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Electrochemical Removal of Nitrite Using an Activated Copper

Rotating Cylinder Electrode
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An undivided electrochemical reactor with a rotating cylinder electrode was examined for the removal of nitrite from a synthetic
effluent, 30 mmol dm~3 NaNO, in 0.1 mol dm~3 Na,;SOy as supporting electrolyte. Nitrite was reduced to ammonia at a copper
cathode activated by a film of copper oxides, which was anodically produced at a potential of 18 mV against saturated calomel
electrode, SCE, in the supporting electrolyte. The deactivation of the cathode was avoided by application of a periodic potential
reversal, PPR, technique making the rotating electrode work 5 min as a cathode and 5 min in reactivation. The reactor performance
was improved applying both strategies, cathode activation and use of a PPR procedure. The best results were obtained at a cathodic
potential of —1.3 V vs. SCE, ammonia being the main product of the reduction of nitrite, obtaining a molar yield of 94% and a
current efficiency of 59% with a nitrite conversion of 92% in an experiment of 1 h.
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Nitrite is present in industrial effluents such as low level nuclear
waste! and aquaculture wastewaters from fish factories.” Fortunately,
drinking water rarely contains nitrite. The presence of nitrite in water
bodies at concentrations greater than the guideline values causes health
problems in humans and animals.® For industrial wastewaters, the
WHO-recommended treatment technique is disinfection/chlorination
in order to oxidize nitrite to the less toxic nitrate.* Nitrite removal
methods include ion exchange® and biological denitrification.® How-
ever, there are disadvantages associated with both approaches, in-
cluding the need for regeneration and disposal of spent regenerant
with ion exchange, as well as the potential for microbial and carbon
feed contamination of the final water with biological denitrification.*
Thus, electrochemical processes can compete favorably with these
technologies.” Furthermore, the importance of studying the reduction
of nitrite lies in the fact that it is the main intermediate of nitrate
electro-reduction.

A useful graphical representation of the thermodynamics of elec-
trochemical systems are so-called oxidation state diagrams, or Frost-
Ebsworth diagrams, which plot the change of free energy, expressed as
the exchanged electron number multiplied by the equilibrium potential
for the half-reaction of a particular nitrogen compound with respect to
nitrogen gas, versus its oxidation state.® Fig. 1 shows such a diagram
for the most important compounds in the nitrogen system in neutral
or alkaline solution at 30°C. This graph illustrates that the preferred
end products in the reduction of nitrite are nitrous oxide, nitrogen gas
and in less extension also azide. Moreover, a straight line, represented
in dashed shape in Fig. 1, from the zero oxidation state to the point
at +3 oxidation state shows that the point at 4+1 oxidation state lies
above this line. This means that N,O is thermodynamically unstable
and it decomposes into NO; and N,. Thus, nitrogen can be recognized
as the main product expected by the nitrite reduction. Furthermore,
according to Fig. 1 the nitrite oxidation to nitrate is favored.

In water treatment applications the common goal is to convert
nitrite to N, as shown below:

NO; +2H,0 +3e™ — 1/2N, +4HO™ [1]

but hydroxylamine and ammonia are usually formed and the elec-
trolyte gradually becomes alkaline.

NO; + 4H,0 + 4~ — NH,OH + SHO™ 2]
NOj + 5H,0 + 6e~ — NH; + 7HO™ 3]

Main parasitic reaction at cathode is hydrogen evolution:

2H,0 + 2e¢~ — H, + 2HO™ [4]

“E-mail: oglezp @fiq.unl.edu.ar

Electrochemical reactions at anode are oxygen generation:
2HO™ — 1/20, + H,0 + 2e” [5]
and re-oxidation of nitrite to nitrate:
NO; +2HO™ — NO;5 + H,0 + 2¢™ [6]

Nitrite can be electrochemically oxidized or reduced. The preferred
material for oxidation is Pt® although copper oxides have also been
used.’ Nitrite reduction has been extensively studied on Pt, other met-
als or functionalized electrodes in acid, neutral and basic solutions.®
From the above review it is inferred that despite the large number of
fundamental contributions devoted to this subject, the cathodic reduc-
tion of NO; has not been well understood. Thus, the type of product
depends on the concentration of nitrite as well as on cathode material,
electrode potential and charge passed. In general, the cathodic behav-
ior of nitrite is similar to nitrate, hence materials for NO; removal
could be used for NO; abatement. Of the coinage metals, copper is
the most active surface for nitrate reduction and it has been widely in-
vestigated as a catalyst for these reaction.® Ammonia was reported to
be the final product. However, the electrocatalytic reduction of NO5
at Cu is strongly hindered by the presence of specifically adsorbing
anions as well as nitrate-reduction products. Besides, the decrease
of the electrocatalytic activity of the Cu electrode may be due to its
poisoning by adsorbed hydrogen, blocking the electrode surface for
further reduction of N-containing molecules. Methods that activate
copper for nitrate reduction comprised high-energy ball milling and
alkaline pre-treatment. For the latter approach, by applying a less neg-
ative potential at the cathode than that required for nitrate reduction it
is possible to reactivate the copper electrode by means of desorbing
the poisoning species.'®
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Figure 1. Oxidation state diagram of inorganic nitrogen compounds in neutral
or alkaline solution at 30°C.
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Furthermore, electrochemical reactors for the direct removal of
nitrite with different configurations and operating modes have been
designed. Electrochemical previous studies on nitrite removal dealt
with different configurations: parallel-plate,'' H-cell,'>'* batch, 4!
PEMFC-type?>~?* and flow cell.>> In a series of papers, Shibata et al.
studied NO; reduction using gas-diffusion electrodes with various cat-
alysts: Cu,”’?® Ag,® Au,”® Cd,” Pd* and metallophthalocyanines.*
In all cases, NO; is reduced to NH; with H, evolution. They found
that copper was the most suitable material. Moreover, NO; -direct re-
duction in alkaline nuclear waste solutions using FM01 LC and MP
Cell devices has been studied.!> The cathode materials were Pb or
Ni and the anodes were Pt, 316 stainless steel, SS, or Ni. They iden-
tified lead as the most adequate electrode to transform the effluent
into a solution containing ammonia. On the other hand, Sahin and
collaborators®! analyzed the biofuel production by means of the NO;
reduction to produce ammonia in neutral buffered electrolytes using
an electrochemical reactor coupled with a bioreactor. Glassy carbon,
GC, and Ni porous electrodes were used as cathodes and Ni plate, SS
cloth and DSA were used as anodes. Current efficiencies of 80—100%
were observed for both cathode materials at 100 mmol dm~ NaNO,.
Additionally, Ghazouani and coworkers®? investigated the efficiency
of nitrite removal in two types of electrochemical cells containing
boron-doped diamond, BDD, anode/cathode or BDD anode and SS
cathode. NO; removal was close to 100%, obtaining the best reactor
performance when BDD was used as cathode and anode.

As mentioned above, the direct reduction of nitrite generates am-
monia and nitrogen oxides along with N,. Chloride-salt is widely
added to overcome this issue. In this process, chloride is oxidized at
the anode and reacts with water to form hypochlorous acid. OC1~ then
reacts with NO, and ammonia to produce NO5 and N,. Thereby, Diaz
et al.*} evaluated the indirect electrochemical removal of nitrite from
a recirculating aquaculture system by using the DiaCell 201 PP com-
mercial cell (Adamant Technologies, Switzerland), which was formed
by two parallel flow-by compartments separated by a central bipolar
BDD electrode placed between two circular terminal electrodes of the
same material. It is reported that more than 90% of the initial NO;
was removed. An undesirable effect of free Cl, is the formation of
organochlorinated compounds, which can be more harmful than the
original pollutants. This calls for the development of new technolo-
gies that eliminate nitrite obtaining products of commercial value or
harmless species. In a previous article,* nitrate removal was carried
out using an activated rotating cylinder electrode obtaining a high
current efficiency and ammonia as the main product. Hence, the ob-
jective of the present paper is to extend the latter methodology to the
study of nitrite electrochemical abatement in non-buffered aqueous
solutions of sodium sulfate, taking advantage of the versatility and
good performance of a reactor with a rotating cylinder electrode.>>3

Experimental

Rotating disk electrode, RDE, experiments.—Electrochemical
experiments were performed in a single compartment three-electrode
cell. Cu, 316L SS, Ni, Pt and GC rotating disks, all 3 mm in diame-
ter, were employed as working electrodes. A graphite RDE, 5.5 mm
diameter, was also employed. The auxiliary electrode was a Pt wire
with a large area. A SCE was used as reference and the potentials are
referred to this electrode. The preparative work of the disks included
polish to a bright mirror finish with slurry of 0.3 pwm alumina powder,
sonication in distilled water and drying with warm air. All solutions
were degassed with pure N, for 30 min prior to electrochemical ex-
periments, and an inert gas atmosphere was constantly kept over the
liquid surface during the experiments. All data concerning current
densities are referred to the geometric area.

The experiments were carried out potentiodynamically using a
synthetic solution of 30 mmol dm~2 NaNO, in 0.1 mol dm~> Na,SO,
as supporting electrolyte with an initial pH of 6.3, a medium that may
be considered representative of some polluted neutral wastewaters
where the reduction processes, Eqs. 1-3, produce a local alkalinization
of the solution. The temperature, rotation speed and potential scan rate

N J

Figure 2. Schematic representation of the electrochemical reactor. 1, Rotating
cylinder electrode; 2, counter electrode; 3, Haber-Luggin capillary; 4, electrode
shaft; 5, electrolyte container; 6, heating jacket.

were 30°C, 1000 rpm and 0.5 mV s~!, respectively. In some tests, Cu
electrode was pre-treated 30 min at the applied potential Escg = 18
mV into the supporting electrolyte, where an adherent layer of copper
oxides is formed.

Rotating cylinder electrode, RCE, experiments.—The electroly-
sis were performed in an undivided batch reactor, 95 mm internal
diameter and 140 mm high, being the reactor thermostated by a heat-
ing jacket. Fig. 2 schematically depicts the complete experimental
arrangement. The working electrode was a Cu rotating cylinder, 37.6
mm diameter and 90 mm long, with its upper end attached to the
motor shaft. A concentric helical Pt wire, 1.0 mm diameter and 500
mm long, was used as anode. The interelectrode gap was 11 mm. The
surface of the working electrode was carefully polished with emery
paper 2500 grit and it was washed with distilled water.

The experiments were carried out potentiostatically at 30°C and
1000 rpm, giving a peripheral velocity of 2 m s~!. The cathodic po-
tential was controlled against a SCE connected to a Haber-Luggin
capillary positioned in the middle region of the cathode. During the
experiment, the cell voltage and the current were recorded as a func-
tion of time. The solution was 30 mmol dm—> NaNO, in 0.1 mol
dm~3 Na,SOy as supporting electrolyte with an initial pH of 6.3. The
electrolyte volume was 0.825 dm>.

Analytical procedures.—The concentrations of nitrate, nitrite, am-
monium and hydroxylamine were spectrophotometrically determined.
NOy5, NO, and NHj; concentrations were measured following stan-
dard methods.’” The determination of hydroxylamine is based on its
oxidation to nitrite using sodium arsenate under alkaline condition
and the nitrite formed was measured as above.*

Results and Discussion

Preliminary studies with RDEs.—Fig. 3 shows the voltammo-
grams recorded at 1000 rpm on bare copper and pre-treated Cu RDEs
in 30 mmol dm~3 NaNO, + 0.1 mol dm~3 Na,SO,, solid curves, and
0.1 mol dm~? Na,SO,, dashed curves. Only H, evolution reaction,
curves a’ and b/, is observed at high negative potentials, Escg < ca.
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Figure 3. Linear scan voltammograms for RDEs at 0.5 mV s~!, 1000 rpm
and 30°C. Solid curves represent experiments in a solution of 0.1 mol dm~>
Na;SO4 + 30 mmol dm™3 NaNO,, dashed curves experiments in 0.1 mol
dm~3 Na,SO0y. Inset: electrochemical behavior at lower potentials.

—1.5'V, when the supporting electrolyte is used. It must be observed
that the two electrodes display a different ability to perform the nitrite
reduction reaction, curves a and b. Also, in the case of modified elec-
trodes into the supporting electrolyte a cathodic peak appears at ca.
—0.85 V, as shows the inset in Fig. 3. According to previous studies,
this reduction wave has been assigned to Cu(OH),-CuO/Cu transitions
via two-electron transfer reactions.®

In order to compare different electrode materials, Fig. 4 presents
the net current densities of nitrite reduction, j - jyank, calculated by
subtracting the current density measured at each potential in 0.1 mol
dm™3 Na,SO, from that measured in 0.1 mol dm~ Na,SO, + 30
mmol dm~3 NaNO,. These corrected curves illustrate that the best
performance was achieved with the pre-treated copper electrode, fol-
lowed by bare Cu and graphite, Fig. 4A. The latter two materials
have similar values of current densities, although graphite requires
a greater overpotential to carry out the reduction of nitrite. With the
three aforementioned electrode materials, nitrite reduction takes place
before hydrogen evolution, otherwise at Pt, Ni and 316L SS both reac-
tions are performed simultaneously as shown in Fig. 4B. Furthermore,
it is observed that graphite outperforms glassy carbon, and metals or
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Figure 4. Linear scan voltammograms for RDEs at 0.5 mV s~!, 1000 rpm
and 30°C representing the net current densities of nitrite reduction. (A) Copper
electrodes and carbonaceous materials. (B) Copper electrodes and metallic
materials.

Table 1. Physicochemical properties of the electrolyte.

[NaNO,] = 30 mmol dm 3

Composition in 0.1 mol dm—3 Na,SOy4
Density, kg m~3 1011
Dynamic viscosity, kg m~! s~ 834 x 1074
v, m? s~ 8.25 x 1077
D, m?s7! 1.81 x 1070
Sc 455

metal alloys here studied have a poor performance for reduction of
NO; orits intermediary compounds. This is attributed to poisoning by
adsorbed hydrogen blocking the electrode surface for further reduc-
tion of N-containing molecules.®*’ In the case of bare Cu, graphite and
GC, it was observed a decrease in the current of polarization curves
when the potential becomes more negative, which is explained by
the adsorption of nitrite-reduction products that blocks the electrode
surface, as in the case of electrochemical nitrate reduction.*!

NO; and NO;5 reduction display similar voltammetric character-
istics at pre-treated Cu, although nitrite reduction starts at a potential
of —0.86 V, which is approximately 0.3 V more negative than that for
nitrate reduction.>* When the electrode potentials are near —1.16 and
—1.7 V, two waves are observed, Fig. 4A. These processes are related
to the electrochemical nitrite reduction and the presence of inflec-
tion points suggests a combined diffusion and charge-transfer kinetic
control for each reaction. The mass-transfer coefficient predicted by
the Levich equation, assuming the physicochemical parameters re-
ported on Table I, with D corrected by electrolyte concentration and
temperature,*? i 9.73 x 107> ms~!. Assuming 1 and 4 as the numbers
of exchanged electrons per nitrite ion, the limiting current densities
are 28 and 113 mA cm™2, which are close to those reported on Fig.
4A. Then, in the first potential region the formation of NO could be
proposed as:

NO; + H,0 + e~ — NO + 2HO™ (7]

and NH,OH production as Eq. 2 in the second one. Cattarin*® observed
a double peak around —1.3 V vs. SCE at cyclic voltammograms for
reduction of 1 mol dm™ NaOH + 50 mmol dm~3 NaNO,, which
showed a dependence on scan rate close to that expected for a diffu-
sion controlled reaction. Also, constant potential electrolysis of NO;
at —1.4 V on Cu cathodes proceeded to a large extent according to Re-
action 3, with NH; production. No significant amount of NH,OH was
found after electrolysis of NO, .** This fact may mean that hydroxy-
lamine, formed as an intermediate of Reaction 3, is readily reduced
to NH; at the applied potential, or that NH,OH is not formed during
the reactions.*? Thus, the pre-treatment of copper emerges as the most
promising option to activate the electrode for processing effluents
containing nitrite.

Studies with a RCE configuration.—Considering the results ob-
tained with RDEs, previous to each experiment the copper cylinder
was pre-treated in a 0.1 mol dm~3 Na,SO, solution controlling the
potential at 8 or 18 mV against SCE at 1000 rpm and 30°C. The copper
cylinder was covered with a pale brown adherent layer. In an experi-
ment, after the pre-treatment of the copper rotating cylinder electrode,
the film was scraped from the electrode. A sample of this powdery
material was collected and analyzed by XPS and Raman spectroscopy,
revealing the presence of cuprous oxide and cupric oxide being the
first the predominant species. A value of Escg = 8 mV was experi-
mentally determined as a minimum potential to cover completely the
electrode surface area of Cu cylinder with a continuous layer of cop-
per oxides. The pH at the end of the pre-treatment was approximately
10. During this pre-treatment procedure, the solution showed a blue
color attributed to the presence of cupric ions, revealing that a portion
of the anodic current is used for Cu dissolution.

Fig. 5 shows the current as a function of time for a rotating cylin-
der electrode at different values of the pre-treatment potential. The
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Figure 5. Current as a function of time for a rotating cylinder electrode.
Pre-treatment in 0.1 mol dm—3 Na,SOy4 during 30 min. (a, a’): Bare copper.
(b, b'): Pre-treated copper at Escg = 8 mV. (c, ¢): Pre-treated copper at
Escg = 18 mV. Electrolysis potential: —1.2 V against SCE. Electrolysis time:
1 h. Temperature: 30°C. Rotation speed: 1000 rpm. Full lines: total current,
dashed lines: blank current. Inset: ratio of initial nitrite current and the value of
nitrite current at time ¢#; straight line: temporal behavior under limiting current
conditions.

experiments were made potentiostatically at —1.2 V. At the end of the
experiment, the surface of the electrode does not undergo significant
changes in morphology, without evidence of corrosion, obtaining a
dark-brown color on the outside of Cu cylinder. The results for a not
pre-treated copper cylinder are also reported. Moreover, it is observed
that the average nitrite current is an order of magnitude higher at pre-
treated electrodes than at bare Cu surfaces. Likewise, in the case of
bare electrodes at times higher than 17 min the total current for NO;
reduction is lower than that of the supporting electrolyte, possibly due
to the specific adsorption of the nitrite reduction products. The op-
posite behavior is observed when using pre-treated electrodes, where
NO; reduction current is always higher than the blank ones. Thus, a
layer of copper oxides improves electrode performance. Otherwise,
the current values become constant after 20 min in the case of the
supporting electrolyte for electrodes with and without pre-treatment,
while from this time until the end of the electrolysis the electrochem-
ical responses of both pre-treated electrodes are practically the same.

Considering the rotating cylinder electrode as a stirred tank reactor
and assuming a first-order reaction for the nitrite removal, the temporal
behavior of the NO; reduction current in a batch configuration is given
by244

Ivoy = Ino; (0) exp (—ackt) [8]
here k is the kinetic constant according to:
k =kf/(1 + Da) [9]

being Da the Damkohler number.*’ The total current, I(£), is:
](t): INO; (t)+[blank(t) [10]

where the second term on the right hand side, Iy, (?), is the back-
ground current. This equation assumes that I, (#) determined with
the supporting electrolyte is maintained in presence of nitrite. Intro-
ducing Eq. 8 into Eq. 10 and rearranging yields:

In { Iyo; ©) /11 ) = Ty 01} = ack (1]

In the inset of Fig. 5 the data of the experiments with an activation
time of 30 min are re-plotted according to Eq. 11. The straight line
corresponds to the electrochemical behavior under limiting mass-
transfer conditions, which provides the maximum variation of current
with time. The mass-transfer coefficient was calculated by using the
correlation proposed by Eisenberg et al.:*0

Sh = 0.0791Re*7Sc%¥ for 112 <Re< 1.62 x 10° [12]

The Sherwood, Reynolds and Schmidt numbers are defined as
usual for this electrode geometry.* By using the physicochemical
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Figure 6. Figures of merit for the nitrite reduction at a rotating copper cylinder
for different pre-treatment procedures. Escg = —1.2 V. Electrolysis time: 1 h.
Temperature: 30°C. Rotation speed: 1000 rpm. Pre-treatment in 0.1 mol dm~3
NapSOy4 during 30 min. A: Bare copper. B: Pre-treatment at Egcg = 8 mV. C:
Pre-treatment at Escg = 18 mV.

properties reported on Table I, the Reynolds number is 89726, being
the mass-transfer coefficient 9.87 x 1073 m s~! very close to that of
the RDE under laminar flow conditions. The kinetic constant can be
obtained from the slope of the linear fitting of experimental results
at the beginning of the trial. A similar value of the rate constant
is obtained with the pre-treated electrodes at 8 or 18 mV against
SCE, 1.85 x 107 m s™', giving a Damkohler number of 0.19. This
value shows that the nitrite reduction as a global reaction is under
a mixed kinetic control and in order to increase the kinetic constant
in Eq. 9, it is convenient the use of electrochemical reactors with
a good mass-transfer performance as the rotating cylinder electrode.
The inset also reveals that immediately after the start of the experiment
the slope decreases with time. Thus, the reactor performance declines.
Hence, the pre-treatment activates the electrode improving the reactor
efficiency during the early stages of the trial, but at longer times
the electrode is deactivated probably due to the adsorption of nitrite
reduction products, which block the electrode surface.

The nitrite conversion, current efficiency for NH; generation, mo-
lar yield of P product, specific energy consumption referred to NaNO,
reacted, and normalized space velocity are respectively defined as
follows:

X (0 = [exo; 0) = exoy 0] /eno; ©) [13]
B () = veFonn, (1) V/f](t)dt [14]

0
Yo ) = v (1) [ [eno; 0 = exo; )] [15]

1

E (1) = / 10U @) di / [exo; O Mo, VX 0] 116]

0

Sp (1) =—In[1 - X (t)]/[t In (10)] [17]

Moreover, it will commonly be found that it is not possible to opti-
mize all the figures of merit; a change in reactor design or electrolysis
parameters to improve one figure of merit may be detrimental to an-
other. Then, it is necessary to trade-off the importance of the figures
of merit to find the overall economic optimum.*’

The figures of merit for nitrite electro-reduction as a function of
the pre-treatment procedure at —1.2 V are depicted in Fig. 6. The
concentration of the different species is given in Table II. The data
for a not pre-treated Cu cylinder are also displayed. The best results
are obtained with a pre-treatment at 18 mV versus SCE, where NH;
production is maximal. Moreover, in all cases a high NO; generation
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Table IL. Final composition of the electrolyte, mmol dm~3, after 1 h electrolysis using the rotating cylinder electrode. Escg = —1.2 V. Temperature:
30°C. Rotation speed: 1000 rpm. Supporting electrolyte: [Na;SO4] = 0.1 mol dm 3,

Initial composition

Bare copper

[NaNO5] = 30.7 mmol dm—3

Pre-treatment, Escg = 8 mV
[NaNO,] = 30.7 mmol dm—3

Pre-treatment, Escg = 18 mV
[NaNO,] = 29.3 mmol dm~3

Nitrite
Nitrate
Ammonia
Hydroxylamine
pH

N D: no detected.

23.7
59
1.1

ND

11.9

11.1
12.6
6.7
0.3
12.6

11.3
10.7
73

ND
12.6

Table III. Final composition of the electrolyte after 1 h electrolysis using pre-treated electrodes at different cathodic potentials. Temperature:
30°C. Rotation speed: 1000 rpm. Supporting electrolyte: [Na;SO4] = 0.1 mol dm~3.

Initial composition,
electrolysis at Escg

Pre-treatment at Escg = 8 mV

[NaNO;] = 30.7 mmol
dm™3, Egcg = —12V

[NaNO;] = 29.3 mmol
dm=3, Egcg = —1.3V

[NaNO;] = 29.3 mmol
dm™3, Egcg = —14V

Witrate, %
Y Ammonias %o
pH

Initial composition,
electrolysis at Escg

64.5
34
12.6

63.1
36.9
12.6

Pre-treatment at Escg = 18 mV

75.1
249
125

[NaNO;] = 29.3 mmol
dm’3, Esce =—-12V

[NaNO;] = 28.4 mmol
dm—3, Egcg = —1.3V

[NaNO;,] = 28.4 mmol
dm’3, Escg =—-14V

YnNitrates %
YAmmonias %
pH

59.3
40.7
12.6

70.2
29.8
12.5

78.4
21.6
124

and negligible NH,OH concentration were observed. Further, based
on a mass balance for nitrogen, no gases were produced. Likewise,
the composition of the final solutions was similar using both pre-
treated Cu electrodes, which can be explained considering that the
pre-treatment potential is only important up to achieving that the
electrode surface area is completely covered with copper oxides. In
both cases, NO, conversion was approximately 63%. The current
efficiency at 8 mV against SCE pre-treatment was 32% while at 18
mV was 36%.

In order to reduce the concentration of nitrite to minimum val-
ues and to maximize the NHj3 production, electrolysis were carried
out potentiostatically at different cathodic potentials using pre-treated
electrodes. The results are illustrated in Fig. 7 and Table III. The best
performance is obtained at a potential of —1.3 V and pre-treatment at
apotential of 18 mV against SCE, where the specific energy consump-
tion is minimal. This figure of merit is crucial because it is closely
related to the electrolytic energy costs. Likewise, in all cases no gases
and a negligible hydroxylamine formation were observed. Thus, as a
relevant consequence of the above studies, henceforth Cu electrode
will be treated in 0.1 mol dm~> Na,SO, at 18 mV versus SCE during
30 min previous each run.

The application of a periodic potential reversal, PPR, approach has
been shown to be useful in the formation of ammonia from synthetic
effluents containing nitrate in a sulfate medium at neutral pH.** Then,
Fig. 8 reports on the temporal behavior of the current using a PPR
procedure at 1000 rpm and 30°C in a non-buffered nitrite electrolyte.
Thus, the cylinder electrode was controlled at a fixed cathodic poten-
tial during five minutes, and immediately reactivated by applying a
potential of 18 mV with respect to SCE during the same time, passing
an anodic current. The results for experiments without use of PPR are
also reported as a comparison. At the beginning, the runs with and
without PPR show a similar behavior, but at times higher than 15 min
the electrode reactivation allows obtaining a higher current.

Fig. 9 shows the figures of merit for electrolysis when the PPR
approach is applied at different cathodic potentials with a pre-
treated Cu cylinder into a 30 mmol dm~— NaNO, + 0.1 mol dm™3
Na, SOy solution. The concentration of the different species is given in

Table IV. It can be emphasized that at each cathodic potential here
analyzed the use of PPR increases not only the nitrite conversion, but
also the current efficiency and the normalized space velocity. Also,
the ammonia molar yield is enhanced, diminishing that of nitrate.

o Y. %: - kW hkg'
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Figure 7. Figures of merit for the nitrite reduction at a rotating copper cylinder
for different cathodic potentials. Electrolysis time: 1 h. Temperature: 30°C.
Rotation speed: 1000 rpm. Pre-treatment in 0.1 mol dm~3 Na,SO4 during 30
min. (A) Pre-treatment at Escg = 8 mV. (B) Pre-treatment at Egcg = 18 mV.
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Table IV. Final composition of the electrolyte, mmol dm=3, after 1 h electrolysis using the rotating cylinder electrode. Pre-treatment at a potential
of Egcg = 18 mV in 0.1 mol dm~3 Na,SO4 during 30 min. Temperature: 30°C. Rotation speed: 1000 rpm. Supporting electrolyte: [Na;SO4] = 0.1

mol dm—3.

Initial composition

[NaNO;] = 29.2 mmol
dm™3, Egcg = —12V

[NaNO;] = 29.2 mmol
dm™3, Egcg = —13V

[NaNO;] = 30 mmol dm—3,
Escg =—-14V

Nitrite
Nitrate
Ammonia
pH

35 22
29 1.6
22.8 253
13.2 13

2.3

32
24.6

13

() A

L

CAMULITEIT

0 20 100 120
¢t/ min

Figure 8. Current as a function of time for a rotating cylinder electrode ap-
plying a potential periodic reversal, PPR, procedure. Pre-treatment in 0.1 mol
dm™3 Na, SO, during 30 min at a potential of Escg = 18 mV. Temperature:
30°C. Rotation speed: 1000 rpm. Continuous line: experiments under the same
working conditions without PPR. Scattered line: trials with PPR. Applied ca-
thodic potentials: (o) Escg = —1.2V, () Esce = —1.3 V, (+) Escs = —14 V.

Taking into account the results with the PPR procedure, the best re-
actor performance was achieved at a potential of —1.3 V, being the
NO; conversion, the molar yield and the current efficiency for NH;
generation of 92%, 94% and 59%, respectively. Under these working
conditions, the mean values of the cell voltage and the cathodic cur-
rent were 6 V and 5.7 A, respectively. Otherwise, similar values for
X and s, were obtained at the most cathodic potential. However, at
—1.4V the high value of E;, 26.1 kW h kg~!, becomes unsuitable this
cathodic potential.

Comparing the electrolysis in the presence and absence of PPR, it
is observed that the reversion of potential causes the reduction of the
nitrate generated by the undesired anodic oxidation of nitrite. Initially
part of NO; is reduced at the cathode to NH3, while another portion of
nitrite is oxidized at the platinum anode to NO3, which accumulates in

s N B %
100 w

Figure of merit
B N [}
(e} (e} (e}

[\
(=]

Figure 9. Figures of merit for the nitrite reduction at a rotating copper cylinder
for different cathodic potentials applying a potential periodic reversal, PPR,
procedure. Electrolysis time: 1 h. Temperature: 30°C. Rotation speed: 1000
rpm. Pre-treatment in 0.1 mol dm~3 Na;SO, during 30 min at a potential of
Escg = 18 mV.

the electrolyte. In addition, NO; reduction products can be adsorbed
onto the surface of Cu cylinder. These adsorbed products decrease the
reactor performance, obtaining a concentrated solution of nitrate and
nitrite. When PPR is applied, the products of the NO, reduction are
desorbed due to the formation of a new copper oxides layer, favoring
the reduction of NO3 to NH3. The electrochemical behavior of the
present reactor is similar to that obtained with nitrate solutions.* The
figures of merit at —1.3 V and —1.4 V with solutions containing 30
mmol dm~3 NaNO, + 0.1 mol dm~? Na, SO, are approximately equal
to those presented at —1.2 V and —1.3 V in nitrate electrolytes, 30
mmol dm~* KNO; + 0.1 mol dm~ K,SOy, respectively.

Conclusions

Copper electrodes showed a good performance for the reduction of
nitrite to ammonia from a specific synthetic effluent, 30 mmol dm~>
NaNO; in 0.1 mol dm~* Na,SO, as supporting electrolyte, when they
are activated at a potential of 18 mV against SCE in a 0.1 mol dm~3
Na, SO, aqueous solution forming a film of cuprous oxide and cupric
oxide being the first the predominant species.

The high conversion of NO; to NH; with no gases and NH,OH
production reveals that an undivided electrochemical reactor with an
activated rotating cylinder cathode of copper is promising as a first
step for the transformation of this synthetic effluent containing nitrite
in fertilizers.

The application of a periodic potential reversal technique, 5 min as
cathode and 5 min in reactivation mode as anode, permits the mainte-
nance of the activation of the cathode and the achievement of a high
conversion of nitrite to ammonia. Also, the PPR procedure enables the
electro-reduction of the accumulated nitrate to NH3, improving NO;,
conversion, the current efficiency and the normalized space velocity.

An electrochemical reactor with an activated rotating cylinder elec-
trode applying a PPR procedure showed a good performance for the
abatement of nitrite. This reactor can be easily scale up using a hori-
zontal cylinder and dividing the electrolyte volume into several com-
partments with annular baffles in order to approach the plug flow
model, as it was employed for the removal of metal ions.*®
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List of Symbols
ae specific surface area, m~!
c; molar concentration of i species, mg dm~3 or mol dm™?
d cylinder diameter, mm or m
D diffusion coefficient, m? s~!
Da Damkohler number = k¢/k,,
E, specific energy consumption, kW h kg~!
Esce electrode potential referred to Saturated Calomel Elec-
trode, V
F Faraday constant, 96484.56 C mol ™!
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1 current, A
J current density, mA cm™2 or A m—2
k kinetic constant, m s~
ke rate constant, m s~
km mass-transfer coefficient, m s~
M molar mass, g mol~!
Re Reynolds number = wd?/(2v)
Sn normalized space velocity, h™! or day~!
Sc Schmidt number = v/D
Sh Sherwood number = k,,d/D
t time, min or h
U cell voltage, V
Vv electrolyte volume, dm?
Ve number of exchanged electrons per nitrite molecule
X nitrite conversion, %
Yp molar yield of P product, %
Greek
B current efficiency for NH; generation, %
v kinematic viscosity, m? s~
® rotation speed, rad s~! or rpm
Subscripts
blank supporting electrolyte
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