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Abstract

Water with high concentration of nitrate may cause damage to health and to the environment.
This study investigated how concentration, current density, flow, pH, the use of Pd/In catalyst and
operating mode (constant current density and constant cell potential) have an influence in the
electrochemical reduction of nitrate and in the formation of gaseous compounds using copper
electrode. Experiments were performed in two-compartment electrolytic cells separated by a cationic
membrane with nitrate model solutions prepared as a surrogate of concentrated brines from
membrane desalination plants. The results show that the electroreduction process has potential for
reduction of nitrate and that it is influenced by the operational conditions. The best conditions found

for the treatment - with satisfactory reduction of nitrate, formation of gaseous compounds and
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reproducibility - were at nitrate concentrations of 600 and 1000 mg.L™, current density
of 1.1 mA.cm™ and without pH control, since in these conditions the production of gaseous
compounds is higher than the production of nitrite. When Pd/In catalyst was used, the nitrate
reduction was 50% after 6 hours of experiment and the predominant product were gaseous
compounds. When compared to the experiment without the catalyst, the arrangement with Pd/In was

the most efficient one.

Keywords: Membrane concentrated brines; Nitrate reduction; Electroreduction; Copper electrode;

Pd/In catalyst

1. Introduction

The contamination by nitrate (NO3') has become a problem to the environment and to human
health due to its harmful effects [1]. The excess of nitrate in surface water is caused by fertilizers and
particular effluents with nitrogen [2]. This compound, when consumed in potable water, can be
converted into nitrites (NO,") in the human body, a fact that might cause health damage [3].

There are several methods of water denitrification [4] as the processes of biological or
catalytic reduction and of degradation and  separation, such as distillation, ion exchange,
electrodialysis and reverse osmosis [2] [5-6]. The biological process of denitrification requires
continuous monitoring to allow the growth of microorganisms [7] and this kind of treatment may
generate sludge. In recent decades, the catalytic reduction, in which the nitrate ion is reduced to
nitrogen by using hydrogen or other reducing agents, can be considered a promising process to the
treatment of nitrate [8-9]. Among the catalysts for reduction of nitrate in water, there are bimetallic
systems based on Cu modified by Pd and In [10-11].

Another way to treat contaminated water containing nitrate ions is through Membrane
Separation Processes (MSP), for example electrodialysis (ED). This process involves a separation by
selective ion membranes, in which there is ion transport from one solution to another [12-13]. It is
generated a concentrated solution and a diluted one (treated). The concentrated solution, if not
reused, consists of a new effluent that requires treatment. Menkouchi Sahli et al. [14] removed nitrate
of underground brackish water by electrodialysis referring to the concentrated nitrate solution
obtained during the treatment as the main disadvantage.

Electrochemical reduction is an alternative technology to the treatment for the removal of
nitrates and nitrites from wastes [15-18]. The electrochemical reduction of nitrate is getting more

attention due to its reasonable cost and the possibility of generating nitrogen as a final product of this
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process [19], which is beneficial to the environment. Several electrodes can be used in order to
convert the nitrate to other nitrogen compounds; however, copper is a good promoter of the
electroreduction reaction [19-20]. In comparison with the biological treatment, the electrochemical
process for the treatment of wastewater has been considered as advantageous, because there is a
minimum sludge generation and a smaller equipment with higher efficiency can be used [21-23].
Dash and Chaudhari [21] evaluated the electrochemical denitrification of a solution containing
100 mg.L" of nitrate and the results demonstrated a reduction of nitrate with Al, Fe and Ti
electrodes. According to Prasad et al. [24], the electrolytic method using copper electrode with
current density of 0.89 mA.cm™ and setting the pH at 8, during 6 hours, can potentially remove 70%
of nitrate in an effluent with 190 mg.L™' of nitrate.

The reduction of nitrate can generate several by-products [25]. In the overall reaction,
nitrate is converted to nitrite, nitrogen (N,) and other products (reactions 1 to 3). Nitrite acts as an
intermediate product in the electrochemical nitrate reduction process, since its intermediate oxidation

state allows it to be oxidized or reduced [26].

NO3'ag) T H20q) + 2¢™— NO3 (aq) + 20H (a9 (1)
2NOj3'(aq) + 6H20() + 10e"— Np(g) + 120H (o) (2)
2N02_(aq) + 4H20(1) + 6 — Nz(g) + 8OH_(aq) (3)

Through the reduction of nitrate or nitrite, ammonium (NH4") (reactions 4 and 5) [10] and

others species may be formed [26-28] like, for example, NOy(g), N2O(g), NO(q), N2Os(s) and NoOjs).
NO3 (ag) + 4Ha(gy— H20(aq) + NHy (1) +20H og) 4)
NO2 @) + 3Ha = NH4 (ag) +20H (og) (5)
The aim of this study was to investigate the electroreduction of nitrate solutions and to
evaluate how parameters like the concentration, current density, flow, pH and use of Pd/In catalyst
can influence the reduction of nitrate aiming the formation of gaseous compounds. For this purpose it

was used a model solution produced as a surrogate of an electrodialysis brine.

2. Experimental section
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2.1. Solutions

Model solutions were prepared and treated by electroreduction. Different nitrate solutions
were prepared with sodium nitrate (NaNOs_ distributed by Reagen) in distilled and deionized water.
The model solutions were prepared with nitrate concentrations corresponding to those obtained in the
concentrated brines from membrane desalination plants [29-31]. The concentration of the nitrate ion
in the solutions was 200, 600 and 1000 mg.L'l. Solution of sodium sulfate anhydrous (Na;SOy,
distributed by Labsynth) was also employed in the experiments to provide and maintain conductivity

in the electrolytic cells. Table 1 shows a summary of solutions used in the experiments.
2.2. Chemical characterization

The nitrate, nitrite and ammonium/ammonia concentration—were obtained through ion
chromatography (DIONEX ICS 3000 Chromatograph with - IonPac CS12A and AS22 columns for
cations and anions, respectively). The reproducibility of the analytical method was evaluated through
a sample containing 588 mg.L™" of nitrate, with a confidence interval of 95% and a standard deviation

of +3 mg.L™". The nitrate removal efficiency was calculated using the equation (eq. 6).
R%{;}g‘gggon (%) — [CO_ Cl\é;nitrate] %100 (6)

where Cy is the initial concentration of nitrate. The calculations were performed by using (Cx) N-
based concentrations:

The concentration values of gaseous compounds were obtained by mass balance, subtracting,
from the initial nitrate concentration, the formation of nitrite and ammonium, and considering that

the other formed species are gaseous compounds (eq. 7).

C Gaseous (%)= [(CNitrate) - ((CNitrite) + (CAmmonium))] x 100 (7)

Compounds

Among other byproducts that can be formed in the experiments, there is the hydroxylamine
(NH,OH). Hydroxylamine is an alkaline compound containing the hydroxylammonium ([NH;OH]")
ion. In acid or alkaline medium, there is the dissociation of the compound according to reaction 8

and 9, respectively. In acid solutions, ammonium ion can be formed (eq. 8), while in alkaline
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solutions there is the formation of ammonia gas (eq. 9) [32], meaning that this product will be also

considered by its byproducts analysis.

4[NH,OH.H]" > N,O + 2NH," + 2H" + 3H,0 (8)

3NH,OH - N, + NH;+ 3H,0 (9)

2.3. Catalyst preparation

Pd-In was prepared supporting the metal precursors on alumina (Ketjen CK300, surface area:
198 m?/g, pore volume: 0.5 mL.g™") by the dry co-impregnation method also-described elsewhere
[33], using solutions containing In,O3 and PdCl, dissolved in HCI 0.1 M. Metal loads of 1.25%wt In
and 5.00%wt Pd were obtained. All samples were calcined in air, at 500 °C, for 4 h. Prior the

catalytic evaluation reaction, catalysts were reduced for 1h at 40 °C in-Hydrazine solution 0.04%V/V.

2.4. Design cells A and B

Two electrolytic cells were used at this study. Cell A was employed to evaluate all
operational parameters of nitrate reduction, while cell B was used in order to test the influence of
using Pd/In catalyst in the reduction of nitrate. Each experiment was performed at least in triplicate.

Figure 1 presents the methodology used in this work.

2.4.1. Design of cell A

The -electrolytic cell A (Figure 2) was a two-compartment cell separated by a cationic
membrane HDX 100 (supplied by Hidrodex). In the cathode compartment NaNO; was added and in
the anode one Na,SO4 was fed. In each compartment 500 mL of solution was used. The cationic
membrane prevents the nitrate, which was already reduced in the cathode, to be oxidized in the
anode. Both compartments are connected to centrifugal pumps that provide a continuous flow of
solutions into the system.

According to Dos Reis and Mendonga [34], the pH increase shift the ammonium/ammonia
chemical equilibrium toward unionized ammonia, so a gas scrubber was used with HCI (0.05 M) to
collect the gas that could escape during the experiments. The chemical reaction (eq. 10) that occurs

in the acid solution converts the ammonia, which might be formed in the reduction process, into
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ammonium. The analysis of this acid solution, that could contain the ammonium ion, was also

performed by ion chromatography.

HClg) + NH3g) — NHy'(ag) + Cl (g (10)

The usual cell flow was 1900 mL.min™" in the cathode compartment and 2100 mL.min" in the
anode compartment. The difference of flows in the compartments was due to differences in the
centrifugal pumps. To all experiments, the working electrode in the cathode compartment was
copper and in the anode one was Ti/70Ti0,30Ru0O,.

During the experiments, the pH of the solutions in the cathode and anode compartments was
monitored and the measurements were performed by a PHTEK pH meter (model PH-3B). The
solutions conductivities were also monitored and the values were obtained from a RS232

conductivity meter (model 8306).

2.4.2. Design of cell B

A smaller cell model was used to test the effect of Pd/In catalyst. The cell has two
compartments (Figure 3), also separated by a cationic membrane HDX 100, and in the cathode and in
the anode compartments 180 mL of NaNO; and Na,SO, were respectively added. The agitation of
the solutions was carried out by magnetic stirring. The same electrodes that were already mentioned

(cell A) were used.

2.5. Polarization curves

Current-voltage curves (CVC) were constructed to determine the limiting current of the
cationic membrane and to obtain the value of current density that can provide the reduction of nitrate
without causing polarization phenomenon on the membrane. This phenomenon could affect the
system because it occurs when the applied current exceeds a limiting value, causing a reduction of
1ons to zero in one side of the membrane, while there is an accumulation of ions at other side of the
membrane. Then, the polarization phenomenon may cause an increase in electrical resistance,
increasing the energy consumption [35]. The CVC curves were obtained by applying an electric
current that was gradually increased for 120 seconds, with an interval of 180 seconds without current

application. Platinum wires were placed on each side of the cation-exchange membrane to measure
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the membrane potential difference [36]. During the CVC construction, the cathode and the cell
potentials were also measured. The cathode potential was obtained using Luggin’s capillary with
Ag/AgCl as reference electrode. This measurement allows the evaluation of the potential range to
nitrate reduction. The system used to obtain the CVC curves is presented in a scheme in Figure 4.

These tests were performed at least in duplicate.

2.6. Electroreduction

The electroreduction experiments were conducted in cell A and B.

2.6.1. Cell A electroreduction

In this step, the influence of concentration, current density, pH and flow were studied. All
experiments were performed for a period of 12 hours and each 2 hours samples were collected to
evaluation by ion chromatography. The cationic membrane-area was 16 cm?, the copper electrode
area was 15 cm? and the geometric area of the anode electrode (Ti/70Ti0,30Ru0O,) was 16 cm?. The
pH influence study was accomplished controlling the pH (4.0 - 4.5 and 7.0 - 7.5) and without control.
The pH control was made in the cathode compartment because in this compartment occurs the
reactions of nitrate reduction. The pH adjustment was done by adding constantly, with a burette,
H,S0O4 (0.5 M). The pH value was obtained using the PHTEK pH meter (model PH-3B).

The flow parameter was evaluated by reducing the normal centrifugal pumps flow values

1‘[0

from 1900 mL.min" to 460 mL:min” in the cathode compartment and from 2100 mL.min
990 mL.min"' in the anode compartment.

Experiments were conducted with constant cell current or constant cell potential. The mode
with constant cell current was performed by fixing the current density in 1.1 or 2.1 mA.cm™ and the
constant cell potential was carried out by fixing the cell potential in 5 V or 7 V. Nitrate solutions

concentration of 200, 600 and 1000 mg.L ™" were evaluated.

2.6.2. Cell B electroreduction

In this step, the influence of using a Pd/In catalyst was evaluated. The Pd/In catalyst was
placed in the electroreduction cell by an inert support in the cathode compartment, the closest
possible to the copper electrode, but without touching the electrode to avoid an electrical contact

(Figure 3). The hydrogen produced in the surface of the copper electrode will diffuse to the surface
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of the Pd/In catalyst, where the Pd is able to dissociate the hydrogen in two adsorbed atoms. Then,
the nitrates will be reduced to nitrite, being the NO, formed reduced to ammonium or nitrogen,
depending on the environmental conditions. The mass of Pd/In used was of 0.29+0.02g to the
treatment of 180 mL of nitrate solution. These experiments were performed for 6 hours and the
initial and final samples were collected to evaluation. The cationic membrane area was 16 cm?, the
copper electrode area was 15 cm? and the geometric area of anode electrode (T1/70Ti0,30RuO,) was
16 cm?. Briefly, experiments were executed with and without Pd/In catalyst using pH values without
control or by controlling the pH between 6 and 6.5. The pH was controlled by adding constantly
H,S0O4 (0.5M), in the cathode compartment, using a burette.

3. Results and discussion

3.1. Current-voltage curves (CVC)

Figure 5 shows the current-voltage curves obtained for the cationic membrane in contact with
nitrate solutions. Classical three regions were obtained (highlighted in Figure 5 to the concentration
of 1000 mg.L™"). In region I there is a linear relationship between the current density and voltage of
the membrane due to the ohmic region. In the second region, the current varies slightly with the
voltage corresponding to the limiting current density. In the region III a further increase of current
occurs, and it leads to increased. current density with the applied voltage [37]. For the
electroreduction experiments (constant current density mode), 75% of the limiting current density
value obtained to the concentration of 600 mg.L"' was used. The current density applied was
1.1 mA.cm™. The use of current densities smaller than the limiting one avoids the concentration
polarization phenomenon in the membrane [36][38]. Although a limiting current density of
0.5 mA.cm™ was obtained for the solution concentration of 200 mg.L™", a 1. mA.cm™ current
density was also applied for comparison with the other concentration. In order to verify the effect of
current density on conversion to gaseous compounds, trials with a current density of 2.1 mA.cm™
were also carried out using the concentration of 600 mg.L™.

During the CVC construction, cathode and cell potential were also determined. It was
observed in the curve of Figure 6 that from a cell potential value of 5 V, there is a separation
between the cell and the cathode potentials. This indicates that, beginning at 5 V, chemical reactions
are occurring in the solution. Other assays using 7 V as cell potential were accomplished because, by

using a current density of 1.1 mA.cm™ with a concentration of 600 mg.L™ of NO3™, 7 V was obtained



Downloaded by [Australian Catholic University] at 19:08 18 August 2017

as initial cell potential. According to the Pourbaix Diagram [39], the obtained values in the cathode
potential (0.9 Vi and 1.2 Vy) for cell potential of 5 and 7 V, respectively, indicate the possibility of
nitrate ion reduction to nitrite ion and to nitrogen gas.

3.2. Electroreduction experiments with copper electrodes (cell A)

3.2.1. pH, conductivity and cell potential behavior

The pH behavior, when not controlled, seems to be similar for all working solution
concentrations. Figure 7 shows the pH variation for the 600 mg.L™ nitrate solution. In the cathode
compartment the value increases and at the end of 12 hours the pH was 11.5. In the study by Li et al.
[18] the pH value of the treated solution increased from 7.0 to 11.3 during 3 hours of electrolysis in a
solution with 100 mg.L™" of nitrate-N using Fe electrode. In the anode compartment, the pH value
decreases, staying in the range of 2.4 - 2.5, at the concentration of 600 mg.L ™" [18].

In the cathode compartment, it occurs the reaction of H; and OH™ formation, while in the

anodic compartment, O, and H" are formed, as shown in equations (11), (12), (13) and (14) [23].

Cathode:

2H' (g +2¢ — Hy (11)
2H,0q) + 2¢” — Ha) + 20H (a9 (12)
Anode:

2H,0q) — 4H (aq+ Oa) + 4€” (13)
40H (3q) — 2H,0q) + Oy + 4€ (14)

The pH (Figure 7) and the conductivity (Table 2) changes occur due to the reactions that
happened at the electrodes generating, H and OH". Still, hydroxide is also produced from nitrate and
nitrite reduction contributing also to the pH increase when the electrochemical reaction progressed
(eq. 1,2 and 3) [15], [40-41].

The increase of the conductivity (Table 2) causes a reduction in cell resistance and this

provides a reduction of cell potential as show in Table 2. The cell potential is an indicative of the
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behavior of the system resistance. In this case, as the cell potential reduces along the time, the

resistance of the electroreduction cell decreases, causing a reduction the energy consumption.

3.2.2. Effect of concentration

The effect of concentration was determined considering the NOs;  and NO, analyzed
concentration and the N-Gaseous compounds calculated concentration. The calculation was done
considering that according to the Pourbaix Diagram the N,O formation is not probable.

For the concentration of 600 mg.L" (Figure 8, A), until 8 hours, a highest concentration of
N-Nitrite instead of N-Gaseous compounds was observed. After this time, the concentration of
gaseous compounds begins to increase being similar, however, the obtained values-of N-Nitrite and
N-Gaseous compounds. The electrode potential at 600 mg.L™" concentration was monitored and the
initial and final values were 0.7 Vi and 0.9 Vy, respectively. With this electrode potentials and pH
11.5, utilizing the Pourbaix Diagram [39], the principal gaseous produet that can be formed is the N».

For the concentration of 1000 mgL™" (Figure 8, B), the behavior of the products
concentration formed were similar to those detected for the concentration of 600 mg.L"'. After 6
hours of reaction, the concentration of N-Gaseous compounds was higher than nitrite concentration;
however, the values obtained were close.

At the concentration of 200 mg.L™" (Figure 8, C), it was observed that there were more
N-Gaseous compounds formed than N-Nitrite. However, after 6 hours of experiment (not shown),
the reactions became chaotic and non-replicable, probably due to the applied current density of
1.1 mA.cm™, which was above the required current density (Figure 5) for this concentration. In fact,
in this current density, hydrogen and oxygen formation could be responsible for the non-replicable
experiments, because by increasing current intensity the production of OH and H" is favored.

It was possible to identify nitrite as an intermediate product in the three concentrations.
Sinha [42] studied that the applied cell voltage is a critical parameter in electrolysis. According to the
applied voltage, different products can be formed [43]. The applied current is possibly not ideal to
reduce the ion nitrate into gaseous nitrogen, but to reduce ion nitrate into nitrite. The water splitting

could compete with the nitrate reduction [42] and this can be an obstacle to the NOs reduction.

3.2.3. Effect of current density

In order to verify the influence of the current density in the reduction of nitrate, a study with

nitrate solution concentration of 600 mg.L™" was carried out with 2.1 mA.cm™, which practically
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corresponds to the double of the current density applied in the experiments of 1.1 mA.cm™. The pH
showed the same behavior verified in the previous experiments and the conductivity in the cathode
compartment was 2780 pS.cm™, while in the anode compartment the conductivity was 3320 pS.cm™,
at the end of 12 hours.

As observed previously with the solution of 200 mg.L™", a high standard deviation was
obtained (Figure 9). The high standard deviation can be also associated with the fact that the applied
current density was above the one required for this concentration. Nevertheless, the N-Nitrate
reduction (44%) was higher with 2.1 mA.cm™ than with 1.1 mA.cm™ (35%) what could be associated
to the obtained cell potential during the experiments with these current densities. Li et al. [18] and
Kim et al. [15] obtained the same nitrate reduction behavior using undivided and divided cell, and

different electrodes in cathode compartment.

3.2.4. Effect of flow

With the reduction of the flow (Figure 10), at the end of 12 hours and initial nitrate
concentration of 600 mg.L'l, there was less N-Nitrate concentration (79+3 mg.L™") if compared to the
previous results obtained to higher flow (Figure 8, A). However, during the 12 hours of experiment,
there was more N-Nitrite (35+5 mg.L™") than N-Gaseous compounds.

It was possible to verify that the reduction of nitrate was higher than in normal flow.
Szpyrkowicz et al. [44] studied the removal of nitrate from water by electrochemical reduction in
different reactor configurations varying the flow during the experiments and they observed that
stirring the solution in the cathode had a negative effect on the nitrates reduction, possibly due the
transfer of oxygen from the gas phase. This could be the result of a reaction that competes with the

nitrate reactions.

3.2.5. Effect of pH

The influence of pH was analyzed on the reduction of nitrate and formation of N-Gaseous
compounds at the concentration of 600 mg.L™"'. The results obtained with pH control (4.0 — 4.5 and
7.0—17.5) indicated a small concentration of gaseous compounds, being the nitrate reduction equal to
or greater than the one obtained in experiments after 12 hours, with a current density of 1.1 mA.cm™
and a gradual increase in pH (Figure 11). The nitrite concentration was higher when the pH of the
cathode compartment was controlled with H>SO4, not favoring the formation of N-Gaseous

compounds.
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Prasad et al. [24] showed that the nitrate removal is similar by pH 7.0 and 8.0. The author
tested the influence at pH 2.0, 4.0, 6.0, 8.0 and 10.0, being the maximum nitrate reduction at pH 2.0.
At pH 4.0 the nitrate removal was similar to the one obtained at pH 6.0. Dortsiou et al. [45] observed
that varying the pH between 0-4.0, the nitrate reduction rate is proportional to H' ions concentration
in the initial solution, what can be explained by the general theory of the electrochemical reduction
of the anions of the second group with type XOs", for example nitrate. In this pH region, the proton
donor is the cation H', so consequently, it is expected that the nitrate reduction rate should be
proportional to the H™ concentration, while in a pH > 4, the reduction rate does not depend on the pH

once the donor is the water molecule.

3.2.6. Effect of cell potential

For the concentration of 600 mg.L™', tests were carried out by setting the cell potential in 5 V
and 7 V. The value of 7 V and 5 V corresponds to the initial and final-value, respectively, of the cell
potential when the current of 1. mA.cm™ was applied. During the experiments with the cell
potential fixed at 7 V, the applied current density increases over time (Table 4), reaching, after 12
hours, 3.87+0.12 mA.cm™. With 5 V, the final value of the current density was 1.61+0.36 mA.cm™.

At 7 V there was a higher nitrate reduction than the one obtained on the experiments
conducted with constant current density (1.1 mA.cm™), but the constant cell potential mode favored
the intermediary ion formation. The nitrite formation was favored probably due to the increase of the
current density (Table 4). Bosko et al. [26] obtained a nitrate reduction of around 40% with a
potential fixed at 7 V and nitrate solution concentration of 549.6 mg.L"' and the main product
obtained was nitrite, during 24 hours of experiment using a copper electrode. In the experiments
where the potential was fixed at 5 V the final N-Nitrate value was 105+3 mg.L™ and N-Nitrite was
the main ion produced (Table 3).

Referring to pH and conductivity values, when the potential was set in 7 V, the pH presented
the same behavior as previously mentioned (Figure 7) and the conductivity increases, being
2785 uSiem™ in the cathode compartment and 4460 pS.cm™ in the anode compartment. In the
experiments with 5 V, the conductivity in the cathode compartment reached a maximum of
2475 uS.cm™, while the anode reached 4010 pS.cm™. The values of conductivity in constant cell
potential mode were higher than the ones achieved in constant current density mode due to the
increase of current values during the experiments.

Mook et al. [23] highlight that operational parameters, such as electrode material, applied

current, pH and the initial nitrate concentration, have an influence on the electrochemical
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denitrification. Ammonium and ammonia were not detected in the all experiments carried out in cell
A and this could be associated to the hydrodynamic of this electroreduction cell and the values of
current density used. The current density could be non-sufficient to provide the reduction of nitrate,
producing NH; and NH,", but favorable to the reduction to nitrite. Couto et al. [25] studied the
enhancement of nitrate electroreduction using BDD anode and metal modified carbon fiber cathode
using 25 mA.cm” and 50 mA.cm™ of current density. The results showed that with the highest
current density, in undivided cell and using different electrodes, there is higher ammonium

generation.

3.3. Electrochemical experiments with Pd/In copper electrode (cell B)

At first, an attempt was made in order to replicate the procedures of the first experiments —
the ones carried out in the electrolytic cell A. In order to achieve that, trials in the cell B were
performed without the catalyst, and afterwards Pd/In were placed in it, without the pH control of the
cathode compartment. The results with the catalyst showed that the pH of the cathode compartment
was next to 11.5, while the anode one was around 2.2, at the end of 6 hours of the experiment and
these results were similar without the catalyst. The conductivity of the cathode and of the anode
compartments increased over time with or without catalyst. Regarding the removal of nitrate, with
and without the catalyst, a reduction of N-Nitrate-and the generation of N-Gaseous compounds were
similar in proportion (Figure 12). It can be also observed that, differently of what occurred in cell A,
ammonium was detected at.the end of the experiment in cell B without the catalyst. Probably it
represents dissolved ammonia, since the final solution pH was close to 11.5. This result shows that
the cell configuration and the hydrodynamic conditions possibly affect the nitrate reduction and the
formed products.

Chen et al. [46] studied the appropriate conditions for maximizing catalytic reduction
efficiency of nitrate into nitrogen gas in groundwater. The research shows that an pH increase
resulted in a decrease in the initial activity, because when the ion nitrate was reduced to nitrogen gas,
there is' hydroxide formation and OH could be accumulated, causing the restrained of nitrate
reductions reactions. Therefore, low pH is better to catalytic activity, but a low pH level do not
improve the selectivity to N,. Yang et al. [47] show that in nitrate hydrogenation on Pd—Cu/TiO,
catalyst at pH 12.0 there is a high selectivity to nitrite, however, in acid pH the nitrite is reduced to
nitrogen selectively. This hydrogenation occurs because the hydrogen is active on palladium sites

and reduces on these sites.
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Berndt et al. [48] adjusted the pH of their experiments in which palladium was used to 6.0
with H,SO4 or HCI. Then, in order to control the pH of the cell B, it was set between 6.0-6.5. Figure
13 shows the results with pH 6.0-6.5 with and without the Pd/In catalyst. The results without the
catalyst indicated a small reduction, and it is possible to notice that at the end of the experiment,
there was 9148 mg.L™' of N-Nitrate in solution and only 19+8 mg.L" of N-Gaseous compounds.
With the catalyst, there was a reduction of 50+1%, and 68+1 mg.L" of N-Nitrate was present at the
end of the assay. In this case, the formation of gaseous compounds was predominant. The use of
catalyst provided a low formation of nitrite, suggesting the occurrence of nitrite” hydrogenation,

according to eq. (15) [49-50]:

Pd
2NOy (aq) +3Ha) +2H" = Ny +4H;00q) (15)

Zhao et al. [51] have carried out kinetic tests and indicated that 0.4%Pd-4%Cu/Al at pH 4.0
resulted in the greatest selectivity for nitrogen, reaching a selectivity of 34.1% to the gas N».

The low conversion values for nitrite and consequent formation of gaseous and ammonium
compounds can be explained by the selectivity of Pd in reducing nitrate to these compounds. Zhang
et al. [52] studied the electrocatalytic reduction of nitrate with Pd-Cu/YAIl,O3 in the cathode
compartment and a high nitrate reduction was obtained with a current density of 10 and 15 mA.cm?,
with a low selectivity for the nitrite ion.

The cationic membrane avoids the transport of ion nitrate and nitrite to anodic compartment;
however, the ammonium ion can be transported (Figure 14). Therefore, in this compartment, to all
experiments- cell A and B, analyses by ion chromatography were accomplished to detect the

presence of ammonium. The results showed that there was no NH," in the anodic compartment.
4. Conclusion

Nitrate contaminated water is an usual source of drinking water. Water treatment Plants
(WTP) must deal with this problem and the use of Membrane Separation processes (MSP) is
increasing to handle with this contamination. Nevertheless, MSP produce not only water of a very
high quality, but also a concentrated solution and the treatment of these brines is a challenge for
WTP. This work shows that the electrolytic reduction has the potential to be used as a way of
treating concentrated nitrate effluents resulting from, for example, the water treatment by

electrodialysis. The experiments conducted here allowed us to identify and to relate important
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parameters that influence the process of reduction of nitrate by using copper electrode, as the nitrate
concentration, pH, flow, current density, the operation mode (constant current density and constant
cell potential) and the use of Pd/In catalyst. In fact, the research results documented that the use of
membrane electrolysis with copper electrode associated to Pd/In catalyst is a promising process to
the reduction of nitrate with favorable conditions to gaseous compounds production instead of

nitrites generation.
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Tables with captions:

Table 1. Concentration of model solutions.

Table 2. Initial and final cell potential and conductivity of the nitrate solutions in the experiments
with a current density of 1.1 mA.cm™.

Table 3. Concentration of N-Nitrate, N-Nitrite and N-Gaseous compounds for the constant cell

potential at 5 V and 7 V (nitrate concentration of 600 mg.L™"), T= 28 °C.
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Tables:

Table 2. Concentration of model solutions.

Cathode compartment Anode compartment

Nitrate concentration  Sodium sulfate concentration

200 mg.L™! 700 mg.L™!
600 mg.L"! 1400 mg.L"
1000 mg.L"! 2000 mg.L"
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Table 2. Initial and final cell potential and conductivity of the nitrate solutions in the experiments

with a current density of 1.1 mA.cm™.

Nitrate Cell potential Cell C(zngll:ll_‘{;ty
solution (V) Compartment HS-

Initial | Final Initial | Final
. Cathode 416 1160

200 mg.L" 1304 | 7+0.6
Anode 1080 | 2039
. Cathode 984 2094

600 mg.L" 7£0.2 | 5£0.1
Anode 1941 3015
X Cathode 1563 | 3140

1000 mg.L" 6£0.3 | 5£0.4
Anode 2463 | 4140
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Table 3. Concentration of N-Nitrate, N-Nitrite and N-Gaseous compounds for the constant cell

potential at 5 V and 7 V (nitrate concentration of 600 mg.L™"), T= 28 °C.

) Cell Final Current | N Nitrate N-Nitrite N-Gaseous
Time (h) Potential density L L Compounds
otentia (mA.cm) (mg.L™) (mg.L™) (mg.L'l)
6 sv 1.4240.05 11743 1941 0.3+0
12 1.61+0.36 10543 3143 0.4+0
6 v 2.92+0.06 80+5 40+12 16+8
12 3.87+0.12 47+2 65+1 2342
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Figures captions:

Figure 1. Flow chart of the methodology used in the current work.

Figure 2. Design of cell A to electroreduction of nitrate.

Figure 3. Design of cell B to electroreduction of nitrate.

Figure 4. Scheme of cell A used to obtain the current-voltage curves.

Figure 5. Current-voltage curves for the cationic membrane in contact with the nitrate solution of
200, 600 and 1000 mg.L ™.

Figure 6. Data of polarization curve of the cationic membrane for solution of 600 mg.L ™" of NO3™
current density vs cathode potential and cell potential.

Figure 7. pH variation using the nitrate concentration of 600 mg.L™".

Figure 8. Concentration of N-Nitrate, N-Nitrite and N-Gaseous compounds for the nitrate
concentration of 600 mg.L™" (A), 1000 mg.L" (B) and 200 mg.L"' (C); current density

of 1.1 mA.cm?, T=28 °C.

Figure 9. Concentration of N-Nitrate, N-Nitrite and N-Gaseous compounds for the nitrate
concentration of 600 mg.L™" and current density of 2.1 mA.cm™, T= 28 °C.

Figure 10. Concentration of N-Nitrate, N-Nitrite.and N-Gaseous compounds for the nitrate
concentration of 600 mg.L" and reduced flow with a current density of 1.1 mA.cm™, T= 28 °C.
Figure 11. Effect of pH control on the reduction of nitrate using the nitrate solution of 600 mg.L"
after 12 hours of experiment, T=28°C.

Figure 12. Electrochemical experiments using cell B with and without catalyst (without pH control

and nitrate concentration of 600 mg.L™"), T= 25 °C.

24

Figure 13. Electrochemical experiments using cell B with and without catalyst (with 6-6.5 pH control

and nitrate concentration of 600 mg.L™"), T= 25 °C.
Figure 14. Scheme of nitrate electroreduction in cell of two compartments, divided by a cationic

membrane.



Downloaded by [Australian Catholic University] at 19:08 18 August 2017

Figures:
Lim determined ELECTROLITYC CELLA
by CVC curves (Cu Electrode)
v

Electroreduction with different operational parameters

25

ELECTROLITYC CELLB
(Cu Electrode)

v

Electroreduction with different operational
parameters (constant current density mode:

Chemical Characterization

-2
i L1 mA.cm)
N N v v N [—I_l
R pH: Flow:
Concentration Constant H:
of NO;: Without control: || 4 1000 or Constant cell current Catalyst: P
pH initial=6.5 460 mL.min e density: == Without control:
) ’
288 mg-t_‘ With contral- 50r7V 11or With or without | | pH initial= 6.5
I()()()mg. 3 ll*l— Z‘m 4:05. Anode: 2100 or 2.1 A 2 Pd/In catalyst With control:
mg; gH: 24 990 mL.min-! o pH=6-65

Chemical Characterization

Figure 1. Flow chart of the methodology used in the current work.
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Figure 2. Design of cell A to electroreduction of nitrate.
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Figure 3. Design of cell B to electroreduction of nitrate.
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Figure 4. Scheme of cell A used to obtain the current-voltage curves.
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Figure 5. Current-voltage curves for the cationic membrane in contact with the nitrate solution of

200, 600 and 1000 mg.L™".
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Figure 8. Concentration of N-Nitrate, N-Nitrite and N-Gaseous compounds for the nitrate
concentration of 600 mg.L'1 (A), 1000 mg.L'1 (B) and 200 mg.L'1 (C), current density of
1.1 mA.cm™, T= 28 °C.
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Figure 9. Concentration of N-Nitrate, N-Nitrite and N-Gaseous compounds for the nitrate

concentration of 600 mg.L™" and current density of 2.1 mA.cm™, T=28 °C.
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Figure 10. Concentration of N-Nitrate, N-Nitrite and N-Gaseous compounds for the nitrate

concentration of 600 mg.L" and reduced flow with a current density of 1.1 mA.cm™, T= 28 °C.
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Figure 11. Effect of pH control on the reduction of nitrate using the nitrate solution of 600 mg.L™

after 12 hours of experiment, T=28 °C.
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Figure 12. Electrochemical experiments using cell B with and without catalyst (without pH control

and nitrate concentration of 600 mg.L™"), T= 25 °C.
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Figure 13. Electrochemical experiments using cell B with and without catalyst (with 6-6.5 pH control

and nitrate concentration of 600 mg.L™"), T=25 °C.
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