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Abstract

The electrocatalytic activity of the copper electrode for nitrate electroreduction was performed
in acidic medium. The mechanism of the reduction reaction was studied by cyclic voltammetry. One
cathodic peak was detected at ca. -0.62 V/SCE, where the charge transfer reaction takes place. The
number of electrons involved in the corresponding potential was determined to be eight. The rate-
determining step was concluded to be the reduction of nitrate to nitrogen dioxide. According to further
analysis, the reduction reaction of NO,” on the copper electrode proved to be an irreversible process, with
diffusion as its limiting factor. At low concentrations ([NO, ]<0.1 M), nitrate removal follows first-order
kinetics, while it approaches zero at high concentrations ([NO,]>0.1 M). As a result, the adsorption
phenomena associated with the nitrate reduction process follow a Langmuir isotherm adsorption with
a -5.0 Kj mol™' adsorption Gibbs free energy. The charge transfer due to nitrate reaction and hydrogen
evolution was further verified by EIS measurements at different potentials, where the diffusion of nitrate
ions limits the reaction process. Bulk electrolysis results revealed that current density has a significant
effect on nitrate removal efficiency, as well as a percentage of nitrate destruction of up to 88% after 2h,
indicating the high capacity of copper for nitrate removal.
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Introduction

Over the recent decades, nitrate pollution in ground
and surface water has become a common and increasing
problem in numerous countries worldwide. This
contamination is due to the extensive use of nitrogen
based-fertilizers [1-3], which jeopardizes its viability
as a source of drinking water [4]. Excess nitrate in
drinking water can cause serious health problems [5],
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leading to ischemic heart disease [6], cancer [7, 8],
multiple sclerosis [9], Non-Hodgkim lymphoma among
other conditions [10], and methemoglobinemia or “blue
baby syndrome” [11]. For this reason, the threshold value
in drinking water is established by the World Health
Organization at 50 mg/L, which equates to 11 mg/L of
nitrogen coming from nitrate [12, 13].

Several physicochemical processes, such as biological
denitrification [14], adsorption [15, 16], coagulation
[17], reverse osmosis [18], ion exchange [19] and
catalytic reduction [20], are used for nitrate degradation.
During the last decade, electrochemical denitrification
methods, including principally electrodialysis [21],
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electrocoagulation [22], and electroreduction [23],
have been proposed in environmental technologies.
Electrochemical process could be applied to remove
nitrate from water. Nitrate is then reduced to different
products such as NO,, NO,", NO, N,O, N,, NH,OH, NH,,
and NH,NH, [24]. These techniques have superior
advantages in convenience, environmental friendliness,
selectivity, safety and cost— effectiveness.

The mechanism of nitrate electroreduction is very
complicated and strongly dependent on experimental
conditions like the electrode material [4, 25], cell
configuration [26, 27], electrolyte concentration [28§],
electrolyte composition [4], applied cathodic potential
and the presence of other anions in solution [29, 30].

A wide variety of metallic electrodes, such as Pt [31,
32], Pd [3], Cu [30, 33-37], have since been investigated
in acidic [31, 32, 34], alkaline [3, 30, 35, 37] and neutral
solutions [33, 35, 36]. It appears that Cu exhibited a high
activity for nitrate reduction. However, the mechanism
of electrochemical reactions has remained less studied.
For this reason, this work aims to investigate the
nitrate reduction pathway to determine the conditions t
hat allow high efficiency and selectivity of the reaction
product.

Experimental
Electrochemical Measurements

Cyclic voltammetry and impedance measurements
were carried out with a potentiostat/galvanostat
voltalab 40 type PGZ301 (Radiometer Analytical) at
room temperature (293 K) using a two-compartment
electrochemical cell. The working electrode was a
polycrystalline copper disk with 99.9 % purity (0.26 cm?)
embedded in a resin cylinder. A platinum wire of
0.1 cm? and a saturated calomel electrode (SCE)
were used as counter and reference electrodes,
respectively.

All working solutions containing 0.5 M H, SO, + xM
NaNO, were prepared from distilled water, sulfuric acid
(Fluka), and sodium nitrate (Fluka) just before use. The
solutions were not de-aerated or unbuffered. The pH of
the freshly prepared solution was around 1.7.

Before each test, the working electrode was polished
with 2000-grade emery paper, degreased with acetone,
cleaned with ethanol, and washed with distilled water.
Finally, before each experiment, the system was cycled
with a 0.5 M H,SO, solution at a 20 mVs™ scan rate in
the cathodic potential range between -0.3 V and -0.7
V (10 cycles), until stable cyclic voltammograms were
obtained. The response corresponding to the last scan
was recorded and compared with the response obtained
for the potential scans after mechanical polishing of the
electrode; this pretreatment is required for the electrode
stability check. The cell and all glassware were rinsed
with acetone and then ethanol. Finally, they were
carefully cleaned with distilled water.

The EIS spectra were recorded in the frequency
range from 102 to 10* Hz at several potential values.
Impedance data were analyzed with Zview software.

Electrolysis

Galvanostatic electrolysis was performed at various
current densities with two-compartment cell. The anode
is a platinum plate and the cathode is a metal sheet with
an area of 50 cm?. The electrolysis was performed during
120 min and the sample of treated solution was collected
each 15 minutes to quantify nitrate and ammonia
concentrations via UV-Vis spectroscopy (JENWAY
6405 UV/Vis). The variations of nitrate concentration
were monitored at a wavelength of 220 nm. The final
concentration of ammonia was determined by Nessler
method at 420 nm.

The efficiency of nitrate reduction was calculated
using the first order kinetics according to the following
rate law Equation (1):

C, = C, exp(—kr) 1)

Where C, is the initial concentration of NO,", and C,
is the concentration of NO,~ at the time t of electrolysis.
The nitrate elimination yield 7% was evaluated using

Eq. (2):

% = MX 100
o B

The ammonia selectivity was evaluated using
Eq. 3):

;NH3(%):X1‘/(CO_CI)XIOO (3)

Where X, is the concentration of the product NO,*
formed at time t.

Results and Discussion
Cyclic Voltammetry

Fig. 1 shows the CV response in 0.5 M H,SO,.
The figure reveals that no peak appears; only
hydrogen evolution is observed at ca.-0.70 V. However,
in the presence of 0.01 M NaNO, the wave centered
at ca.-0.6V is related to the reduction of nitrate.
The peak shifted to potentials that are more negative
as the scan rate increased; furthermore, no peak was
observed while sweeping in the positive direction
under all scan rates, as expected for irreversible redox
processes.

For a diffusion process, the number of electrons (n)
transferred in the overall reaction at potential Ep is
deduced by the Nicholson and Shain Equation (4) [38, 39]:
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Where C, is the bulk nitrate concentration
(mol cm™), v the potential scan rate (Vs™), D the nitrate
diffusion coefficient (1.4 x10° cm? s') [40], A the
electrode surface area (0.26 cm?), Ip the peak current
(A), a the charge transfer coefficient, and n_the number
of electrons involved in the rate-determining step.

According to what has been reported in the literature
[5, 41], the value of the diffusion coefficient used for the
determination of the number n of electrons involved in
the overall reaction according to Eq. (1) is 2 x 10 cm?s™.
However, N. Aouina et al. [40] have compared the D
values obtained by EIS in different nitrate concentrations
with the ones obtained earlier by the diaphragm cell
method [42]. Based on that, we choose the value of
1.4x107% cm?s™ obtained for a 10 M nitrate concentration
[401].

The value of the charge transfer coefficient o, was
estimated at 0.48; 0.5 from the following relationship
5) [5, 381

47,7 (V)
@, ®)
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Using the Equation (6) [38], the term n 0, can be
extracted from the slope of the curve (Fig. 3a) to be 0.41:
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The number of electrons n, involved in the rate-

determining step was found to be 1. Thus, the first

electron transfer of the overall reaction is the conversion

of nitrate to nitrogen-dioxide, according to the reaction:
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Fig. 1. Cyclic voltammograms on Cu electrode in 0.5 M H,SO, ,
0.01 M NaNO, at different scan rates. The black curve represents
the cycle voltammogram in 0.5 M H,SO,.

NO; oy T2H" +e — NO, +H20(7)

From the experimental slope of the linear plot of
peak [ asa function of the square root of scan rate v'2
(Fig. 2b), the number of electrons involved in the overall
reaction for a concentration of 0.01 M was estimated at
7.61; 8 electrons.

A few theoretical lines of -Ip vs. V' were plotted
with a varying number of electron transfer. Diagnostic
analysis indicates that one theoretical line had an
identical slope to the experimental line, which is in
good agreement with the theoretical line constructed for
eight electrons. As a result, the only reaction involving
eight electrons is the reduction of nitrate to ammonia, as
shown in the reaction below.

NO; g +10H" +8¢” — NH; +3H,0
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Fig. 2. Scan rate dependent peak potential at cu electrode in 0.5
M H,SO,+ 0.01M NaNO, a). Dependency of peak current on
the square root of scan rates. The dashed line for experimentally
nitrate reduction and the solid lines represent the theoretically
predicted line for 5, 6, 7, and 8 electrons transfer for reduction
NO,; D).
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This leads to propose the following step:

NO, +e" = NO, ©
In turn, NO, is reduced according to the reaction:
NO, +8H" +6e” — NH,; +2H,0 (10)

Thus, we conclude that the ammonium ion is the
final product of the electroreduction reaction of the
nitrate ion.

Kinetics
In order to elucidate some aspects of the nitrate

electroreduction process on a copper electrode, the effect
of nitrate concentration on cyclic voltammograms was

evaluated. For low concentrations, such as 10 M, the
current intensity is weak and the peak is large and ill-
defined (Fig. 3a). While well-formed peaks are observed
for 103, 102 and 10" M. Furthermore, the peak intensity
increases with nitrate concentrations, and reduction of
H*is shifted to more negative potentials. These results,
in agreement with the previous studies [43-45], can
be interpreted by considering that the nitrate ions or
intermediates are involved in these charge transfer step.
Therefore, surface active sites are blocked by nitrate or
intermediate species on different metals and media.
Another noteworthy feature of the cyclic
voltammograms corresponding to the most concentrated
nitrate ion solutions (0.5 M and 1.0 M) is the continual
increase in the reduction current and the disappearance
of peak and wave. This divergence suggests that the
mechanism is different below and above 0.1 M. Also, at
low concentrations, sulfate ions occupy a large number
of free sites, while at high concentrations, nitrate ions
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Fig. 3. Cyclic voltammograms of different nitrate concentrations on Cu electrode in 0.5 M H,SO, at scan rate 20 mVs™ a) and —log I (at

fixed potential of -0.60 V) vs log [NO, ] b).
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can compete with SO,* ions for available sites [43].

log I (at a fixed potential of ca.-0.6 V) as a function
of log[NO,"] may be expressed by the following equation
(11) [44, 46]:

logl, = logk +ylog[NO3] (1

Where k£ is the kinetic rate constant and y is
the kinetic order. From the straight line, shown in
(Fig. 3b), the kinetic order reaction was found to be 0.87
and 0.27 for nitrate concentrations below and above
0.1 M. The reaction order is close to 1, indicating a
first-order kinetic, which is in agreement with values
obtained by most studies [4, 28, 47]. On the other
hand, the kinetic order of value 0.27 shows that at high
concentrations of [NO,1>0.1 M, the amount of adsorbed
electroactive species is more important. The change
in kinetic order as a function of nitrate concentration
confirms the adsorption of electroactive species prior to
charge transfer.

Clearly, the adsorption-desorption equilibrium
limited the overall reduction of nitrate ions. For this
reason, its adsorption free energy was calculated.

According to the literature [44, 48], a Langmuir
isotherm was adopted to evaluate the nitrate adsorption
equilibrium constant, b, which can be determined by the
following Equation (12):

[Nvo,s ] +[N03‘]
I, bl

P,max IP,max (12)

Analysis of the data in Fig. 4 at the copper electrode
[NO; ]
1

r

reveals a linear plot of versus [NO,| with a

correlation coefficient of 0.99. Thus, the isotherm of
Langmuir describes the adsorption of nitrate ions.
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Fig. 4. Langmuir adsorption isotherm of NO; ions on Cu
electrode at -0.60 V.

The equilibrium constant b was determined to be ca.
8.01 M. The adsorption free energy A ,G° of NO, ions
on Cu was calculated from A G° = —RT Inb [44]
and estimated at ca.-5.06 KJ mol. This value is lower
than the reported one for Pd ,Ni, P electrode (i.e.-7.3 Kj
mol™) [49].

The results reveal that the copper has catalytic
activity for electrochemical nitrate reduction, which
requires adsorption of electro-active species onto the
electrode surface.

EIS Measurements

Fig. 5 represents the impedance spectra of 0.01
M NaNO, in 0.5 M H,SO, at different potentials. The
Nyquist plots depend on the frequency of the excitation
potential and the possibility of charge transfer.
Additionally, the plots were similar and revealed a
single capacitive loop near perfect semicircle at high
frequencies and linear impedance with an angle of ~50°
to the real axis at low frequencies. This latter feature is
due to relaxations occurring at the electrode-solution
interface and indicates a diffusion-controlled charge
transfer mechanism, which might be the nitrate towards
the surface electrode. At high frequencies, the diameters
of the capacitive loops decreased, indicating that charge
transfer resistance decreased due to the reaction (1), and
because diffusing reactants do not have to move very
far, the impedance due to nitrate ions diffusion is low.

The insets of Fig. 5 show the respective equivalent
circuits obtained by simulating the experimental
Nyquist data with Zview software. The equivalent
circuits consist of a constant phase element (CPEI) in
series with a solution resistance (R1) and in parallel
with a branch of diffusion, i.e., charge transfer resistance
(R2) and Warburg impedance (W,). The following

35
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o
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=
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Fig. 5. Nyquist plots of Cu in 0.5M H,SO, + 0.01 M NaNO,
at different potentials. Insets show the corresponding equivalent
circuit to the Nyquist plots.
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Fig. 6. Effect of current densities on nitrate residual concentration
using Cu electrode. The initial concentration of nitrate was
62 mg/L.

equation gives the value of the double layer capacity:
C, = CPEl(w_, *"), with @ = 2zf (f represents the
frequency at which the imaginary value reaches
a maximum on the Nyquist diagram). However, the
second time is related to the layer’s response formed
on the surface of the electrode (CPE2, R3). These
parameters are grouped in Table 1.

At ca.-0.72 V, the water reduction reaction is favored,
which is explained by a significant decrease in the
polarization resistance. The low value of polarization
resistance is attributed to the blocking of surface sites
by hydrogen, which inhibits the diffusion of nitrate ions
towards the surface.

On the other hand, the SIE diagrams obtained
in a 0.5 M H,SO, acid medium at different NaNO,
concentrations (data not shown) clearly show that
whatever the nitrate concentration, the relaxation time
linked to the diffusion is observed. Although, based
on polarization resistance values, it appears that at
moderate nitrate concentrations, reduction is favored
while it is retarded at high concentrations. These results
confirm those obtained in section 3.1.

Bulk Electrolysis

In order to evaluate the activity of the copper towards
the nitrate reduction reaction and quantify the yield of

1(mg/L)

= 54
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Fig. 7. Variation of ammonia concentration at different current
densities formed onto Cu electrode and 62 mg/L of NO, .

the reaction, galvanostatic electrolysis (0.5+3.0 A dm?)
was carried out for 120 min in freshly prepared solutions
with an initial nitrate concentration of 62 mg/L.

The results in Fig. 6 showed a decrease in the final
nitrate concentration when electrolysis time increased at
all current densities.

During electrolysis at 0.5 A dm?, it appears that
the reduction of nitrate is low, and the acceptable limit
was not reached after 120 min. While, the initial nitrate
concentration of 62 mg/L could achieve the WHO
guideline value of 25 mg/L during 2 hours of electrolysis
for 1.0 A dm™ and 3.0 A dm? with maximum removals
of nitrate of 75.73 % and 88.06 %, achieved up to
120 min, respectively.

Moreover, for both current densities, the removal
efficiency increased with time during the first
30 min to become very slow for the rest of the
electrolysis. The same observation is applicable to the
conversion rate, which reaches 77.16 % after 30 min
for 3.0 A dm?, which is greater than the value
obtained after 120 min for a current density of
1.0 A dm? By comparing the efficiency values
of electrolysis at all current densities, we found
that the copper electrode is useful for eliminating
nitrate by electrochemical treatment. The current
density determines the rate reduction. The values
of first order rate constants were estimated as

Table 1. Physical parameters deduced from EIS measurement performed at different potentials.

Potential R, CPE, a R, CPE a R3
(mV) (Q.cm?) (F cm? s(-9) ! (Q.cm?) 2 2 (Q.cm?)
-548 1.39 1.71 10+ 0.889 14.21 W, =81.82
-620 1.38 1.726 10+ 0.878 11.82 6.83 107 0.628 43.44
-720 1.435 1.0713 10* 0.93 3.15 8.389 10 0.8667 0.826
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0.00145, 0.0112, and 0.0129 min' for 0.5, 1, and
3 A dm?, respectively. The nitrate could be removed
through an electrochemical process by first-order
kinetics; this result is in agreement with those obtained
in kinetics section.

The analysis of NH," at different current densities, as
shown in Fig. 7, indicates that ammonia concentration
increased from 2.95 to 7.2 mg/L, corresponding
to a percentage of ammonia formation up to 45%.
This result requires optimization of the electrolysis
parameters to improve the copper electrode selectivity.

Conclusions

In this study, the electrochemical reduction of nitrate
ions was investigated on copper in 0.5 M H_SO,. The
reaction shows a single wave centered at -0.60 V vs.
SCE, which is undoubtedly due to the reduction of NO,".
The rate-determining step was found to be the reduction
of NO,~ to NO,, which is in accordance with some
previous studies [50], and in contrast with [30, 51], where
the limiting step involves 2 electrons, i.e., from NO,™ to
NO,". Then a one-electron step corresponding to the
conversion of NO, to NO,” was followed by a third six-
electron step to produce NH,". Thus, a mechanism was
proposed, where the final product of electroreduction
of NO, is ammonium ions. The cyclic voltammograms
revealed that NO,” adsorption follows the Langmuir
isotherm, which is a required step for electrochemical
processes. The order of the reaction depends on the NO,~
concentration. It decreases from 0.87 ([NO,]<0.1 M)
to 0.27 ([NO,]=0.1 M). Galvanostatic electrolysis
during 2 hours shows a nitrate conversion up to
75.53 % and 88.06 % for densities current of 1.0 and
3.0 A.dm?, respectively. Process efficiency increases
with increasing current densities, and 30 min of
treatment at 3 A.dm? proved to be enough in order
to remove nitrate almost entirely (88.06%). NH,", as a
reaction product, can reach a percentage formation of up
to 45 %.
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