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Abstract The direct oxidation of urea at high electrode

potentials over platinized titanium electrodes in sulphate

media generates a high amount of nitrates, representing an

environmental problem. Coupling direct and indirect oxi-

dation (using chloride salt), the total amount of generated

nitrates can be lowered due to competition between anodic

generation of chlorine and nitrates. A qualitative descrip-

tion of the influence of applied current density (ranging

from 0.5 to 30 A m-2) and the nitrogen-to-chlorine ratio

N/Cl (ranging from 0.5 to 3 by weight) on the distribution

of urea electroxidation by-products was obtained. In a

highly acidic environment, a decrease in nitrate concen-

tration was observed when operating at relatively high

current densities, which suggests the occurrence of a

complex heterogeneous reaction involving nitrates and

yielding mainly molecular nitrogen.
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1 Introduction

The electro-oxidative treatment of waste waters can serve

either specifically as a process of disinfection or as part of a

more complex waste water treatment route. Direct

(heterogeneous) electrolytic oxidation processes can be

carried out by coupling with an indirect electrochemical

process in the presence of an electrolyte capable of gen-

erating powerful oxidants. Moreover, in the

electrochemical treatment the concentration of disinfectant

and the formation of electrolysis by-products can be better

controlled than with the mere addition of chemicals.

As demonstrated previously [1], direct electroxidation of

nitrogen-containing molecules enables, on the one hand, a

reduction of total carbon content, but, on the other hand,

the production of high amounts of inorganic pollutants like

ammonia and nitrate ions. The presence of high concen-

trations of nitrates and ammonia in water has a detrimental

effect on the environment and is thus a problem for use in

industrial applications, as it necessitates a further specific

abatement process. Nowadays, ion exchange represents the

most widespread method for the treatment of nitrate-con-

taining drinking water [2].

The inhibition of nitrate formation in a highly oxidizing

environment and the removal of nitrates are difficult pro-

cesses during direct electrochemical treatment in a single

divided cell. Consequently, the combination of a direct

electroxidation process within the indirect one was tested by

adding sodium chloride to the treated solution in the anodic

chamber of a divided cell, thereby enabling combined direct-

indirect electroxidation coupled with electrodialysis. This

pathway was devised under the assumption that chlorine and

nitrate generation might be competing processes.

In general, it has been found that direct anodic oxidation

of urea depends on anode potential, type and composition

of electrolyte, urea concentration, pH and solution tem-

perature. Different treatment conditions result in different

products of urea decomposition [1]; in an acidic environ-

ment at high potentials (over 1.7V versus SCE), oxidation

leads primarily to CO2 and N2, while, at lower potentials,
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urea reacts with an OH• radical and the decomposition

products remain in the solution [3]. By adding chloride salt

(NaCl) to a sulphate-based electrolytic system working at

high enough electrode potentials, a new set of reactions

arises, where, in nearly isothermal conditions, the amount

of electro-generated active chlorine species depends

strongly on the chloride concentration and the current

density, both parameters being easily adjustable [4].

The optimum environmental acidity for electrolysis of

N-containing pollutants is still a controversial point. On the

one hand, some authors [5, and references therein] recog-

nize that nitrate formation in alkaline media is restricted

and the electro-chlorination paths lead primarily to

molecular nitrogen formation. However, other authors [6

and references therein] have found that, in an alkaline

environment, the ammonium nitrogen is removed and

oxidized to form a nitrate, while in acidic conditions it is

transformed mainly to nitrogen gas.

These differences can be explained by the differing

experimental conditions of each study, mainly chloride salt

concentration and current density, and by taking into

account that the results also depend on the effective ratio

between the active chlorine and the nitrogen contained in

the solution. This behaviour is analogous to the case of

chemical chlorination, where an ultimate correlation

between the ratio of produced nitrate to ammonia and the

pH value has not yet been established [7].

It is generally accepted that more chlorinated intermedi-

ates are produced in the pH range 1–7, while at neutral and

alkaline conditions (pH 7–12) more oxidation intermediates

are formed. The intermediates may indeed react with one

another leading to the formation of further intermediates

that, in turn, modify the degradation process. Therefore, it

may be inferred that, in acidic solutions with high chloride

content, the ratio between NO�3 formed and NHþ4 removed is

lower than in basic media. This results from the fact that

ammonia removal should take place mostly via the chlora-

mine homogeneous reaction path, even though the chemical

mechanism may indicate that the nitrate concentration was

significantly higher in the electrolysis performed in acidic

media (pH * 6), than in alkaline media (pH * 12), under

otherwise identical reaction conditions [7].

The aim of this paper is the identification of the optimal

relationship between the initial chloride salt content (for

indirect electroxidation) and the imposed current density

resulting in minimal nitrates formation and the simulta-

neous elimination of the chlorammine compounds (break-

point chlorination) during the batch treatment of urea

solutions. This aim was carried out via the oxidation of

urea as a model compound, using an electrolytic device

with a platinized titanium anode. Urea is of specific interest

for regenerative treatment as an application for the re-use

of waste waters from aerospace missions [8].

2 Materials and methods

A series of electrolysis runs were carried out by monitoring

the behaviour of the oxidation by- products which remained

in the solution, specifically: nitrite, nitrate and chloramine

species in the anodic chamber, and recovered ammonia in the

cathodic one. This recovered ammonia likely came from the

anodic compartment through the cationic membrane in the

form of ammonium ions and became concentrated in the

cathodic compartment, where the possibility of the further

reduction of nitrogen did not exist.

The electrochemical oxidation of urea was carried out in

a divided cell [9, 10] using a cationic membrane (Neosepta

AFN by Tokuyama Soda Co., Japan) that enables the

transfer of NHþ4 cations formed at the anode into the

cathodic chamber. The surface area of the electrodes was

2 9 10-2 m2.The operating temperature was controlled at

30 ± 2 �C by means of a water cooling system placed

within the mixing tank. A stainless steel plate was

employed for the cathode and platinized titanium for the

anode, on which an oxide layer was generated during the

electrolysis runs, at high electrode potentials ([2 V vs.

NHE).

In this case, integration of the electroxidative processes

with electrodialysis meant that the oxidative treatment was

carried out in acidic conditions (in the anodic compart-

ment). Figure 1 shows the details of the electrochemical

cell consisting of a steel plate, plastic compartment elec-

trodes, rubber jackets, membrane and a plastic turbulence

promoter placed in the anodic compartment. A synthetic

solution (4 L for each run) was prepared using pure grade

chemical components (Aldrich): 2 g L-1 of urea and three

different supporting electrolytes consisting of 0.01 M

sodium sulphate plus sodium chloride in the concentrations

shown in Table 1, in which the ratio of the nitrogen con-

tained in the urea to the chlorine in the salt is also shown.

Chemical analysis was carried out by periodically

sampling 10 mL of the anodic and cathodic solutions and

using standard methods for the determination of the

nitrogen distribution in the oxidation products. The nitrate

concentrations were analyzed by means of reduction and

diazotization, whilst the nitrite concentrations were ana-

lyzed by means of the iodometric method. The Nessler

method was employed for the determination of the

ammonia concentration. Finally, combined, free and total

chlorine were all measured using the N,N0-diethyl-p-

phenylenediamine (DPD) standard method by spectro-

scopic detection. All the final concentrations were

established using colorimetric determination by means of

the Orbeco-Hellige water analysis system (model 975-MP).

Voltammetric analysis of urea absorption was accom-

plished using a single compartment, three electrode

configuration connected to an AUTOLAB PGSTAT 30
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(GPES software), with pure platinum for the working

electrode and saturated calomel electrode (SCE) for the

reference electrode.

3 Results and discussions

3.1 Divided electrochemical cells runs

When operating in a divided configuration, a continuous

acidification of anolyte is directly related to the applied

current density. In the reactor direct and indirect (chlorine

mediated) oxidation of urea occurs.

3.1.1 Low current density runs

Figure 2 shows that, at a very low current density

(0.5 A m-2), it is possible to identify a nearly linear

behaviour of the recovered ammonia in the cathode.

Dichloramine generation is linear with respect to the

electric charge passed and mono-chloro amine is quickly

transformed to di-chloro amine.

The generation of nitrates NO�3 is exponentially pro-

portional to the electrolysis time. Nitrite ions NO�2 can be

viewed as a reactive intermediate since their conversion to

nitrate is very fast under these conditions. Under these

conditions, a large quantity of nitrates is generated and

Fig. 1 Details of the

electrochemical cell structure:

(a) anode chamber, (b) anode,

(c) turbulence promoter, (d)

gaskets, (e) cationic membrane,

(f) cathode, (g) cathode

chamber

Table 1 Starting ratios between Nitrogen to Chloride in the used

electrolytes

NaCl molarity N/Cl molar ratio N/Cl weight ratio

0.0125 1.33 0.53

0.0250 2.67 1.05

0.0500 5.33 2.10

0
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Fig. 2 Generation of the by-products during the electro-oxidation of

urea (2 g L-1) over a Ti\Pt anode. Electrolyte = Na2SO4 0.01 M +

NaCl 0.05 M. Current density (A m-2): 0.5. Symbols: ¤ NH3

concentration in the cathodic chamber, anodic chamber concentration

of d dichloroamine; m monochloroamine; j NO�3
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limited ammonia recovery is attained in the urea oxidation

process. In this case it is not possible to identify an inter-

action between the generated species. The process is

mainly due to direct electroxidation, a heterogeneous pro-

cess which depends mainly on urea absorption. Bezerra

et al. [11] studied the anodic absorption of urea by in situ

Fourier transformed infrared spectroscopy in different pH

supporting electrolytes. The authors verified the strong

influence of both pH and potential on the coordination of

electro-absorption of urea carried out using nitrogen,

oxygen or carbon atoms. In particular, in acidic solutions

adsorbed CO is formed as a result of the hydrolysis of the

urea molecule close to the platinum electrode, where nitrite

and nitrate ions are also observed as products of oxidation

at high electrode potentials.

When the current density is increased up to 20 A m-2,

the ratio between the generated nitrogen-containing ions

varies significantly compared to the previous case. This

ratio is a function of the initial concentration of sodium

chloride. As shown in Fig. 3a and b, nitrate generation is

the predominant reaction and the recuperation of ammonia

by electrodialysis is not proportional to the increase in the

current density (within the explored operating range).This

demonstrates a non-proportional generation of NHþ4 . In this

case the amount of chloramines remains relatively low.

As the chloride salt concentration rises, chloramine

formation starts to compete with nitrate generation,

reducing the maximum amount of nitrates obtained after

two hours electrolysis (compare Fig. 3a, b) and the amount

of recovered ammonia rises, as a consequence of enhanced

urea degradation (via the homogeneous path). In this case

the indirect electroxidation starts to be predominant. Urea

reacts with free chlorine in a homogeneous multi-step

process that results in the formation of N2 and CO2 in

accordance with the following reaction:

NH2CONH2 þ 3OCl� ! N2 þ CO2 þ 3Cl� þ 2H2O ð1Þ

The intermediate steps of this process involve the

formation of chloramines and other forms of combined

chlorine. The general scheme of reactions and intermediates

can be considered to be analogous to those of chemical

chlorination in the presence of urea, with the promoting

effect of the electric field on the rate of urea hydrolysis.

The mechanisms and the reaction scheme proposed in

[7] and reported in Fig. 4 reveal that nitrate and by-prod-

ucts formation might be restricted whilst promoting, at the

same time, the formation of molecular nitrogen through the

selection and proper adjustment of certain reaction

parameters, primarily pH.

Further increase in NaCl concentration (Fig. 3c) causes

the amount of chloramines to surpass the amount of gen-

erated nitrates and the maximum amount of nitrates again

is lowered. Conversely, the amount of recovered ammonia

is practically unchanged, likely being limited by the

membrane exchange capacity at the corresponding electric

field intensity.

Oscillation in the curve corresponding to dichloramine

is attributed to the elimination cycles of chloramines

(breakpoint) that are repeated due to the continuous gen-

eration of both ammonia and ‘‘active chlorine’’.

From the increase in current density (Fig. 5), at equal

salt concentrations as in Fig. 3c, the behaviour of the

generation of ions remains the same but the kinetics are

faster. Additionally, dichloramines reach a maximum and

Fig. 3 Generation of the by-products during the electro-oxidation of

urea (2 g L-1) over a Ti\Pt anode. Electrolyte = Na2SO4 0.01 M +

NaCl. Current density (A m-2): 20. (a) 0.0125 M NaCl, (b) 0.025 M

NaCl, (c) 0.05 M NaCl. Symbols: ¤ NH3 concentration in the

cathodic chamber, anodic chamber concentration of d dichloroamine;

m monochloroamine; j NO�3
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then decrease due to the increased amount of electro-gen-

erated ‘‘active chlorine’’.

3.1.2 High current density runs

A current density ten times higher than that one employed in

the previously described runs was employed here. Under these

conditions, neither the increases in generated nitrate nor the

amount of recovered ammonia were found to be proportional

to the enhancement of the applied current density.

In the case shown in Fig. 6a, the kinetics are faster than

that observed in Fig. 5. In particular, after the elimination

of the chloramine compounds (60 min) the nitrate con-

centration rises. This non linear behaviour is due to the

reaction between the ‘‘active chlorine’’ and ammonia along

the chloramines route towards molecular nitrogen. Nitrates

are thus generated from two routes: (i) the direct-homo-

geneous electroxidation of ammonia, and a parallel

homogeneous reaction between the electro-generated

‘‘active chlorine’’ and the nitrogen-containing molecules,

according to a reaction which is not fully understood [6].

The increase in chloride concentration (Fig. 6b) causes

the amount of recovered ammonia to slowly increase and

the level of dichloramine to be greater than in the previous

runs. Using more sodium chloride, there is simply more

production of ‘‘active chlorine’’ (Fig. 6c), and the recov-

ered ammonia rises slowly, due mainly to the increase of

the homogeneous reaction between active chlorine and

ammonia or urea.

When a further increase in current density was applied

(Fig. 7), the initial levels of nitrate were also found to rise,

but the subsequent drop in concentration was seen sooner

in this electrolysis run than in the previous runs. The

maximum level of dichloramine remains almost the same

but the recovered ammonia rises significantly, mainly as a

consequence of the increase in cell potential (electric field)

and the enhancement in urea oxidation rate.

In general, it was observed that the total amount of

nitrates fell with increasing sodium chloride concentration

(more chloride and more anodic generation of chlorine),

which implies inhibition of the direct oxidation of urea

responsible for nitrate generation.

This reduction in nitrate concentration is an unexpected

result, leading to the conclusion that nitrates become con-

sumed under certain conditions when applying relatively

high levels of current density.

By comparing Figs. 6c and 7, this reduction in the time

of the start of the fall in nitrate concentration can be related

to the increase of the applied current through more rapid

acidification near the anode surface (derived from the

release of protons in the oxygen evolution reaction). In

addition, homogeneous reactions of nitrates with HOCl or

NH�4 are not favoured from a thermodynamic point of

Fig. 4 Reaction schemes

proposed. Products include N2,

H2O, Cl-, H+, NO�3 , and other

reactions products

(I = intermediates)
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Fig. 5 Generation of the by-products during the electro-oxidation of

urea (2 g L-1) over a Ti\Pt anode. Electrolyte = Na2SO4 0.01 M +

NaCl 0.05 M. Current density (A m-2): 30. Symbols: ¤ NH3

concentration in the cathodic chamber, anodic chamber concentration

of d dichloroamine; m monochloroamine; j NO�3
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view. All these considerations suggest that electrochemical

heterogeneous reactions catalysed in highly acidic condi-

tions are the cause of the reduction in nitrate concentration.

As a first hypothesis, one can consider a possible

mechanism for the reaction of the nitrates as follows

(Equations 2, 3 include the presence of chloride ions

absorbed at the anode and Eq. 3 involves absorbed urea):

�SZ , �SZþ1 þ e� ð2Þ

�SZþ1 þ Cl� , �SClZþ1 ð3Þ

�SClZþ1 þ CO(NH2Þ2 , �SClZO� CNH2NHþ2 ð4Þ

The absorption of urea on platinum electrodes can block

active sites for chlorine evolution. Additionally, Simka

et al. [3] showed that urea was decomposed on the surface

of the electrode by reacting with absorbed chlorine.

The formation of the absorbed radical cation is pro-

moted by the dipole-type-resonance-stabilized structure

which enhances its adsorption on electrode surfaces [12].

At very low pH levels the hydrogen ions compete with

chloride ones [13] and the urea can be absorbed at this site

instead of the site with chloride, with a subsequent oxi-

dation to nitrite. Therefore oxidation to nitrate can be

avoided by reacting with another reactive absorbed species

in some form similar or equal to that of Eq. 7. In addition,

in Eqs. 5 and 6, an acid catalyzed reaction of nitrate with

absorbed protons could be responsible for the nitrate con-

centration decrease observed in the cell.

�SZ þ Hþ , �SHZþ1 ð5Þ

�SHZþ1 þ NO�3 þ Hþ ! �SZ þ NO�2 þ H2O ð6Þ

�SClZO� CNH2NHþ2 þ 2NO�2
) �SZ þ OCl� þ CO2 þ 2N2 þ 2H2O ð7Þ

3.2 Voltametric analysis

In order to find preliminary evidence of the reaction

mechanism for the nitrates and the urea, cyclic voltam-

metry was carried out with the aim of investigating the

influence of urea in the chlorine evolution reaction in the

presence of nitrates in an acidic environment.

The voltammetric behaviour of a neutral solution when

urea alone is added and when both urea and nitrates are

present are shown in Fig. 8. The differences indicate that,

as expected, urea absorption is related to the fact that urea

Fig. 6 Generation of the by-products during the electro-oxidation of

urea (2 g L-1) over a Ti\Pt anode. Electrolyte = Na2SO4 0.01 M +

NaCl 0.0125 M. Current density (A m-2): 200. (a) 0.0125 M NaCl,

(b) 0.025 M NaCl, (c) 0.05 M NaCl. Symbols: ¤ NH3 concentration

in the cathodic chamber, anodic chamber concentration of d

dichloroamine; m monochloroamine; j NO�3
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Fig. 7 Generation of the by-products during the electro-oxidation of

urea (2 g L-1) over a Ti\Pt anode. Electrolyte = Na2SO4 0.01 M,

NaCl 0.025 M. Current density (A m-2): 300. Symbols: ¤ NH3

concentration in the cathodic chamber, anodic chamber concentration

of d dichloroamine; m monochloroamine; j NO�3
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depresses the anodic current, by blocking the sites for

chlorine and oxygen evolution. Particularly, the lower

graph indicates the reduction zone where the presence of

absorbed urea also blocks the reduction of oxygen species;

in this case (neutral pH) the influence of the presence of

nitrates is negligible.

The behaviour in a highly acidic environment (0.05 M

HCl) is shown in Fig. 9. The influence of urea is similar to

that observed in the previous case, but in the reduction

zone (see lower graph) the clear influence exerted by the

nitrate is seen. This implies that an anodic interaction

between nitrates and absorbed species (urea, Cl, H+) has

occurred. The data obtained here are not enough to deter-

mine a reaction mechanism related to this interaction.

However, they are in agreement with the experimental

results using the divided electrochemical cell in the elec-

troxidation of urea.

4 Conclusions

Ionic by-products of urea electro-oxidation were monitored

in a divided electrochemical cell, in which direct-indirect

electro-oxidation was coupled with electro-dialysis. A

large difference in the nitrogen evolution was experimen-

tally observed in the electrolysis carried out with an

electrolyte containing sodium sulphate and chloride.

The following conclusions can be drawn:

• At high current densities, total inhibition of nitrate

formation was not possible. Nevertheless, an apparent

reduction in the maximum amount of this species was

achieved by increasing the chloride salt concentration,

thereby promoting chlorine evolution which acts as a

competitive anodic reaction.

• Nitrates generated by homogeneous reaction with

‘‘active chlorine’’ contribute to a relatively low extent

0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00 2,25
-2,0x10-3

0,0

2,0x10-3

4,0x10-3

6,0x10-3

8,0x10-3

A / tnerru
C

Potential / V (vs SCE)

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

-1,25x10-3

-1,00x10-3

-7,50x10-4

-5,00x10-4

-2,50x10-4

0,00

2,50x10-4

A / tnerru
C

Potential / V (vs SCE)

Fig. 9 Cyclic voltammetry on a acid solution (HCl 0.02 M electro-

lyte) (continuous curve) containing urea (2 g L-1) (dash curve) and

urea (2 g L-1) plus 20 mg L-1 of nitrate (dotted curve) (upper

graph). Enlargement of reduction zone (lower graph). Potential scan

rate 100 mV s-1
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Fig. 8 Cyclic voltammetry of neutral solution (NaCl 0.02 M elec-

trolyte) containing urea (2 g L-1) and urea (2 g L-1) plus 20 mg L-1

of nitrate (upper graph). Enlargement of reduction zone (lower

graph). Potential scan rate 100 mV s-1
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to the anodic generation of nitrates. Consequently, an

optimum value of both chloride concentration and

imposed current density for the minimization of nitrate

generation were determined. These values were also

dependent on pH and the ratio total nitrogen/active

chlorine.

• In the presence of chloride salt, a direct electrode

reaction (acid catalysed) yielding mainly molecular

nitrogen was observed for a urea concentration of

2 g L-1.

• A possible reaction mechanism related to the urea-

nitrate-chloride anodic interaction was proposed based

on the results of voltammetric analyses. Further inves-

tigations are though needed to confirm this hypothesis.
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