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Abstract

The electrochemical reduction of NO3 in 0.1 M K5SO4 and 0.05 m KNOj solution was studied on various electrodes
in two different cell configurations, a divided and an undivided one. The products in all cases were NO>, NH3, N,
and small amounts of NO, and NO. The more efficient cathodes as regards the conversion of NO3 to N, were Al
and the alloy Sn85Cul5, where the selectivity for nitrogen formation was 43 and 35.3% at —1.8 and —2.0 V,
respectively. The kinetic analysis of the experimental results was carried out by numerical solution of the resulted
differential equations according to the scheme:

k — kg
L ,NO;

NO; NH;

NO; 2N,

The rate constants on Sn85Cul5 at —2.0 V for the above reactions were found to be k; =4.9 x 1074 571,

kr =1.76 x 107 s™" and k; = 7.66 x 1073 I mol™' s™!. At more negative potential more NO5 ions reduced and
converted either to N, or NHj3. The rate constant of reduction of nitrate was almost the same in the region between
—1.7 and -2.0 V, because the reaction is limited by the diffusion. In order to oxidize a part of the undesirable
byproducts NO5 and NHj at the anode of the cell to nitrate and nitrogen respectively, an undivided cell was used.
Comparison between the two cell configurations indicated that, although in the undivided cell the % removal
efficiency of nitrate was lower than that in the divided one, the selectivities of NO; and NH; were 4.8 and 2.2 times

lower, respectively.

1. Introduction

Nitrate is a worldwide groundwater contaminant mainly
due to the use of nitrogen fertilizers, industrial wastes as
well as animal wastes and septic systems [1]. High
concentration of nitrate in potable water can cause
several health problems such as the “blue baby syn-
drome” in infants, liver damage and cancer. The
maximum contaminant level (MCL) in wastewaters
and potable water is 45 mg ™" in the United States,
while in the European Union is 50 and 15 mg ™" for
infants [2, 3].

Various methods such as biological, physicochemical,
chemical and electrochemical have been proposed for
the removal of nitrate from potable water and waste-
waters. Even though biological denitrification is the
method of choice it has various disadvantages e.g. it is

slow, difficult to control, produces organic residues and
requires intensive maintenance and a constant supply of
the organic substrate [4]. Furthermore, it can be used
only at concentrations lower than 1000 mg 17!, since
higher ones can be poisonous to the bacteria. The
physicochemical processes such as ion exchange [5],
reverse osmosis [6] and electrodialysis [7] produce
secondary brine wastes, because the nitrates are merely
separated but not destroyed. The chemical methods
produce toxic byproducts, such as nitrite and ammonia
and require either large quantities of metals [8§—11] or
hydrogen as reducing agent, which is an unsafe and
difficult to handle gas [12—-14].

Electrocatalytic processes have been extensively stud-
ied in the last 30 years [15-21]. Three different ways of
electrocatalytic reduction of nitrates are known [5]: (i)
addition of electrocatalytically active ions such as VO3,
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MoO3~, WO3~ or cobalt complexes [22] directly to the
treated solution (ii) immobilization of the catalyst on the
cathode surface, for example, carbon electrode modified
with phthalocyanine complexes [23] and (iii) electrocat-
alytic reduction on solid electrodes [15-21]. Many solid
electrodes have been tested including Pb [18, 19, 24], Ni
[18, 19, 24, 25], Fe [19, 24], Cu[l5, 23, 25, 26], Pt[16, 27,
28], Zn[29], Ru[30], Pd[26, 30, 31], C[21, 24, 25] and
Ir[16, 30]. Among these, copper was shown to be the
most efficient electrocatalyst [32] concerning the rate of
the nitrate reduction.

The main problems in the electrocatalytic reduction
of nitrates on solid electrodes are the low rate of
reduction and the production of more toxic byproducts
than nitrates, such as NO>, NH; and NH,OH. The
electrochemical methods are ideal for the removal of
nitrate from the concentrated secondary brine produced
from the physicochemical methods and from water
solutions containing poisonous compounds, such as
nuclear wastes [19, 24], where the biological denitrifi-
cation cannot be applied. This work deals with the
electrochemical reduction of nitrates on different elec-
trodes including lead, zinc, aluminum, copper and
copper alloys in two different cell configurations,
divided and undivided. The byproducts such as nitrite
and ammonia can be partially oxidized on the anode of
the undivided cell to nitrate and gaseous products
respectively. The experiments were performed in a
neutral solution, which resembles the natural waters.
Moreover, this work includes kinetic analysis of the
experimental results and the influence of potential on
the product distribution.

2. Experimental details
2.1. Cell, materials and electrodes

A Teflon electrochemical cell having a total volume of
40 ml was used in all experiments. A Nafion 117 (H"
form) cation exchange membrane divided the cell into
two equal volume compartments. In the undivided cell
the anodic compartment and the Nafion membrane were
not used. The geometrical area of the cathode was
12.56 cm? and the anode was a platinized Pt foil (Alpha
Metal) of equal area. The potential was controlled by a
Wenking LB 81 H (Bank Elektronik) potentiostat and
the reference was a saturated Ag/AgCl electrode. Ultra
pure water (Sation 9000) was used for the preparation of
the solutions in all experiments.

Copper electrodes(Alpha Metal 99.999%) were anod-
ized in 14.7 mol I"!' phosphoric acid at 500 mA for
100 s. Zinc (Aldrich 99.999%) and lead(Merck 99.96%)
electrodes were immersed in 10% w/w HNO; for 10 s
and then washed many times with distilled water.
Aluminum(Merck 99.95%) and carbon felt (Electrosyn-
thesis Co.) were used without pretreatment. Palladium
electrodes were prepared by electrodeposition using a
(CH5COO),Pd (1% w/v) bath at a constant current

density of 1 mA cm™ for 1 h. The alloys were com-
mercial screens (Alexandris Co.) of 100 mesh, Cu60Zn40
and Sn85Cul5, which were washed many times with
CHCl; and water.

2.2. Analytical methods

At specific time intervals, samples of 0.1 ml were
withdrawn from the catholyte by a chromatography
syringe and after the appropriate dilution were analyzed.
The determination of nitrate, nitrite and ammonia was
performed by standard methods [33]. The determination
of nitrate was based on its light absorption at 220 nm.
Nitrite and ammonia were determined by the naphthy-
ethylenediamine method (543 nm) and the phenate
method (630 nm), respectively. Experiments for the
possible formation of hydrazine and hydroxylamine
were performed by colorimetric methods [34, 33].

A flowing stream of He (Figure 1) with a constant
rate of 15 ml min~' withdrew the gaseous products from
the cell, when the analysis of the gaseous products was
necessary. The solution was degassed for about 30 min
before applying the voltage. The analysis of hydrogen,
nitrogen and nitrous oxide was carried out by GC
(molecular sieve 5A column 0.3175 cm i.d., 1.8 m) by
using a temperature program from 80 (2 min) to 180 °C
(65°C min™") and a thermal conductivity detector
(TCD). The detection limit of N,O was relatively high
and so only concentrations above 500 ppm could be
measured. Nitric oxide and nitrogen dioxide were
detected using an Environment S.A. (AC 30 M) ana-
lyzer.

The pH of the catholyte shifted towards more basic
values during the electrolysis as a result of the electro-
chemical reactions that took place [36] and thus a part of
the produced ammonia escaped from the cell due to the
He stream. This amount was further stripped in a glass
tube containing 0.5 M H,SO4 solution, which was
connected following the cell as shown in Figure 1. In
addition, another part of the produced ammonia passed
through the Nafion membrane as ammonium cation and
thus the analysis of the anolyte was necessary. There-
fore, the total ammonia in the experimental results is the
sum of the above-mentioned parts.

He 15 ml min™! Loop
— f‘\ _
{ 7 NOx Analyzer
) | RE[() l
- [ Auxiliary Gas
il | | GC  (Respal)
 HSO,IN
M

Fig. 1. Experimental set-up.



3. Results and discussion
3.1. The influence of the electrode material

Table 1 summarizes the experimental results of the
reduction of NO3 on various metals and alloys. The %
selectivity (%S) was calculated as the fraction of the
produced moles of each product to the removed moles
of nitrates multiplied by 100, apart from nitrogen, which
was multiplied by two, since 2 mol of nitrate are needed
for the formation of 1 mol of nitrogen. These results
have a semi quantitative character, since the potential
and the specific area of the electrodes were not the same.
The selectivity of N, was high on Al(43%), Sn85Cul$5
(35.3%) and Pb(17%). As far as we know aluminum has
not been used for the electrochemical reduction of
nitrate, but lead [19] and tin alloys, such as SnPt and
SnPdAu [37-39] are known electrocatalysts for the
conversion of nitrate to N,. The increased %S of
nitrogen on SnCu alloy, in comparison to that of
copper, is possibly related to the higher overpotential of
Sn for the hydrogen evolution reaction, which inhibits
the hydrogenation of the produced nitrite to ammonia,
leading the reaction to nitrogen.

The cyclic voltammograms of the reduction of nitrate
on SnCu and Al, which are the most promising metals as
regards the conversion of nitrate to nitrogen gas, are
shown in Figure 2(a, b). The cathodic current due to
hydrogen evolution on SnCu starts to increase at
—1.65 V, while that of nitrate at —1.6 V. The irregular
current fluctuations between —1.7 and —2.0 V in our
system are likely to be caused by the formation of
hydrogen bubbles at the electrode surface. The cyclic
voltammogram on the Al (Figure 2b) cathode shows
that the reduction of nitrate takes place at potentials
more negative than —1.4 V and thus the overpotential
on Al is lower by 0.2 V than that for bronze.

The main product on copper electrode is ammonia
(Table 1) that is a hydrogenated product of the reduc-
tion. The selectivity for NHj; formation was high
(>70%) on Cu, Cu60Zn40 and Zn, but the % removal
efficiency (RE) of nitrate on Zn was significantly lower
than the others. It should be mentioned that the
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Fig. 2. (a,b) Cyclic voltammograms on (a) Sn85Cul5 and (b) Al
without nitrate (—) and in 0.05 M KNOj3 (-). Scan rate is 20 mV s’
and supporting electrolyte is 0.1 M K,SO4.

selectivity of nitrogen oxides NO and NO, was very low
in all cathodes and that hydroxylamine and hydrazine
were not detected.

Table 1. Removal efficiency of nitrate and selectivity of the products at various electrodes and potentials. Electrolysis time 12 h

Cathode E/V vs Ag/AgCl NO3 % removal % S
efficiency

NO3 NH; N, NO NO,
Cu -1.5 90.0 11.1 773 1.0 r 0.1
Zn -1.5 61.0 24.6 75.3 ®nd tr tr
Al -1.8 88.6 23 53.3 43.0 nd nd
Pb -2.0 93.3 0.1 68.5 17.1 0.1 0.02
Carbon felt -2.0 94.9 15.2 73.8 3.5 tr tr
Pd on carbon felt -1.5 29.7 67.7 324 nd tr tr
Cu60Zn40 -1.5 99.1 9.6 75.2 2.1 0.8 0.1
Sn85Culs -1.6 55.0 85.8 3.6 139 nd nd
Sn85Cul5s -2.0 97.4 17.4 41.1 353 0.01 0.5

dr = traces.
®nd = not detected.
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3.2. Kinetic analysis of the experimental results on
Sn85Culs

Even though Al was the most efficient cathode for the
conversion of nitrate to N, the kinetic analysis was
performed on Sn85Cul5, because the reproducibility of
the experimental results was better. This is possibly due
to the corrosion of the Al, during the experiment, from
the produced hydroxide ions [36], through the formation
of the AI(OH)j ion.

Figure 3 shows the concentration of nitrate, nitrite,
ammonia and nitrogen at a constant potential of
—-2.0 V vs Ag/AgCl, as a function of electrolysis time,
by considering nitrogen as a product of homogenous
reaction. The concentration of nitrate follows a first-
order exponential decay, while that of nitrite increases
until 45 min and then decreases. A similar form of
these curves has been previously reported by other
workers on Pb [19] and Cu [25] and it is an indication
that the reduction proceeds through a consecutive-
reaction mechanism [40]. It should be noted that the
reduction of nitrite under the same conditions gives
nitrogen and ammonia. Based on the above the kinetic
analysis was performed assuming the following reduc-
tion scheme:

/\'1 kz

NO; NO; NH;
NO; 2N,

The differential equations are:

dINOs | []Z:;] — ki [NO5 ] (1)
% — 0 [NO3] — ka[NOy] - 265 [NOs > (2)
d%ﬁ] = ks [NO5 | 3)

Concentration/ mM

20 40 60 80 100 120
Time/ min
Fig. 3. Variation of the concentration of () nitrate, (o) nitrite, (A)

ammonia and (V) nitrogen against the electrolysis time on a
Sn85Cul5 cathode at —2.0 V vs Ag/AgCl.

d[N,]
dt

= ks[NO; | 4)
The solution of the Equation (1) is:

[NOY| = [NO;]oe_k” =In [[]ZVVOO;]] = —kyt (5)

where [NO3], is the initial concentration. The rate
constant of the first step was found to be
ki =49x10*s™" at -2.0V, as the slope of the
regression line of Equation (5).

The system of Equations (2-4) cannot be solved
analytically and so the variable order Adams—Bash-
forth-Moulton predictor—corrector solver (PECE)
method [41] (Mathlab 6.5) was used for the numerical
solution and the estimation of the optimum values for
the parameters k, and k;. The initial conditions were
[NO3] = 50 mm, [NO3] = 0,[NH;3] = 0and[N,] = 0.
The calculated values were k»=1.76x 107> s and k3 =
7.66 x 1073 1 mol™' s7!. In fact, the values of the rate
constants include the hydrogen adsorption according to
reference [42], where the rate of nitrate, when the
hydrogen coverage is high, can be expressed as:

d[NO5]
dt

When the hydrogen coverage ¥y is constant, the factor
k(1-0y) can be replaced by a new constant k;. This
condition is satisfied in our case, because the experi-
ments were performed in the region of hydrogen
discharge, and thus the obtained values from the
proposed model fit well to the experimental data, as
shown in Figure 3, where the curves depict the theoret-
ical predictions.

The total current is the sum of the partial currents of
all the products and can be expressed as follows:

= —k(1 — Un)[NO5]

1= iNo; + INH; + iN, + i, (6)
_ - dINO; | d[NH;] d[N,] d[H,]
]—H]FT-i-nzF a7 + 3 F a7 + nmyF a7

(7)

The number of electrons is: n; =2, n,=n3=6, n,=4 and
F=96,485 C mol™".

Figure 4 shows the total current of the electrolysis
and the calculated one from Equation (7). The partial
currents of nitrite, ammonia and nitrogen were calcu-
lated after the differentiation of the corresponding
curves of Figure 3 and the partial current of hydrogen
was calculated after polynomial fitting of the exper-
imental data. The simulation for the total current fits
the experimental data, reasonably well if it is taken
into account that it includes the total experimental
error of the analysis. Furthermore, the simulation
curve displays two local maxima for the current,
which were observed experimentally, although the
maxima were expected at shorter electrolysis times.
The average current efficiencies (%CE) of the main
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Fig. 4. Total current (W) and the simulated current vs electrolysis
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Fig. 5. Average rate of (W) nitrate, (o) nitrite, (A) ammonia, (V)
nitrogen and (&) %CE of hydrogen as a function of the negative
potential on Sn85Culs. Electrolysis time 2 h.

products in this experiment were H,:
15.1%, NO5: 3.1% and NHjs: 47.9%.

28.2%, Na:

3.3. Effect of potential

Figure 5 shows the average rate of formation of the
main products on Sn85Cul$5 at various potentials. The
increase in potential favors the formation of N, and
NH; and this is plausible if we assume that these
products are formed through the reduction of the
adsorbed NO, which is a potential controlled process
as supported by other workers [26]. The increase in the
rate of ammonia is more intense at potentials above
—1.8 V, as a result of the increased hydrogen evolution
in this potential region. This can be attributed to the fact
that the formation of ammonia needs the hydrogenation
of the adsorbed NO and therefore its rate is expected to
increase with increase in the surface coverage by
adsorbed hydrogen. The decrease in the rate of nitrite
formation is typical for the intermediate product of the
consecutive reactions mechanism [40].
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It should be noted that the rate of NO3 reduction is
approximately the same in the potential regioin between
—1.7 and —2.0 V. In order to clarify whether the reaction
is limited by diffusion in this potential region, Fick’s first
law was applied assuming steady state conditions, linear
axial concentration gradient, no radial diffusion and first
order kinetics for the reduction of nitrate. The initial
flux of nitrate is [43]:

DC klb k1b2

(8)

diffusion coef-
2 m?s™") [44],

where N = flux rate(mol m_2 sh, D =
ficient of the nitrate in water (1.9x 10

Cy, = the initial concentration of the nitrate
(50 mol m™), b = the length of the cathode
space(0.015 m) and k; = 4.9 x 10~* s™'. By substituting
these values in equation (8) we  obtain

= 4.8 x 107> mol m™? s™". The apparent area of the
cathode was A = 133 x 107 m? and thus the total
diffusion rateis ry = N'A = 6 x 10~ mol s™!. The initial
rate of reduction of nitrate from the experimental data
was found to be 3.1 x 1077 mol s~ at —2.0 V. The fact
that the measured rate is higher than the predicted one
from equation (8) can be attributed to the participation
of forced convection, due to the He stream and to the
roughness factor of the electrode, which was not taken
into account.

The effect of the potential is given by Equations (1-4)
by replacing the potential dependence of the rate
constant k; (i = 1, 2, 3) by:

ki=ke " = Ink; = k% — a9 9)
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Table 2. Removal efficiency of nitrate and selectivity of the products at various electrodes and potentials in a divided and in an undivided

cell. Electrolysis time 12 h

Electrode material E/V vs Ag/AgCl Divided cell

Undivided cell

%RE %S %RE %S

NO3 NO> NH; Gases NO3 NO> NH; Gases
Cu60Zn40 -1.50 99.1 9.6 75.2 3.0 91.5 3.1 34.6 62.3
Sn85Culs -2.00 97.4 17.4 41.1 353 93.4 1.9 18.5 79.6
Sn85Culs -1.90 98.8 22.6 28.5 34.6 92.1 4.7 12.8 82.5
Al -1.80 88.6 2.3 533 43.0 82.1 0.6 353 64.1
Pb -2.00 93.3 0.1 68.5 17.2 86.4 1.1 453 53.6

where kY is the rate constant at zero potential, a; the
charge transfer coefficient, ¥ = EF/RT and E is the
potential vs NHE.

Equation (9) shows that the logarithm of the rate
constant is in a linear relationship with the potential.
The values of k;, k>, and k53 at each potential can be
calculated as mentioned above by the numerical
method. The plot of Ink as a function of potential gives
the &7 as intercept and the charge transfer coefficient (a;)
as the slope. Figure 6 shows that the experimental
results follow the above-mentioned relationship, since
the correlation coefficients for the Ink, and Ink; were
found to be 0.994 and 0.945, respectively. The logarithm
of ky is not depicted in Figure 6 because the reduction of
nitrate to nitrite in this potential region is a diffusion-
limited process. The slope for Ink, vs E was found to be
5.12 and thus o, =0.131. In the same way we obtain
o3 =0.089.

3.4. Electrolysis in an undivided cell

The experimental results clearly show that Sn85Cul5 is
an efficient electrocatalyst for the reduction of nitrate,
since both the reduction rate and the selectivity of N,
are high. In order to oxidize the produced ammonia and
nitrite on the anode of the cell some experiments were
conducted in an undivided cell.

Table 2 shows the % removal efficiency of nitrate and
the selectivity of nitrite and ammonia in a divided and
an undivided cell on various electrodes. The selectivity
of the gases in the undivided cell was obtained by
abstraction of the selectivities of nitrite and ammonia
from 100%. The comparison between the two cell
configurations shows that the concentration of the
byproducts is lower in the undivided cell in all the
examined cases. For example, on Sn85Cul5 at -1.9V
the %S of ammonia and nitrite are by 2.2 and 4.8 times
lower respectively. When the electrolysis was continued
for 24 h the %S of the products were not significantly
different, because of the low rate of diffusion of
ammonia and nitrite to the anode. In contrast, the
removal efficiency of nitrate is lower in the undivided
cell. In order to confirm if the decrease in the %RE of
nitrate was due to the partial oxidation of the produced

ammonia to the initial nitrate on the anode, we
performed two experiments on the anodic oxidation of
ammonia from a solution containing 0.1 m K,SO4 and
0.05 M (NH4)SO4 on Pt anode at 2.3 and 2.5V vs
Ag/AgCl. These potentials were selected because the
observed anodic potential in the undivided cell was in
this range. The experimental results showed that the
%RE of ammonia was 12 and 15% and the %S of nitrate
was 85 and 92%, respectively. This result is in agreement
with a previous study by Gootzen et al. [45], who
pointed out that when the surface of the anode becomes
oxidized, the oxidation of ammonia leads exclusively to
oxygen containing compounds.

In conclusion, our experimental results indicated that
even though the final concentration of ammonia and
nitrite is lower in the undivided cell it is difficult to
achieve environmentally acceptable values in this way.
This work is in progress by applying rapid square wave
potential pulses with the appropriate anodic and
cathodic limits and frequency [46].
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