloride, hardness, etc. For waters with high salinity, this repre-
sents a large increase in the quality of the treated water [5].

Representative examples of large membrane reverse osmosis
seawater desalination plants are the 330,000 m3/day plant in
Ashkelon, Israel; the 136,000 m3/day Tuas Seawater Desalination
Plant in Singapore; the 64,000 m3/day Larnaka Desalination Facil-
ity in Cyprus, and the majority of the large desalination plants in
Spain, Australia and the Middle East [6]. For the desalination of
brackish water, ED has recently proved to be feasible and highly
successful [7].
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Electrodialysis is less sensitive to membrane fouling and scaling
than reverse osmosis. Therefore, higher recovery rates can be
achieved and brine disposal problems can be minimized. Brackish
waters obtained from deep wells often have a high concentration
of divalent ions. These raw waters are difficult to desalt by reverse
osmosis without significant pre-treatment. For electrodialysis, how-
ever, they pose no problem and can be processed with minimal or
no pre-treatment. Even if in some cases electrodialysis requires
higher investments and operating costs than low pressure reverse
osmosis, it is often the preferred process in brackish water desali-
nation because of the clear technical advantages [8]. In addition, ED
is generally the most economical process for water with relatively
low salt concentrations (less than 5000 mg/L). Furthermore, when
ED is applied to brackish water desalination, a large fraction—
typically 80–95%—of the brackish feed is recovered as product
water. The degree of water recovery is limited by the precipitation
of insoluble salts in the brine [9]. Table 1 shows a list of some of the
water treatment installations around the world [10].

Electrodialysis has recently achieved a great development for
water denitrification. This process is useful in both water purifica-
tion and the concentration of ionic species in solution. The GE
(General Electric) company has currently installed a treated water
capacity of ca. 950,000 m3/day by electrodialysis. Currently, some
regions in the U.S. such as Oklahoma, Arizona, Suffolk (Virginia),
Texas and San Diego, as well as cities and regions in Europe such as
Barcelona and the Canary Islands in Spain, and Donnington in the
UK use the ED technique for the treatment of brackish water and
groundwater destined for drinking supply [11–13]. Spain is one of
the most arid countries in Europe and has implemented strategies
to brackish water desalination. In 2009, this effort resulted in the
installation of a reverse electrodialysis plant (EDR) near Barcelona,
operated by the Aigües Ter-Llobregat Company (ATLL). ATLL has a
drinking water treatment plant, located in Abrera, which draws
water directly from the Llobregat river. The installed plant of
electrodialysis treats 220,000 m3/day of water. It works together
with a conventional treatment plant. The desalted product of the
EDR plant is mixed with the product of the conventional treatment
plant to produce an appropriate combined stream for the drinking
water needs of the region. The process operates with a flow rate of
2.4 m3/s, a water recovery yield of 85–90% and a 60–80% con-
ductivity reduction of water [12,13].

Many electrodialysis plants have recently been installed speci-
fically for the removal of nitrates from drinking water. In Israel a
plant of GE [14] was installed to reduce the levels of nitrate from
water, 100 mg/L to 45 mg/L, with 94% of water recovery. In Kazusa,
Japan, the technique has been implemented to reduce nitrate
levels from 80 mg/L to 27 mg/L. In Bermuda, a plant removes
86% of nitrate concentration [14,1]. In Nagasaki, Japan, the Astom

Corporation has installed an electrodialysis plant to remove
nitrates and produce drinking water [15].

Several authors have evaluated the electrodialysis processes
and reverse osmosis for nitrate removal from drinking water in
terms of process parameters and application conditions [16–23].
Banasiak demonstrated the ability of the process to remove nitrate
from brackish waters. However, these authors have highlighted
that the main disadvantage of these methods is the uncertain
destination of the nitrate concentrated brine.

Managing the high salinity concentrate that is generated during
membrane water desalination by ED or RO is a primary issue in
desalination of inland brackish water. The saline effluent has been
usually considered as waste brine and traditional approaches to its
disposal have included evaporation ponds, deep wells, and coastal
discharge [24]. Traditional management of RO concentrates from
desalination plants is mainly conditioned by the location of the
plant. In coastal desalination plants, RO concentrates are directly
discharged to seawater, while in inland plants the traditional
option consists in reducing the concentrate volume prior to
disposal [25]. Applying electrodialysis to brine effluents is an
emerging technology that is being studied by different authors
[25–27]. Nevertheless, in this latter case there will always remain
an ED brine to be dealt with.

Several authors have recently evaluated different options to the
treatment of the ED and RO brines. Zhang et al. [28] carried out a
systematic investigation to study a pilot scale ED installation to
treat the reverse osmosis (RO) concentrate with high scaling
potential from a wastewater treatment plant (WWTP), in order
to improve the overall water recovery of the system. A high overall
recovery (95%) of the WWTP system can be achieved from the
integrated RO-ED system; however, the problem of the fate of the
residual concentrated solution still remains. Other authors have
analyzed the use of bipolar membranes of electrodialysis (BMED)
to produce acid and base from RO seawater concentrate [29]. In
these cases, mixed acids (HCl; H2SO4) and bases (NaOH, KOH, etc.)
are produced; therefore, an after treatment is necessary for their
separation. Another option, the biological denitrification of brines
was studied by different authors [30]. However, in order to be sent
into a biological treatment unit, some basic requirements have to
be fulfilled, the ED effluent quality should be similar to that of the
influent of the biological treatment unit, i.e., concentration of
different cations and anions, pH, biodegradability of organic
compounds [28].

The past few decades have seen the emergence of electrochemical
technology for wastewater treatment. The particular advantages of
the electrochemical treatment include high efficiency, ambient oper-
ating conditions, small equipment size, minimal sludge generation
and rapid start-up [31].

Table 1
Some worldwide Electrodialysis Reversal (EDR) systems [10].

Location Country Application Production (m3/day) Year

Eurodia
Montefano Italy Groundwater Nitrate removal 1000 1991
Munchenbuschsee Switzerland Groundwater Nitrate removal 1200 1996
Kleylehof Austria Groundwater Nitrate removal 3500 1997

General electric water & process (fomerly ionics Inc)
Abrera, BCN Spain Surface water Bromide reduction 200,000 2008
Magna, Utah USA Groundwater Arsenic reduction 22,728 2008
Sherman, Texas USA Surface water Salinity reduction 27,700 1993–1996–1998
Suffolk, Virginia USA Groundwater Fluoride reduction 56,000 1990
Sarasota, Or USA Groundwater Hardness & salts reduction 45,420 1995
Maspalomas Spain Groundwater Salinity reduction 37,000 1986
Barranco Seco, Canary Islands Spain Waste water Reuse 26,000 2002
Bermuda waterworks Bermudas Groundwater Hardness & nitrate reduction 2300 1989
Falconera, Valencia Spain Groundwater Nitrate reduction 16,000 2007
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When electrolysis is used in the nitrate removal from ED
concentrated solutions, the desired product (nitrogen) and others
such as nitrite and ammonium are generated. The associated
reduction reactions are shown below:

Reactions (Standard potential (V) [32])

NO3
�

ðaqÞ þH2O ðlÞ þ2e�-NO2
�

ðaqÞ þ2OH�
ðaqÞ 0:1 (1)

2NO3
�

ðaqÞ þ6H2O ðlÞ þ10e�-N2 ðgÞ þ12OH�
ðaqÞ 0:25 (2)

2NO2
�

ðaqÞ þ4H2O ðlÞ þ6e�-N2 ðgÞ þ8OH�
ðaqÞ 0:42 (3)

However, more mechanisms may occur and compete with the
desired ones (Eqs. (2) and (3))

2NO3
�

ðaqÞ þ2H2O ðlÞ þ2e�-N2O4 ðgÞ þ4OH�
ðaqÞ �0:85 (4)

NO3
�

ðaqÞ þ2H2O ðlÞ þ2e�-HNO2 ðaqÞ þ3OH�
ðaqÞ �0:31 (5)

NO3
�

ðaqÞ þ2H2O ðlÞ þ3e�-NO ðgÞ þ4OH�
ðaqÞ �0:15 (6)

NO2
�

ðaqÞ þH2O ðlÞ þe�-NO ðgÞ þ2OH�
ðaqÞ �0:45 (7)

2NO2
�

ðaqÞ þ3H2O ðlÞ þ4e�-N2O ðgÞ þ6OH�
ðaqÞ þ0:15 (8)

NO2
�

ðaqÞ þ6H2O ðlÞ þ6e�-NH4OH ðaqÞ þ7OH�
ðaqÞ �0:16 (9)

NO2
�

ðaqÞ þ6H2O ðlÞ þ6e�-NH4
þ

ðaqÞ þ8OH�
ðaqÞ �0:21 (10)

NO2
�

ðaqÞ þ5H2O ðlÞ þ6e�-NH3 ðgÞ þ7OH�
ðaqÞ �0:18 (11)

It is important to point out that the reduced products could be
re-oxidized in the anode by the reverse reactions; for example the
nitrite could be again converted to nitrate [33]. A viable option to
decrease these processes could be the membrane electrolysis
technique. In these systems, the reactions occur in the presence
of an electric field and the exchange membrane is employed to
separate the electrode compartments, thus impeding the migra-
tion of products, and avoiding reoxidation reactions (reversible
reactions) (Fig. 1).

Finally, the stability and formation of the nitrogen compounds
will depend on the thermodynamics of the system. The conditions
under which these reactions (from Eqs. (1) to (11)) are thermo-
dynamically possible or impossible can be predicted by the
Pourbaix atlas [32], where the equilibrium diagrams (potential-
pH) in dilute aqueous solutions for several compounds are shown.
The method employed to calculate these ones was based on the
ideas of “chemical potential” and “affinity” and conveniently
summarized the majority of the chemical and electrochemical
equilibrium laws. The usual notions of equilibrium potential were
generalized and provide a useful criterion regarding the direction
of all types of electrochemical reactions [34].

The aim of this study was to assess the efficacy of the
membrane electrolysis technique in the reduction of nitrate in
water. We focused our work on the treatment of concentrate waste
streams which can be applied to the treatment of effluents from
electrodialysis (ED) and reverse osmosis (RO). For this purpose,

a cation-exchange membrane and a copper cathode were used.
The cell voltage and initial concentration were varied in order to
study their influence on the process, which in turn will contribute
to a better understanding of the process and to select appropriate
reaction conditions. Ion chromatography was the technique
selected to determine the salt content.

2. Experimental

2.1. Electrochemical cell

All experiments were conducted in an electrochemical cell with
two compartments separated by a cation-exchange membrane
IONAC MC – 3470 (provided by the manufacturer) with a surface
area of 16 cm2. The cell was assembled as described in Fig. 2. The
cation membrane used has a thickness of 0.4 mm, with a chemical
stability within the pH range of 0–11. For NaCl solutions, the
percentage permselectivity registered was equal to 96 (0.5 and
1 N) and the electrical resistances were 15 and 6W/cm2 for 0.1 and
1 N, respectively.

The cathode was made of copper and the anode was obtained
from titanium coated with titanium oxide and ruthenium oxide
(70TiO2/30RuO2). Platinum (Pt) wires were placed at each side of
the membrane to measure the potential difference of the cation-
exchange membrane. Luggin's capillary with saturated calomel
electrode was placed next to the cathode electrode allowing the
register of its potential difference (Fig. 2). In all experiments, 1 L of
nitrate solution was placed in the cathode compartment, while the
anode compartment was filled with 1 L of sodium sulfate solution
to maintain the system conductivity. Each container was con-
nected to a pump that recirculated the solutions.

Fig. 1. The cell designed for electrodialysis experiments (a). Schema diagram of the expected ionic transport through the membrane and of the reactions that could occur on
the electrodes (b).

Fig. 2. Schema of cell used in the experiments.
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The parameters of nitrate concentration were based on litera-
ture data of concentrations in groundwater. In Safaria, Israel, water
has 100 mg/L of NO3

� [14]. The municipality of Kazusa, Japan,
registered nitrate levels as high as 80 mg/L in their water supply
[12]. In Pine Hill Farm, 140 km from Alice Springs, Australia, the
nitrate content in water is of 31 mg/L [35].

After the ED treatment, ca. 90% of the treated water has
permissible levels for human consumption, but in the remaining
10% high nitrate concentrations are obtained, well above the
original ones. These levels depend on factors such as water
recovery percentage, recirculation factor, initial concentrations
and percentage extraction. When the Kleylehof plant (Austria) of
ED began operating, the stack voltage was adjusted to a nitrate
removal down to 40 mg/L of NO3

� , according to the requirements
of the client. For this condition, 889 mg/L of NO3

� were reached in
the brine stream [36]. The ED-treatment of two natural waters in
the south of France contaminated by nitrates evidenced extraction
ratios of 70% and 90% for water 1 and 2, respectively. But their
concentrate discharges exhibited enrichment factors as high as 15
and 16 times [37]. Wisniewski et al. [30] studied the treatment of
solutions with nitrate concentrations varying from 470 to
2365 mg NO3

� =L and considered that these concentrations are
close to concentrates obtained in ED plants for nitrate removal.
Jingjing et al. [38] studied the technical capabilities of electro-
dialysis and electrodeionization for nitrate removing. Through
electrodialysis experiments, they reduced the nitrate concentra-
tion from 443 mg/L to 9 mg/L, while the concentration of the
waste brine solution was enriched to 2037 mg/L. Based on the
concentrations mentioned above, we decided to evaluate high
nitrate concentrations to assess the efficiency of the membrane
electrolysis technique. Table 2 shows a summary of the solutions
employed in this study.

2.2. Polarization curves

The current–voltage curves (CVCS) were obtained in galvano-
static mode with a classical two-compartment cell. Electrical
current was applied using a DC power source for 120 s with an
interval of 180 s without electrical current. The curves were
acquired by potential measurements corresponding to the applied
current. Besides, the pH and the conductivity of the solutions in
the compartments were monitored. These tests were made in
duplicate or triplicate and the results were reproducible.

2.3. Membrane electrolysis experiments

The experiments were conducted with the application of a
constant cell potential which was selected between 7 and 13 V.
The tests were conducted at room temperature for 24 h in a batch
recirculation mode. The study was carried out in a two-
compartment membrane electrolysis cell (Fig. 2). For the chemical
analysis, several samples were collected periodically and the pH
and conductivity were recorded for each one.

Nitrate, nitrite and ammonium ions were determined by ion
chromatography with a DIONEX ICS 3000 instrument, with

conductivity detector employing columns IonPac CS12A and AS22
for cations and anions, respectively. The reproducibility of the
analytical method was evaluated from a representative sample.
Its mean value was equal to 184.607 mg/L of NO3

� with a standard
deviation of 73.35 mg/L and the 95% confidence interval of
181.78–187.44 mg/L.

Nitrate total reduction was calculated as the amount of nitrate
consumed at different reaction times divided by the initial nitrate
concentration. The conversions toward nitrite and ammonium
were defined as the amount of nitrite or ammonium produced,
respectively, divided by the initial concentration of nitrates. The
conversion to gaseous compounds was theoretically estimated
from the nitrate total reduction and conversions toward nitrites
and ammonium, considering these species as the main products.

Results are expressed as total reduction of nitrate (Rreduction
NO3

� , %)
and nitrate conversions toward nitrite (XNO3

� =NO2
� , %), ammonium,

(XNO3
� =NH4

þ , %), and gaseous compounds (XNO3
� =gaseous

compounds , %) and

these parameters are defined as follows:

Rreduction
NO3

� ð%Þ ¼ ½1�CN�NO3
� =C0� � 100

XNO3
� =NO2

� ð%Þ ¼ ½CN�NO2
� =C0� � 100

XNO3
� =NH4

þ ð%Þ ¼ ½CN�NH4
þ =C0� � 100

XNO3
� =gaseous

compounds ð%Þ ¼ ½Rreduction
NO3

� �ðXNO3
� =NO2

� þXNO3
� =NH4

þ Þ� � 100

where C0 is the initial concentration of nitrates, and
CN�NO3

� ;CN�NO2
� ; CN�NH4

þ are the concentrations of nitrates,
nitrites and ammonium, respectively, at time t. These calculations
were performed using N-based concentrations.

3. Results and discussion

3.1. Polarization curves

The polarization curves data together with the electrochemical
diagrams [32] allowed us to define the appropriate range of
potential to begin this study on membrane electrolysis.

The equilibrium Pourbaix nitrogen plots are shown in Fig. 3.
These diagrams are made considering the normal hydrogen
potential; standard pressure and temperature and an initial gas-
eous nitrogen concentration of 10�6 M. These graphics show the
main dissolved species and gaseous compounds as well as their
domain boundaries. Other unstable compounds such as N2O and
NO are not shown. For our purposes, the desired reduction product
is the nitrogen gas (Fig. 3b), which could be formed at low cathode
potentials.

The evolution of the density current with the cathode potential
for the system studied in this paper is presented in Fig. 4a. To
begin the study, considering the previous discussion, potentials
ranging from 0.3 to 0.7 VH were selected, which correspond to a
current density region on the cell between 1.25 and 2.54 mA/m2

(Fig. 4b).
Finally, it was evaluated if polarization phenomena occurred in

the membrane, which could affect the efficiency of the process.
When this happens, the applied current exceeds the limit value
producing a drop to zero of the ion concentration in the mem-
brane boundary layer. Similarly, there is an accumulation of ions
on the other side of the membrane due to the fact that they arrive
at a higher speed than that at which they can diffuse into the
solution [39]. Therefore, the polarization phenomena produce an
increase of the solution electrical resistance and of the dissociation
of water causing a rise in energy consumption [39,40].

The typical current potential curves (CVCs) have three defined
regions (Fig. 5a). In the first region (I), a linear relationship is
obtained between the current density and voltage due to the

Table 2
Concentrations of prepared solutions.

Compartment Cathode Anode

NaNO3 (M) NO3
� (mg/L) Na2SO4 (M) Na2SO4 (mg/L)

Solution A 0.0071 438 0.0039 550
Solution B 0.0100 620 0.0056 800
Solution C 0.0153 802 0.0084 1200
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ohmic zone. In the second one, the current varies very slightly with
voltage, corresponding to the so-called limiting current density.
In region III, an over-limiting current takes place, and then the
current intensity increases again with the applied voltage [41].

In Fig. 5b, it is possible to observe the current-potential curve of
the membrane used for the nitrate reduction. The plot presents
two regions and the estimated value of the limiting current

density is 4.17 mA/m2 indicating that the selected range of the
current density (from 1.25 to 2.54 mA/m2) avoids polarization in
the cation-exchange membrane.

During the achievement of the polarization curves, measure-
ments of pH and electrical conductivity were carried out in both
compartments (Fig. 6). It can be seen that there was an increase
and a decrease of the pH with time in the cathode and anode
compartments, respectively (Fig. 6a). On the other hand, the
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electrical conductivity recorded an increase with time in both
containers (Fig. 6b). The pH and conductivity variation could be
associated with the presence of Hþ and OH� , which could be
originated by the water redox reactions [32]:

2H2OðlÞ þ2e�-H2ðgÞ þ2OH�
ðaqÞ E0 ¼ �0:83 V ½32�

2H2OðlÞ-O2ðgÞ þ4Hþ
ðaqÞ þ4e� E0 ¼ �1:23 V ½32�

It is important to observe that the Pourbaix diagram (Fig. 3a)
displays a small domain for nitrite stability at high pH levels (10–
11). Therefore, the reduction of nitrate toward this species (Eq. (1))
is thermodynamically favored in this zone.

3.2. Membrane electrolysis

Considering that in an undivided cell, nitrite ions can be
oxidized to nitrate at the anode, strongly decreasing the efficiency
of the paired electrolysis [33], the experiments were conducted by
membrane electrolysis using a cationic membrane. The nitrate
reduction data obtained by membrane electrolysis are presented
in the next paragraphs. In these experiments, different initial
concentrations of nitrate and applied cell voltage were evaluated
and the concentrations of nitrate, nitrite and ammonium were
monitored.

However, it would be important to keep in mind the different
oxidation states of the nitrogen compounds:

NO3
�

ðaqÞ N2O4

(g)

NO3
�

ðgÞ,
HNO2 (aq)

NO(g) N2O(g) N2

(g)

NH4
þ

ðaqÞ,
NH4OH(aq),
NH3(g)

þ5 þ4 þ3 þ2 þ1 0 �3

In the cathode, the production and coexistence of some
compounds could be expected.

The operating parameters that have significant influence upon
electrochemical denitrification processes include electrode material,
cathode/anode surface area ratio, current input, pH, conductivity,
sodium chloride (NaCl) concentration and initial concentration of
nitrate ions [31,42]. The importance of the electrode composition
and potential of the nitrate reduction has been studied by Reyter
et al. [33,42].

3.2.1. Influence of the nitrate concentration
In the system here studied, when the initial concentration of

nitrate was ca. 525 mg/L a significant nitrate reduction was
observed at 13 V (Fig. 7a), with the generation of nitrite and
ammonium. At 24 h, the concentrations of nitrite and ammonium
were 138 and 61 mg/L, respectively. It could be said that the
production of nitrite (Eq. (1)) and ammonium (Eq. (10)) was
thermodynamically possible at higher pHs and cell potential of
13 V, in agreement with the Pourbaix diagram (Fig. 3a). In fact, a
part of the produced nitrite was reduced to ammonium (Eq. (10)).

At 7 V (Fig. 7c), a slight depletion of the nitrate on time is
observed for the minor initial concentration (374 mg/L); instead, its
consumption increased considerably for the major one (759 mg/L).
The experiment for 9 V (Fig. 7e and f) showed that nitrate
consumption became important for both initial concentrations.

Again, for these cell potentials nitrate was mainly reduced
toward nitrite (oxidation state of þ3). The ammonium formation
(oxidation state of �3) is even negligible for these potentials
(7 and 9 V).

3.2.2. Influence of the cell voltage
Fig. 8 exhibits the influence of the cell potential in the reaction;

it can be seen that from 5 V, the system begins to react. For low
potential, the nitrate is transformed into nitrite mainly and at high
voltages, the conversion to nitrite is stable. This plateau suggests
similar rates of production (Eq. (1)) and consumption (Eq. (3)) of
nitrite. The consumption is in agreement with the rise of the
nitrate conversion to ammonium from the cell potential of 9 V
(Fig. 8). Besides, the nitrite may participate in other reactions,
producing compounds such as NO(g) (Eq. (7)), N2O(g) (Eq. (8)),
N2(g) (Eq. (3)) and NH3(g) (Eq. (11)). It can be seen that the gaseous
compounds, except NH3, have an intermediate oxidation
state between nitrite and ammonium (or NH4OH) and its stabi-
lities would be limited to a narrow range of pH and cathode
potential.

Finally, it can be seen that the rate of nitrate total reduction
decreases with the cell voltage; at high voltages, even a plateau
may be achieved (Fig. 8). However, this plateau could be ca. 90%.

A change in the behavior of the slope (Fig. 9) of the nitrate
reduction with the initial concentration was observed at 7 and
9 V. Positive slopes were found at 7 V and negative ones at 9 V. It
is possible that the ratio of nitrate mass (mg)/cathode area (m2)
and time were not sufficient to reduce all the nitrates present at
high potential. In the graph, it can also be observed that the
nitrite formation is the more important reaction to 7 V (Fig. 9);
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but nitrogen and other compounds could be formed at higher
potentials (Fig. 9).

The reaction data is summarized in Table 3. The amount of
nitrate consumed always increases with the initial concentration
and cell voltage although the nitrate to nitrite conversion exhibits
a decrease with initial mg/L of NO3

� at 9 V.
The selected copper electrode shows a good performance to the

nitrate reduction, achieving values as high as 85% (13 V); however,
the reduction reactions do not show a high conversion to gaseous
compounds and, therefore, the formation of the desired product
(N2) is low. The highest conversion to gaseous compounds was
17.9%, at 9 V and 526.3 mg/L of NO3

� .
Probably, the use of other materials for the cathode would be

necessary to improve the reduction toward nitrogen gas. Reyter
et al. [33] obtained significant improvements in the nitrate

removal by a paired electrolysis process with a Cu70Ni30 cathode
and a DSA-type anode.

Dash et al. [43] evaluated the electrochemical denitrifica-
tion of solutions simulating groundwater, with the aim of
maximizing the conversion of nitrate to nitrogen gas. The
solutions contained an initial concentration of 300 mg/L of
NO3

� and the pH was kept between 7.0 and 9.0. The evaluation
was performed using aluminum, graphite, iron and titanium
electrodes. While the electrodes of aluminum, iron and tita-
nium nitrate showed high nitrate reductions (70–97%), the
graphite electrode just yielded 8% of nitrate conversion. Nitrate
was converted to ammonia with iron and aluminum electrodes.
With titanium electrodes, the final product obtained in larger
amounts was apparently nitrogen gas, but the presence of
nitrites was also detected [43].
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Li et al. [44] evaluated the electrochemical denitrification of
nitrate using Cu–Zn cathode and Ti/IrO2–Pt anode. The authors
reported that in the presence of chloride the formation of hypo-
chlorite can act in the oxidation of ammonia and nitrites and they
concluded that the presence of 0.5 mg/L of NaCl allowed nitrate
oxidation without the detection of subproducts. The same experi-
ments were performed using a cathode made of iron [45] and with
cathodes of iron plus copper and titanium [46], always with an
anode of Ti/IrO2–Pt and the results obtained were also promising.

4. Conclusions

Although many membrane processes are already in use for
water desalination, areas that need further research include
discharge of ED and RO concentrate or brine. In this work,
membrane electrolysis was applied to the denitrification of brines
and showed promising results. Nitrite, ammonium and probably
nitrogen gas were the reaction products. The best value was
achieved at a cell potential of 9 V, which was obtained with a
cathode potential of 0.9 V. Under these conditions, 64% of 526 mg/
L of NO3

� were converted into nitrite and gaseous compounds,
with the formation of just 7.8 mg/L of ammonium. By the treat-
ment method applied in this work, membrane electrolysis, the
reduced products were not re-oxidized and there was no re-
oxidation of the nitrite to nitrate. Membrane electrolysis is a
valuable technique for nitrate reduction. Probably, a good nitrate
reduction toward nitrogen gas could be accomplished using other
materials for the cathode electrode, such as titanium and copper
alloys.
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Table 3
Summary of electrochemical results.

Cell
voltage
(VH)

Initial a (mg/L) Residual mg/L a,b (after 24 h treatment) Consumption
a,bmg/L
N � NO3

�

Rreduction
NO3

� ð%Þc XNO3
� =NO2

� ð%Þc XNO3
� =NH4

þ ð%Þc XNO3
� =gaseous

compounds ð%Þc

NO3
� N–NO3

� NO3
� N–NO3

� NO2
� N–NO2

� NH4
þ N–NH4

þ

5 533.9 120.6 505.7 114.2 34.7 10.5 0.8 0.6 6.37 5.3 – – –

7 373.8 84.1 270.6 61.1 62.8 19.1 5.4 4.2 23.3 27.6 22.6 5.0 0.0
549.6 124.1 327.7 74 145.6 44.3 0.0 0.0 50.1 40.4 35.7 0.0 4.7
759.1 171.4 370.7 83.7 256.2 77.9 5.7 4.4 87.7 51.2 45.5 2.6 3.1

9 362.9 81.9 109.9 24.6 146.1 44.5 12 9.3 57.3 70.0 54.3 11.4 4.3
526.3 118.9 189.2 42.7 160.0 48.7 7.8 6.1 76.1 64.1 41.0 5.1 17.9
848.5 191.6 372.2 84.0 199.3 60.7 35.4 27.5 107.6 56.1 31.7 14.4 10.1

11 526.4 118.9 131.2 29.6 130.9 39.9 40.5 31.5 89.3 75.1 33.6 26.5 15.0

13 516.6 116.6 75.7 17.1 138.2 42.1 60.7 47.2 99.6 85.3 36.1 40.5 8.8

a Data obtained by ion chromatography.
b Measured after a 24-h treatment.
c Calculated from the ion chromatography data.
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