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ABSTRACT

Ammonia and ammonium ions are potentially dangerous for the natural ecosystem due to their
extreme toxicities to some aquatic species and human health. Several studies were focused for the
treatment of these pollutions by application of various methods. Among them, the electro-catalytic
oxidation was proposed as a novel advanced treatment technology for the NH, and NH,* removal
from wastewaters owing to its several advantages such as: degradation of several pollutants types,
minimal generation of secondary wastes, easy and rapid performance. In this context, we have
studied the direct electrochemical oxidation of NH, and NH," in aqueous solution using an elec-
trochemical system by measurement of cyclic voltammetry (CV), linear sweep voltammetry (LSV)
and chrono amperometry (CA). The results suggested that the electro-oxidation of both NH, and
NH," was efficient at Pt electrode compared with that performed by the other electrodes materials.
However, the presence of chloride ions in the electrolytic medium inhibited the electro-oxidation
of NH, and NH,". Thus, the pH variation has affected the oxidation peak relating to the change in
the NH," ionization state. Moreover, the initial NH," concentration and the applied potential value
affected the current intensity of the characteristic oxidation peaks. The ammonia nitrogen (NH, and
NH,") concentration was significantly reduced from 100 to 31.039 mg-NH,"/L after an electrolysis
time of 60 min and at an applied potential of —0.7 V/saturated calomel electrode (SCE) suggesting

that the NH, and NH," were effectively oxidized.
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1. Introduction

Ammonia nitrogen (NH, and NH,") was considered as the
most toxic forms of the mineral nitrogen due to its extreme
effect on the aquatic fauna, environment and human. The
origin of this nitrogen pollution is principally caused by the
excessive introduction of nitrogen fertilizers and composts
issued from the animal farmers. Consequently, the contam-
ination of groundwaters and the surface waters conduct to
several inappropriate environmental states, such as: strongly
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promotion of eutrophication and proliferation of nitrifiers bac-
teria that could transform the ammonia nitrogen to undesired
products such as: nitrites and nitrates [1-8]. Therefore, differ-
ent techniques were elaborated for ammonia and ammonium
treatment, such as: biological nitrification [9,10], chemical
precipitation [11,12], membranes processes [13], adsorption
[14,15] and catalytic oxidation methods [16]. However, these
techniques can present certain disadvantages, including high
operational costs and high sludge production [17].

Recently, electrochemical treatment methods have
considered as the most efficient and proper technology
for wastewaters treatment, owing to their easy operating
and large applications for several pollutants degradation.
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The use of this technique in the decomposition of ammonium
and ammonia to nitrogen gas is possible, because the Gibbs
energy of ammonia nitrogen (NH," and NH,) is higher than
that of the nitrogen molecule (N,) [18-20].

According to the literatures, different anodes materi-
als were investigated, including the catalytic oxide alloy
electrodes or so-called dimensionally stable anode (DSA)
[21], boron-doped diamond (BDD) [21-25], platinum and
well-dispersed platinum nanosheets [20], platinum submono-
layer on the gold electrode [26], platinum nanocubes depos-
ited on glassy carbon electrodes [27], platinum-Me binary and
tertiary alloy [28-30], IrO, and thermally decomposed iridium
oxide films [19,16,31], coated TiO, anode, TiO, and Pt/TiO,
nanotubes for electro- and photo-electro-catalytic oxidation
[32-34], RuO,/Ti [17] and alloys based on Ni [35].

The application of this technique can act directly upon
the effluents at the electrodes surface according to the Eq. (1)
or indirectly by production of strong oxidants during the in
situ treatment of chemical compounds present in the electro-
lytic solution (chloride or hydroxyl radicals) [18-20].

NH, < NH,OH_, «>NOH,, < NO
? L
NH; N,;N,0 >N,

< NO, < NO, < NO,

)

The mechanism of the direct electro-catalytic oxidation
of total ammonia nitrogen passes through three successive
steps: (i) adsorption of ammonia nitrogen molecules onto the
catalysis surfaces; (ii) decomposition of N-H links and (iii)
desorption of N, molecules [35].

According to several researches, the mechanism of the
direct electro-oxidation on Pt and Pt-Me binary alloys based
electrodes depended of the medium pH [30,35,36]. In alka-
line solution, the NH, is the dominant species according to
the Eq. (2). The mechanism of its electro-oxidation proposed
by Gerischer and Mauerer [37] consists of the dehydroge-
nation of adsorbed NH, to N, as final product (Egs. (3)-(5)).
Both formed intermediates (NH_ and NH,, with x = 1 or 2
and y = 1 or 2) can be also chemically recombined to form
NZH(x+y)’ which is further electrochemically oxidized into N,
according the Egs. (7) and (8) [31,38]. Besides N,, oxide nitro-
gen species (such as NO and N,0) may be formed when the
electrode surface is oxidized.

NH, +OH ~ <> NH, +H,0 pk, =4,74 )
NH, ., —>NH, +H"+e" 3)
NH, ., —»NH_  +H" +e” 4)
NH, , +NH__ >N, +(x+y)H" +(x+y)e" ®)
NH,_, —»>N_, +H"+e" (6)

NH x ,ads + NH y ,ads - N ZH x+y ,ads (7)
NH, i +(x+y)OH’ ->N, +(x+y)HZO+(x+y)e’ 8)
NH,,,+OH - N_, +H,O+e" ©)

The NH, oxidation potential depended on the anode
material. According to the literature, the NH, oxidation
potential values are summarized in Table 1.

2NH,; >N, +8H" + 8~ (10)
?=-0.6to-0.75V vs. SCE

Several studies have been devoted to the development of
efficient electro-catalysts for ammonia nitrogen oxidation in
alkaline and neutral solutions [20,26,27,30,32,39,40].

Different factors can affect the direct electro-oxidation of
ammonia nitrogen, such as: the chemical nature of working
electrode, temperature, electrolytic medium composition,
applied potential, cell configuration and the hydrogen evolu-
tion. This last can affect the electro-oxidation in immediately
consecutive scans by providing hydrogen molecules. The
produced protons could be consumed increasing the local
pH of the medium. This process could inhibit the ammonia
nitrogen oxidation including oxygen evolution and the direct
oxidation itself [19].

Furthermore, the chloride ions could affect the
electro-oxidation of ammonia nitrogen by formation of active
chlorine and hypochlorite (Egs. (11) and (12)), which could
react with NH, and NH,* by indirect chemical oxidation
producing undesired products (nitrate) in the electrolytic
medium, according to Eq. (14) [18,22-25].

2C1" & Cl, +2e” (11)
E’=+1.6 V vs. SCE
Cl,+H,0 > HCIO +H " +Cl~ (12)

Table 1
Oxidation potential values of NH, according to the literature
Anode material Ammonia oxidation References
potential
IrO(OH),/IrO,(OH)  0.3-0.7 V vs. MSE [19]
Pt -0.30t0 -0.37 V vs. SCE  [20,26-30,32]
-0.67 V vs. MSE
0.50-0.75 V vs. SHE
Pt 0.8 V vs. SCE [36]
Pt -0.25V vs. Hg/HgO [38]

Note: In neutral and acid medium.
MSE - mercury-mercurous sulfate electrode; SCE - saturated calomel
electrode; SHE - standard hydrogen electrode.
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2NH; +3HCIO - N, +3H 0 +5H " +3Cl~ (13)
NH, +4HCIO -»NO, +H,0 +6H " +4Cl~ (14)
2NH, +3HCIO - N, +3H,0 +5H " +3Cl~ (15)

In this work, various electrochemical techniques were
carried out in order to investigate the electro-oxidation of
ammonia nitrogen (NH, and NH,") to atmospheric nitrogen.
The CV and LSV measurement methods were used to eval-
uate the electro-catalytic activities of several anode materials
behavior ammonia nitrogen oxidation. Therefore, to study
the electro-oxidation method of ammonia nitrogen in aque-
ous solution, various experimental variables have been con-
sidered. At the platinum anode, the direct electro-oxidation
of the desired substances was evaluated by variation of the
pH, applied potential, scan rate, electrolysis time, initial
ammonia nitrogen concentration in the solution and in the
presence of chloride ions in the electrolytic solution.

2. Experimental setup

Electrolysis experiments were carried out in a
single-compartment with three-electrode cell (200 mL) using
Autolab PGSTAT 302 N and a maximum output of 5 A and
30 V. The counter electrode was a Pt wire, and the reference
electrode was saturated calomel electrode (SCE; Radiometer
Analytical), which has a potential of +0.2415 V vs. standard
hydrogen electrode (SHE). The three-electrode configu-
ration had a 5-mm electrode gap between the cathode and
the anode, and 2-mm electrode gap between the anode and
the reference electrode. The cell was filled by 100 mL of the
electrolytic solution containing ammonium ions (NH,CI or
(NH,),SO,) at well-defined concentration.

In all experiments, the feed tank was kept regulate at
room temperature and at neutral pH, unless in the experi-
ments of pH effect.

Cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) were carried out in the potential range from -1 V to
+0.4 V vs. SCE. The chrono amperometry (CA) measurement
was applied for the electrolysis tests at well-defined potential
and at various electrolysis times.

The effect of working electrode material on the ammo-
nium electro-catalytic oxidation was studied using the fol-
lowing pure anodes: zinc, aluminum, graphite, stainless steel
and platinum, with the surfaces area of 0.635, 1.62, 0.282,
0.785 and 4 cm?, respectively. All electrodes were mechan-
ically polished before used and washed several times with
distilled water. Before and after all electro-analysis experi-
ment, the electrodes were abraded with emery paper, rinsed
thoroughly with water, immersed in acetone and finally
dried. The pH of the solution was kept constant at neutral;
the scan rate was 50 mV/s; and the initial ammonium concen-
tration was 272.72 mg-NH,/L (using (NH,),SO,) ranging the
voltage of the LSV measurement from -2 to +2 V.

The effect of initial ammonium concentration on the
process was investigated varying the initial ammonium

concentrations from 10 to 1,000 mg-NH_*/L at the scan rate
of 50 mV/s. The pH was kept constant at 7 using a Pt anode.

For the study of scan rates effects on the electro-oxidation
process, the results were obtained after five consecutive scans
at the following scan rates: 5, 10, 50, 100 and 500 mV/s in neu-
tral electrolytic solution containing 100 mg-NH, /L (using
(NH,),SO,).

The effect of chloride ions on the process was investigated
by CV measurement of two electrolytic solutions, con-
taining (NH,),SO, 27272 mg-NH,/L and NH/(I
336.44 mg-NH,'/L. The pH and the scan rate were kept
constant at 7 and 50 mV/s, respectively, using a Pt anode.

The study of pH effect on the ammonium electro-oxidation
was carried out at three pH values: acid = 3, neutral = 7 and
alkaline = 11, with an initial ammonia nitrogen concentration
of 100 mg-NH,*/L.

Optimization of the time electrolysis was realized by
variation of its value from 0 to 3,600 s with an initial ammo-
nium concentration of 100 mg-NH,*/L. The pH was kept con-
stant at 7; the scan rate of the CV measurement of the solution
before and after electrolysis was regulated at 50 mV/s using
a Pt as anode.

Ammonia nitrogen analyses were carried out by
UV-Visible spectrophotometer (Thermo scientific Genesys
10S UV-Vis) at a wavelength of 630 nm according to the water
effluents dosage norms [41].

3. Results and discussion
3.1. Anode material effect

The anode nature influences significantly the elec-
tro-oxidation process; for this reason, the materials of platinum,
zinc, aluminum, graphite and stainless steel were tested against
the ammonium electro-oxidation. The LSV curves are shown in
Fig. 1(B), respectively, and the CV measurement of the control
solution (without ammonia nitrogen) is shown in the Fig. 1(A).

According to Fig. 1, the anodic peak that corresponds to
the NH,* oxidation was appeared only for the platinum elec-
trode at approximately —0.7 V vs. SCE (Eq. (10)). For the other
anodes, the voltammograms did not present any characteris-
tic peak of NH,* oxidation.

Therefore, the increase of the current intensity at above
-1.1 V vs. SCE and -0.8 V vs. SCE for the zinc electrode,
and at -1.4 V vs. SCE and 1.3 V vs. SCE for the Al electrode
(Fig. 1(B)) are due to the passivation of the materials and not
to the ammonium oxidation processes, which was clearly
visualized on the electrode’s surfaces, especially at low scan
rate (data not shown).

Therefore, the increase of current intensity at about 1.3 V
vs. SCE for the Al electrode was related to the aluminum oxi-
dation according to Eq. (16). Thus, the oxidation peak observed
at +0.5 V vs. SCE was due to the formation and the growth of
an aluminum oxide film layer (Eqgs. (17) and (18)) [42,43].

Al* +3e” < Al (16)
E’=-1.662 V vs. SCE
ALO, +3H" +3e” < 2Al +3H,0 (17)

E®=-1.494 V vs. SCE
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Fig. 1. CV measurement of the control solution (without ammo-
nia nitrogen) (A) and LSV measurement of the solution contain-
ing 272.72 mg-NH,'/L. (B), using various anode materials: scan
rate =50 mV/s and pH =7 at 25°C.

2A1 +3H,0 - ALO, +6H " +6e”
?=+0.5V vs. SCE

(18)

Moreover, the results of CV and LSV measurements of
the Zn electrode indicate that the oxidation of Zn at -1.1 V
vs. SCE has degraded its electro-catalytic activity for NH,*
oxidation. Even though the NH,* oxidative current is even
lower than that of zinc oxidation. As shown in Figs. 1(A) and
(B), the Zn electrode was oxidized at 1.1 V vs. SCE forming
Zn(OH), and ZnO films on the surface layer at -0.8 V vs. SCE
according to Eqgs. (19)—(21) [44,45]:

7Zn - Zn* +2e”

19)

E’=-1.1 V vs. SCE
Zn* +20H " — Zn(OH ), (20)
Zn(OH )2 — 7Zn0O + HZO (21)

However, the Zn*" and Al**ions generated by the anodes
(Egs. (16) and (19)) conduct to consumption of the electrodes
and the contamination of electrolytic solution by these ions.
Also, the oxide layer formed on the electrodes surface could
inhibit the NH,* oxidation performance. Consequently, the
application of zinc as well as the aluminum, as electro-catalysts
for ammonia nitrogen oxidation, is practically infeasible.
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So, the platinum electrode was the most active anode
for this treatment according our results and several pre-
vious researches [38,40,46,47]. Platinum is a noble metal; it
has a high affinity and high activity for oxidations processes
involving ammonia nitrogen. It is also highly corrosion resis-
tant and very stable [26,27,47,48]. For this reason, the study
of the effect of operating conditions on the electrochemical
oxidation of ammonia nitrogen was conducted using a Pt as
working electrode.

3.2. Chloride effect

The response of the Pt electrode in both solutions con-
taining ammonium chloride and ammonium sulfate, respec-
tively, are shown in Fig. 2.

The rough curve at below -1 V/SCE was usually attributed
to the evolution of hydrogen evolved on electrode during the
cathodic polarization. In absence of chloride ions, the anodic
peak of NH," oxidation was observed at -0.7 V vs. SCE
according to Eq. (10). However, this peak was disappeared in
the CV and LSV voltammograms of the electrolytic solution
containing chloride ions, as shown in Fig. 2. This observation
was attributed to the adsorption and oxidation of CI- to Cl,
on the anode surface, according to Eq. (11) that could affect
the NH," electro-oxidation process. Therefore, the formed
active chlorine at the anode (Eq. (11)) could contribute to the
NH," chemical oxidation, because the free chlorine and hypo-
chlorite are sufficiently strong chemical oxidants according
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Fig. 2. LSV (A) and CV (B) measurements on Pt electrode, with
and without chloride ions: pH =7 and scan rate = 50 mV/s.
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to Egs. (12)—(14). The chloride ion competes ammonium ions
for adsorption sites at the electrode surface and inhibits the
decomposition reaction of ammonium to atmospheric nitro-
gen. Consequently, it could limit or even stop the electro-
chemical oxidation processes [18,21,25].

This reaction was improved at both neutral and alkaline
pH in the range of 7-12. However, the hypochlorite could
contribute to the formation of undesired by-products, such
as: nitrogen oxides and oxyanions. Also, it could be further
oxidized to chlorate and perchlorate, which are two toxic
water contaminants too [40].

Moreover, the chemical reaction between NH," and free
chlorine promotes the formation of chloramines, according to
Egs. (22)—(24), which are considered as very toxic substances
[17,22,23,49].

NH,;+HOCI > NHCl+H,O+H” (22)
NH Cl + HOCl - NHCl, +H 0O 23)
NHCI, + HOCl — NCl, + H,0 (24)

Nevertheless, two cathodic peaks were observed at
-0.53 V/SCE and 0.12 V/SCE that can be correspond to the
reduction of nitrate to NH, (Eq. (25)) and to nitrite (Eq. (26))
[25,26,50].

NO; +H,0 +2e” - NO, +20H " (25)
E’=-0.248 V vs. SCE and equilibrium E =0.170 V vs. SCE

NO, +6H,O +8  — NH, +90H -
E°=-0.6 V vs. SCE

(26)

3.3. Scan rate effect

The results of the scan rate effect were studied by the CV
and LSV methods and shown in Fig. 3. The increase of scan
rate range increased the peak intensity of the NH," oxidation
at—0.7 V vs. SCE using a Pt anode.

The results indicate the same characteristics, not exactly
the same potential value. Differences were also noted in the
total current peaks intensities and their sizes, which have
increased with increasing of the scan rate value. The oxida-
tion mechanism previously presented in Eq. (10) referred to
the appearance of the anodic peak at about -0.6 to -0.75 V vs.
SCE, as found in several previous researches [40,36].

The differences in the current intensities during the volt-
age at various scan rates were related to the size of the diffu-
sion layer that depended of the scan rate. In a slow voltage
scan, the diffusion layer was low comparing with that per-
formed at rapid scan rate. This result was related to occurring
of intermediate adsorption reactions of the formed species
according to Eqs. (2)—(6) that could block some active sites
of the electrode surface. The occurred intermediate reactions
were related to the presence of NH, with the predominant
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ions of NH," in the medium at neutral pH according to the
equilibrium presented in Eq. (2). On the other hand, the rela-
tion between I (faraday current density) and v (scan rate) is
I =C.v, where C is the concentration of the species, confirmed
this hypothesis. Therefore, the reaction of NH, oxidation
behavior Pt electrode was occurred by rapid electron transfer
kinetic, which was often referred to the reversible processes
[28,36]. As the result, the optimal scan rate for this oxidation
process was in the range of 50-100 mV/s.

3.4. Initial NH,' concentration effect

The increase of the initial NH," concentration affected
considerably the current intensity and consequently the
oxidation efficiency. When the initial NH," concentration
increased from 10 to 1,000 mg-NH,*/L, the current intensity
increased to 0.0012 A (Fig. 4).

The oxidation peak intensity increased with increasing
of the initial ammonium concentration, until obtaining a
maximum value at 500 mg-NH,*/1. After this value, the peak
intensity kept constant with further increasing of the initial
ammonium concentration. This observation can be attributed
to the excessive formation of adsorbed N_,_ that can block of
the electrode surface [29].

Hence, the NH," concentration depended of the electrol-
ysis time; according to Mahvi et al. [17], during 10 min of
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Fig. 3. LSV (A) and CV (B) measurements of the solution of
100 mg-NH,'/L at various scan rates, using Pt anode with pH 7
and 25°C.
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Fig. 5. CV measurements of: control neutral solution (without ammonia nitrogen) (A); solution containing 100 mg-NH,*/L of (NH,),SO,
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electrolysis, the oxidation efficiency was 30% with an initial
NH," concentration of 15 mg/L. This value was decreased to
10% when the initial NH,* concentration was 100 mg/L. Thus,
during 60 min, the electro-oxidation efficiency could attain
up to 95% for all tested concentrations.

3.5. pH effect

Three pH medium were tested, and the results of both
CV and LSV measurements at 50 mV/s are shown in Fig. 5.

The potential of the oxidation peak was different for the
three tested medium: acid, neutral and alkaline, which were,
respectively, -0.7; -0.75 and -0.9 V vs. SCE. These peaks were
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Fig. 6. CA measurement during 60 min at -0.7 V vs. SCE with
100 mg-NH,*/L (A); CV measurements after various electrolysis
times at scan rate of 50 mV/s (B) and variation of NH," concentra-
tions as a function of time (C) using Pt electrode at pH 7 and 25°C.
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not appeared in the voltammograms of the control solutions
confirming that these peaks were attributed to the oxidation
of NH, and NH,* according to Egs. (2)-(10). Therefore, in
acid medium, another peak was appeared at approximately
-0.3 V vs. SCE, which was appeared also in the acid control
voltammograms.

The electrochemical oxidation of the NH, in alkaline
solution on Pt working electrode was studied in several
researches; it showed an important electro-activity compared
with the other ionization state of ammonia nitrogen [38,47].
However, some intermediate reactions that conduct to the
formation of N_, could affect the NH, oxidation on Pt anode
and inhibit the N, formation, because the adsorption energy
of N_, on Ptis too high for allow the recombination of two N
atoms. Consequently, N_, is considered as poisoning species
because it can block the active electrochemical sites on the Pt
anode surface [19,27,35,38].

Therefore, neutral pH is the most preferable medium for
this electro-treatment because the electro-oxidation do not
produce poisoning species [14,17,29].

3.6. Time electrolysis effect

The time electrolysis effect was studied by the CA mea-
surement, at an initial NH," concentration of 100 mg-NH,*/L,
an applied potential of —0.7 V vs. SCE and pH =7 at various
time electrolysis periods. The CV measurement of the solu-
tion before and after electrolysis was conducted in order to
show the influence of the electrolysis on the oxidation peak
intensity. The CA and CV voltamogramms are shown in
Fig. 6. Thus, determination of residual NH,' concentration is
also provided in Fig. 6(C).

After 5 min of electrolysis, the NH," electro-oxidation
was realized until above 50% with a residual NH," concen-
tration of 53.67 mg-NH,"/L. This percentage was improved
by increasing of the electrolysis time until a removal effi-
ciency of above 70% with a residual NH," concentration
of 31.03 mg-NH,”/L during 60 min of electrolysis. This
result is in accordance with that found in the literatures.
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2 0.0000 -
[
| =
8
£ -0.0002 —_—06V
- —-07V
= | —-0.75V
S 0.0004 08V

Before electrolysis
-0.0006 -

1.2 1.0 -0.8 -0.6 0.4 0.2 00 02 04 06
Applied Potential (V)

Fig.7. CV measurement of the solution after 30 min of electrolysis
at different applied potentials: pH =7, initial NH," concentration
=100 mg-NH[/L and scan rate =50 mV/s.
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Therefore, prolonged electrolysis time improved the NH,*
electro-oxidation yield [17].

3.7. Applied potential effect

The applied potential effect on the NH," electro-oxidation
during 30 min of electrolysis was studied by application of
the CA method at various applied potential values, ranging
from -0.6 to —0.8 V vs. SCE. After electrolysis, the resulted
solutions were analyzed by CV, as shown in Fig. 7.

According to Fig. 7, the increase in the applied potential
value from -0.6 to 0.8 V vs. SCE increased the NH," elec-
tro-oxidation efficiency, which was clearly appeared by the
decrease of the current peak intensity. The applied potential
has the same effect on the process as the current intensity.
According to several researches, the current was positively
correlated with the NH, and NH," removal until attain a cer-
tain limit value of current when the oxidation electro-activity
loses its efficiency [14,17].

4. Conclusion

In the present work, the feasibility and the different exper-
imental factors affecting the ammonia nitrogen removal from
aqueous solution were studied by electrochemical oxidation
method using Pt electrode, at neutral pH and without CI~ in
the electrolytic solution. The results of anode nature effect
allow selecting the Pt as the most electro-active material, the
voltamogramms of ammonia nitrogen oxidation using this
anode material showed the characteristic oxidation peak of
NH," at around -0.7 V vs. SCE. The chloride ions could affect
the NH,* electro-oxidation reaction and acting upon the indi-
rect NH, and NH,* oxidation that conduct to the formation of
undesired by-products. Moreover, the NH,* ionization state
was changed according to the pH of the solution, so each
state had its oxidation potential. The initial NH," concen-
tration and the applied potential value affected the current
intensity of the characteristic oxidation peaks. The effect of
time electrolysis revealed that the increase in the electroly-
sis duration increased the NH," removal efficiency, which
could attain above 70% during about 60 min. Furthermore,
the applied potential has a considerable effect on the current
intensity of the NH,* oxidation peak; the results suggested
that the increase of the applied potential increased the NH,*
electro-oxidation, which was clearly proved by the CV mea-
surements. However, at very high applied potentials, the sys-
tem has not revealed any electro-activity for NH," oxidation,
and poisoning species could be formed on the anode surface
conducting to its passivation.

References

[1] G. Chen, X. Cao, C. Song, Y. Zhou, Adverse effects of ammonia
on nitrification process: the case of Chinese shallow freshwater
lakes, Water Air Soil Pollut., 210 (2010) 297-306.

[2] N. Karapinar, Application of natural zeolite for phosphorus
and ammonium removal from aqueous solutions, ]J. Hazard.
Mater., 170 (2009) 1186-1191.

[3] S.Sugiyama, M. Yokoyama, H. Ishizuka, K.I. Sotowa, T. Tomida,
N. Shigemo, Removal of aqueous ammonium with magnesium
phosphates obtained from the ammonium elimination of mag-
nesium ammonium phosphate, J. Colloid Interface Sci., 292
(2005) 133-138.

(4]

(5]

6]

(71

8]

(9]

[10]

(11]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

(21]

[22]

219

A. Hasanoglu, J. Romero, B. Pérez, Ammonia removal from
wastewater streams through membrane contractors: experi-
mental and theoretical analysis of operation parameters and
configuration, Chem. Eng. J., 160 (2010) 530-537.

G. Du, J. Geng, J. Chen, S. Lun, Mixed culture of nitrifying bac-
teria and denitrifying bacteria for simultaneous nitrification
and denitrification, World J. Microbiol. Biotechnol., 19 (2003)
433-437.

G. Zeng, ]. Zhang, Y. Chen, Z. Yu, M. Yu, H. Li, Z. Liu, M. Chen,
L. Lu, C. Hu, Relative contributions of archaea and bacteria to
microbial ammonia oxidation differ under different conditions
during agricultural waste composting, Bioresour. Technol., 102
(2011) 9026-9032.

D. Xue, Y. Gao, H. Yao, C. Huang, Nitrification potentials of
Chinese tea orchard soils and their adjacent wasteland and for-
est soils, J. Environ. Sci., 21 (2009) 1225-1229.

M.B. Aurelio, O. Satoshi, U. Yoshiaki, R. Niels-Birger, R.
Wolfgang, O. Hidetoshi, Ammonia-oxidizing bacteria on root
biofilms and their possible contribution to N use efficiency of
different rice cultivars, Plant Soil, 250 (2003) 335-348.

K. Yao, Y.F. Cheng, Investigation of the electrocatalytic activity
of nickel for ammonia oxidation, Mater. Chem. Phys., 108 (2008)
247-250.

Y. Zhang, Z. Shi, M. Chen, X. Dong, J. Zhou, Evaluation of
simultaneous nitrification and denitrification under controlled
conditions by an aerobic denitrifier culture, Bioresour. Technol.,
175 (2014) 602-605.

R. Yu, J. Geng, H. Ren, Y. Wang, K. Xu, Struvite pyrolysate
recycling combined with dry pyrolysis for ammonium removal
from wastewater, Bioresour. Technol., 132 (2013) 154-159.
M.M. Rahman, M.A.M. Salleh, U. Rashid, A. Ahsan, M. Hossain,
M. Chang Six Ra, Production of slow release crystal fertilizer
from wastewaters through struvite crystallization — a review,
Arabian J. Chem., 7 (2014) 139-155.

B. Norddahla, V.G. Horna, M. Larssona, J.H. Preezb, K.
Christensena, A membrane contactor for ammonia stripping,
pilot scale experience and modeling, Desalination, 199 (2006)
172-174.

X. Li, C. Lin, Y. Wang, M. Zhao, Y. Hou, Clinoptilolite adsorp-
tion capability of ammonia in pig farm, Procedia Environ. Sci.,
2(2010) 1598-1612.

L. Lin, Z. Lei, L. Wang, X. Liu, Y. Zhang, C. Wan, D.J. Lee, ].H.
Tay, Adsorption mechanisms of high-levels of ammonium onto
natural and NaCl-modified zeolites, Sep. Purif. Technol., 103
(2013) 15-20.

M. Jabtonska, R. Palkovits, Copper based catalysts for the
selective ammonia oxidation into nitrogen and water vapour —
recent trends and open challenges, Appl. Catal., B, 181 (2016)
332-351.

A.H. Mahvi, S.J.A. Ebrahimi, A. Mesdaghinia, H. Gharibi,
M.H. Sowlat, Performance evaluation of a continuous bipolar
electrocoagulation/electrooxidation-electroflotation (ECEO-EF)
reactor designed for simultaneous removal of ammonia
and phosphate from wastewater effluent, J. Hazard. Mater.,
192 (2011) 1267-1274.

H. Sarkkad, A. Bhatnagar, M. Sillanpad, Recent developments of
electro-oxidation in water treatment — a review, J. Electroanal.
Chem., 754 (2015) 46-56.

H. Zollig, E. Morgenroth, K.M. Udert, Inhibition of direct
electrolytic ammonia oxidation due to a change in local pH,
Electrochim. Acta, 165 (2015) 348-355.

X.T. Du, Y. Yang, J. Liu, B. Liu, J.B. Liu, C. Zhong, W.B. Hu,
Surfactant-free and template-free electrochemical approach to
prepare well-dispersed Pt nanosheets and their high electro-
catalytic activities for ammonia oxidation, Electrochim. Acta,
111 (2013) 562-566.

K.W. Kim, Y.J. Kim, I.T. Kim, G.I. Park, E.H. Lee, Electrochemical
conversion characteristics of ammonia to nitrogen, Water Res.,
40 (2006) 1431-1441.

G. Pérez, ]. Saiz, R. Ibanez, A.M. Urtiaga, I. Ortiz, Assessment
of the formation of inorganic oxidation by-products during the
electrocatalytic treatment of ammonium from landfill leachates,
Water Res., 46 (2012) 2579-2590.



220

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Y. Angar et al. / Desalination and Water Treatment 63 (2017) 212-220

A. Cabeza, A. Urtiaga, M.J. Rivero, I. Ortiz, Ammonium
removal from landfill leachate by anodic oxidation, J. Hazard.
Mater., 144 (2007) 715-719.

A. Anglada, R. Ibanez, A. Urtiaga, I. Ortiz, Electrochemical oxi-
dation of saline industrial wastewaters using boron-doped dia-
mond anodes, Catal. Today, 151 (2010) 178-184.

V. Diaz, R. Ibanez, P. Gomez, A.M. Urtiaga, I. Ortiz, Kinetics of
electro-oxidation of ammonia-N, nitrites and COD from a recir-
culating aquaculture saline water system using BDD anodes,
Water Res., 45 (2011) 125-134.

Z.Nj, J. Liu, Y. Wu, B. Liu, C. Zhao, Y. Deng, W. Hu, C. Zhong,
Fabrication of platinum submonolayer electrodes and their high
electrocatalytic activities for ammonia oxidation, Electrochim.
Acta, 177 (2015) 30-35.

S. He, Z. Wu, S. Li, ].M. Lee, Ionic liquid-assisted synthesis of
platinum nanocubes and their improved electrocatalytic activ-
ity for the ammonia oxidation reaction, Int. J. Hydrogen Energy,
41 (2015) 1990-1996.

C.M. Hung, Electrochemical properties of PtPdRh alloy cata-
lysts for ammonia electrocatalytic oxidation, Int. . Hydrogen
Energy, 37 (2012) 13815-13821.

T.L. Lomocso, E.A. Baranova, Electrochemical oxidation of
ammonia on carbon-supported bi-metallic PtM (M = Ir, Pd,
SnO ) nanoparticles, Electrochim. Acta, 56 (2011) 8551-8558.
MHM.T. Assumpcao, R M. Piasentin, P. Hammer, R.E.B. De Souza,
G.S. Buzzo, M.C. Santos, E.V. Spinacé, A.O. Neto, ].C.M. Silva,
Oxidation of ammonia using PtRh/C electrocatalysts: fuel cell and
electrochemical evaluation, Appl. Catal., B, 174-175 (2015) 136-144.
A. Kapatkaa, S. Fierroa, Z. Frontistis, A. Katsaounis, S. Neodo,
O. Freyc, N. Rooijc, K.M. Udert, C. Comninellis, Electrochemical
oxidation of ammonia (NH,/NH,) on thermally and electro-
chemically prepared IrO, electrodes, Electrochim. Acta, 56
(2011) 1361-1365.

J. Liu, B. Liu, Z. Ni, Y. Deng, C. Zhong, W. Hu, Improved cata-
lytic performance of Pt/TiO, nanotubes electrode for ammonia
oxidation under UV-light illumination, Electrochim. Acta, 150
(2014) 146-150.

H. Wang, X. Zhang, Y. Su, H. Yu, S. Chen, X. Quan, F. Yang,
Photoelectrocatalytic oxidation of aqueous ammonia using TiO,
nanotube arrays, Appl. Surf. Sci., 311 (2014) 851-857.

P.B. Moraes, R. Bertazzoli, Electrodegradation of landfill leachate
in a flow electrochemical reactor, Chemosphere, 58 (2005) 41-46.
A.ES. Molouk, J. Yang, T. Okanishi, H. Muroyama, T. Matsui,
K. Eguchi, Comparative study on ammonia oxidation over
Ni-based cermet anodes for solid oxide fuel cells, J. Power
Sources, 305 (2016) 72-79.

L. Candido, J.A.C.P. Gomes, Evaluation of anode materials for
the electro-oxidation of ammonia and ammonium ions, Mater.
Chem. Phys., 129 (2011) 1146-1151.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

H. Gerischer, A. Mauerer, Investigations for the anodic
oxidation of ammonia on platinum electrodes, J. Electroanal.
Chem., 25 (1970) 421-433.

S. Le Vot, L. Roue, D. Belanger, Study of the electrochemical
oxidation of ammonia on platinum in alkaline solution: effect
of electrodeposition potential on the activity of platinum,
J. Electroanal. Chem., 691 (2013) 18-27.

H. Cheng, K. Scott, P.A. Christensen, Paired electrolysis in a
solid polymer electrolyte reactor—simultaneously reduction
of nitrate and oxidation of ammonia, Chem. Eng. J., 108 (2005)
257-268.

N.J. Bunce, D. Bejan, Mechanism of electrochemical oxidation of
ammonia, Electrochim. Acta, 56 (2011) 8085-8093.

J. Rodier, C. Bazin, J.P. Broutin, P. Chambon, H. Champsaur,
L. Rodi, Water Analysis, 8th ed., Dunod, Paris, 2005,
pp. 149-155.

R. Giovanardi, C. Fontanesi, W. Dallabarba, Adsorption of
organic compounds at the aluminium oxide/aqueous solution
interface during the aluminium anodizing process, Electrochim.
Acta, 56 (2011) 3128-3138. (in French)

PL. Cabot, F.A. Centellas, J.A. Garret, E. Brez, H. Vidal,
Electrochemical study of aluminium corrosion in acid chloride
solutions, Electrochim. Acta, 36 (1991) 179-187.

N. Ait Ahmed, M. Eyraud, H. Hammache, F. Vacandio, S. Sam,
N. Gabouze, P. Knauth, K. Pelzer, T. Djenizian, New insight
into the mechanism of cathodic electrodeposition of zinc oxide
thin films onto vitreous carbon, Electrochim. Acta, 94 (2013)
238-244.

K. Yao, Y.F. Cheng, Fabrication by electrolytic deposition of Pt—
Ni electrocatalyst for oxidation of ammonia in alkaline solution,
Int. J. Hydrogen Energy, 33 (2008) 6681-6686.

K. Endo, Y. Katayama, T. Miura, A rotating disk electrode
study on the ammonia oxidation, Electrochim. Acta, 50 (2005)
2181-2185.

A.C.A. Vooys, M.T.M. Koper, R.A. Santen, J.A.R. Veen, The role
of adsorbates in the electrochemical oxidation of ammonia on
noble and transition metal electrodes, ]J. Electroanal. Chem., 506
(2001) 127-137.

L. Li, Y. Liu, Ammonia removal in electrochemical oxidation:
mechanism and pseudo-kinetics, J. Hazard. Mater., 161 (2009)
1010-1016.

N. Aouina, Electrochemical Reduction of Nitrate and Nitrite
Ions on Copper Electrode, Neutral Medium: Contribution
to the Understanding of the Reaction Mechanism, Doctoral
Thesis from the University of Pierre et Marie Curie, Physical
Chemistry and Analytical Chemistry, 2009. (in French)

J. Tang, J. Guo, F. Fang, Y. Chen, L. Lei, L. Yang, Oxidation
behavior of ammonium in a 3-dimensional biofilm-electrode
reactor, J. Environ. Sci., 25 (2013) 2403-2409.



