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Ammonia, produced by human and animal activities, contributes to water and soil pollution because it is toxic
for aquatic flora and fauna, and responsible for eutrophication. In this work, the photoelectrocatalytic (PEC)
oxidation of ammonia is investigated employing a stainless-steel PEC reactor, consisting of a central UV Hg-vapor
lamp surrounded by a metallic Ti mesh coated with a photoactive TiOz film, directly grown by Plasma Elec-
trolytic Oxidation (PEO). The so prepared TiO film is characterized by XRD, SEM, UV-vis DRS and IPCE. The
PEC reactor operates at 4 V potential drop between the TiO, coated mesh (photoanode) and the body of the
reactor (cathode). The effect of the operating parameters (recirculation flowrate and air bubbling) and type of
electrolyte solution (KCl or K2SO4) on the PEC performance are investigated in terms of ammonia conversion and
selectivity to nitrite, nitrate and molecular nitrogen. Full ammonia conversion (Xny3) with a selectivity to mo-
lecular nitrogen up to 67 % are attained after 12 h in 5 mM KCI electrolyte solution. Nitrite is produced within
the first 6 h irradiation and then fully converted into nitrate. By contrast, only a slight X3 (ca. 10 %) is observed
in K3S04 electrolyte solution. These results suggest that chlorine has a crucial role in the ammonia PEC oxidation
process: photo-generated holes on the photoanode surface can oxidize Cl~ to Cl°* (electro-induced process), which

is a reactive radical able to oxidase ammonia.

1. Introduction

Nitrogen-containing compounds produced by human activities have
greatly perturbed the global nitrogen cycle in the last century. Because
the perturbation of the nitrogen cycle is considered as one of the plan-
etary boundaries already trespassed, we urgently need to develop new,
more efficient and environmentally friendly water treatment technolo-
gies for N-content remediation. Animals, including fishes, convert the
nitrogen content of food and nutrients into ammonia (NH3), which is
successively oxidized mainly into nitrite (NO3) and nitrate (NO3) anions
by means of different chemical and biological processes [1]. High levels
of nitrogen compounds in aquatic ecosystems can compromise the
capability of animals to grow, reproduce and survive [2]. Indeed,
ammonia can provoke asphyxiation, inhibition of ATP production and
repression of immune system, while its protonated form (NHZ) seems to
be less toxic. Nitrites are even more toxic than ammonia itself, forming
mutagenic and carcinogenic N-nitroso compounds, which damage
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mitochondria in liver cell tissues and decrease tolerance to parasitic and
bacterial diseases. Finally, the toxicity of nitrate in aquatic ecosystems is
traditionally considered to be irrelevant [3]. Moreover, acidification of
freshwater, eutrophication and the occurrence of toxic algae are the
most impacting consequences of the accumulation of ammonia and its
derivatives in the ecosystems.

Different remediation methods can be adopted to remove ammonia
from aquatic ecosystems [4]. The most diffuse method is bioremediation
via nitrification-denitrification, the first aerobic step of which consists in
ammonia oxidation to nitrates that are subsequently converted into
gaseous nitrogen by heterotrophic microorganisms in the second
anaerobic step. The main advantages of biological remediation tech-
nologies are the high selectivity and the biocompatibility, but any
variation in pH, temperature or feed composition can dramatically affect
the activity of microorganisms and thus the efficiency of pollutants
removal [5,6]. The physico-chemical remediation methods include
ammonia stripping, chemical or electrochemical oxidation or separation
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by means of selective membranes. Despite biological technologies are
the most largely employed, they are less efficient and require longer
time compared to the other treatments [7,8].

Photocatalysis belongs to the family of innovative advance oxidation
technologies that can be exploited for ammonia oxidation [9-15]. In
particular, a TiOp-based photocatalytic system has been successfully
employed for water treatment and ammonia remediation in zebrafish
[16] and rainbow trout [17] aquaculture and in livestock manure [18].
Moreover, the advantage of photocatalysis applied to real systems is its
additional antibacterial and antiviral effect [19,20].

In this work, we explore the possibility of boosting the photocatalytic
performance in ammonia abatement by applying an external electrical
bias. For this purpose, we have investigated an innovative photo-
electrochemical (PEC) reactor that combines a commercial water-UV
sterilizer with a photoactive TiOs-coating directly grown on a metallic
Ti mesh by plasma electrolytic oxidation (PEO), acting as photoanode
[21].

Because both fresh- or sea-water contain a significant amount of
dissolved chloride, the PEC system can further exploit the UV/electro-
chlorine advanced oxidation process [22,23], occurring in chloride
based electrolytic solutions, where the CI™ anion is oxidized by photo-
generated holes to chlorine radical (E° C1°/Cl™ = 2.47 V vs. NHE), which
is highly reactive and selective in ammonia oxidation yielding molecular
nitrogen or nitrate.

2. Material and methods
2.1. TiOz photoanodes preparation via plasma electrolytic oxidation

The photoactive TiOy coated mesh preparation and the description of
the photoreactor design is extensively reported elsewhere [24]. Here
briefly, the TiO» film for this PEC application was directly grown over a
metallic Ti mesh (photoanode) via Plasma Electrolytic Oxidation (PEO),
a plasma-assisted technology for single step preparation of large area
TiO4 photoanodes, allowing the fast conversion of a metallic surface into
a crystalline metal oxide film.

The TiO, coated Ti mesh was prepared at 150 V in H»SO4 1.5 mol L™?
at — 5 °C for 5 min, following the previously reported experimental
procedure [25].
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2.2. TiOy photoanodes characterization

The morphology and pore diameter of the TiO, coating were inves-
tigated by Scanning Electron Microscopy (SEM, Zeiss EVO50). The
crystal phase composition was studied by X-ray diffraction (XRD, Philips
PW1830), by using Cu Ka radiation (A = 1.5418 A). The band-gap en-
ergy was measured from the Tauc-plot. The UV-vis-NIR diffuse reflec-
tance (UV-vis DRS) spectra were recorded in the 220-2600 nm
wavelength range with a Shimadzu UV3600 Plus spectrophotometer
equipped with an ISR-603 integrating sphere.

The incident photon-to-current efficiency (IPCE) curve was
measured at 1.0 V vs. SCE in a NaySO4 0.5 mol L™} electrolyte solution,
on an optical bench already described elsewhere [26]. IPCE is calculated
by measuring, at a fixed wavelength (1), the power of the incident ra-
diation (P;,) and the generated photocurrent (I):

1240 x I(Acm™2)

IPCE = ———————— 5~
A(nm) x Py, (Wem=2)

2.3. Photocatalytic tests

A schematic representation of the setup employed for the PEC tests is
reported in Fig. 1. It consists of a stainless-steel reactor with cylindrical
shape (diameter 6 cm, length 22 cm and free volume 430 mL), with a
commercial 30 W medium-pressure Hg-vapor lamp arranged at the
central axis of the reactor, surrounded by the TiOy-coated titanium
mesh. A rotary pump inside an external 3 L tank provides a recirculation
flowrate from 120 to 350 L h™!. The PEC reactor works at constant
potential drop applied between the TiO, coated mesh (photoanode) and
the body of the reactor (cathode) by means of an Amel Model 2549
potentiostat.

Two types of PEC tests have been performed using this experimental
setup: i) The effects of the electrolyte (KCl 5 mM, KCl 500 mM or K3SO4
2.5 mM) and operating parameters (air bubbling, recirculating flow rate
of 120 or 350 L h™! and applied cell voltage of 2 or 4 V) were investi-
gated by recirculating 3 L of electrolyte solution with an ammonia
concentration of 20 ppm or 100 ppm; ii) Tests under ammonia dropping
conditions were performed by recirculating an initial volume of elec-
trolyte solution equal to 1.5 L, then other 1.5 L of the same electrolyte
solution but containing 4 or 40 ppm ammonia were added dropwise in
8 h using a syringe pump. This latter experiment simulates a sort of
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Fig. 1. Schematic of the PEC reactor and experimental setup: (1) PEC reactor, (2) UV-lamp, (3) TiO, coated mesh, (4) potentiometer, (5) rotary pump, (6) external
tank and (7) syringe pump. The PEC oxidation scheme of indirect ammonia oxidation involving chlorine ions is reported on the right.
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constant ammonia release such as that due to excretion by fishes in a
tank. Finally, linear sweep voltammetry (LSV) analysis was performed
by applying a cell voltage from O to 6 V with an increment of 10 mV s~*
in a KCl 5 mM electrolyte solution.

2.4. Analytical methods and calculations

The concentration of ionic species in water was monitored by means
of an ion chromatograph (Metrohm, 761 Compact IC with conductivity
detector) after sampling the recirculating water every hour. A typical
cation and anion chromatogram is shown in Fig.S1.

In recirculating tests, the conversion of ammonia (Xyu3) and the
selectivity to each product (S;, with i = NO3, NO3 and Nj) were calcu-
lated from the initial NHJ concentration in the recirculated solution
(Cnn4+,) and the concentration of NHj, NO3 and NO3 in each sample
(CNu4+,t> CNo2-,¢ and Cno2- 1), as follows:

CNH; i CNH;' N

X = 1 1
NH; CNH},i x 100 @)
Cro-
Snos % = A% 100 @
Cuiyi = Coi;
Cro-
Syo. % = Mo %100 3
? CNH:’,:' - CNHZ’J
SNZ% = 1007SN02’%7SN0;% (4)

All concentration, conversion and selectivity values are reported as a
function of the irradiation time (t;) and of the operating time (t,), which
represents the normalized irradiation time, considering the ratio
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between the free volume of the reactor (V,), the volume of treated water
(V) and, eventually, the dropping flowrate (Fqrop) and initial volume
(Vy:

For recirculating tests: t, = ti%.

; I
For tests under dropping conditions: t, = fiy; g t)"

This is necessary because the volume of treated water is higher than
the inner free volume of the reactor, so the residence time inside the

reactor does not coincide with the irradiation time.
3. Results and discussion
3.1. TiO, photoanode characterization

The SEM micrograph reported in Fig. 2A shows the characteristic
sponge-like morphology and the complex interconnected structure of
PEO-grown coatings, with an average pore size diameter equal to 472
+ 132 nm. X-ray diffraction (XRD) was employed to evaluate the crys-
talline structure and composition of the TiO, film, resulting in a phase
composition of 45 % rutile and 55 % anatase (Fig. 2B). The Tauc plot of
the UV-vis DRS analysis (Fig. 2D) gives a band gap energy of ca. 3.08 eV,
typical of the rutile phase, corresponding to a ca. 403 nm wavelength.
This value was confirmed by IPCE analysis (Fig. 2C) that shows a pho-
toactivity threshold located below 410 nm. Two relative IPCE maxima
are present at 374 nm (IPCE 50 %) and 315 nm (IPCE 72 %), that could
be attributed to the superposition of the rutile and anatase phase pho-
toactivity, respectively. Indeed, the anatase phase possesses a wider
band gap energy of 3.2 eV, corresponding to a wavelength of ca.
387 nm, with respect to that of rutile (3.0 eV and 413 nm).
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Fig. 2. Characterization of the as prepared TiO, coating grown by PEO on a metal Ti mesh: (A) SEM image, (B) XRD pattern, (C) IPCE analysis measured at 1.0 V vs.

SCE in Na,SO4 0.5 M electrolyte solution and (D) Tauc plot from UV-Vis DRS.
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3.2. Effect of operating conditions on the PEC performance under
recirculating conditions

Typical NH3, NO3 and NO3 concentration profiles during irradiation
at 4 V in KCl 5.0 mM and 120 L h™? recirculation flowrate are shown in
Fig. 3. Ammonia concentration decreases almost linearly reaching a ca.
75 % conversion after 8 h irradiation time (1.14 h operating time).
Meanwhile, nitrite concentration reaches a maximum of ca. 3 ppm after
2 h, then its concentration decreases below the detection limit after 7 h,
while nitrate concentration follows a sigmoid-like profile. This trend is
characteristic of the kinetics of consecutive reactions, with nitrite as
intermediate in ammonia oxidation up to nitrate (Egs. (5) and (6)).

However, nitrite and nitrate formation only accounts for ca. 50 % of
the converted ammonia (Fig. 4). Hence, the rest of ammonia is oxidized
to gaseous molecular nitrogen, although we cannot exclude the forma-
tion of NOx species. Because hydrogen evolution (2H" + 2e~ — Hy)
simultaneously occurs at the cathode, N3 is then produced via an inverse
ammonia synthesis reaction (Eq. (7)). Hence, the PEC oxidation of
aqueous ammonia follows two parallel pathways [27]:

3 i0y+hi
NH3 +§02 TiOy+hv NO; +H20+H+ (5)
_ 1 i0y+hy _
NO; +50, 1o Noy; (6)
ONH, 2 N, 4+ 3H, )

The first oxidation path is the conversion of ammonia into nitrate
through a consecutive reaction mechanism with nitrite as intermediate
species (Egs. 5 and 6), while in the second case ammonia is oxidized into
gaseous nitrogen (Eq. (7)), i.e., into an inert and non-toxic gaseous
compound. Since nitrite is even more toxic than ammonia, the second
path is the favorite one leading to harmless molecular nitrogen.

The effect of initial ammonia concentration (C°yg3z = 100 or
20 ppm), air bubbling, recirculating flow rate (120 or 350 L h’l) and
applied voltage (2 or 4 V) on ammonia conversion and selectivity to
nitrite, nitrate and nitrogen are reported in Fig. 4.

Air bubbling (10 L h~! fed at the reactor inlet) is expected to increase
the amount of dissolved oxygen and the turbulence inside the reactor,
demonstrates to have a detrimental effect on both ammonia conversion
(decreasing from 15 % to only 8 % after 6 h) and selectivity to nitrate
(Fig. 4A) under these PEC reaction conditions.

Operating time t_ (h)

0.29 0.57 0.86 1.14

25

conc (ppm)

Irradiation time t; (h)

Fig. 3. NHj, NO3 and NO;3 concentration profiles at 4V in a KCl 5.0 mM
electrolyte solution with 120 L h~! recirculating flowrate.
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On the other hand, by decreasing C°ny3 from 100 (Fig. 4A) to 20 ppm
(Fig. 4B) there is a fourfold increase of Xyys, from 15 up to 60% after 6 h
irradiation. Furthermore, Fig. 5 shows that the ammonia conversion
rate, given by the slope of the straight line interpolating the NH3 con-
centration vs. operation time, is independent of the initial ammonia
concentration (rygs = 0.80 vs. 0.85 mmolyys L h’l, with C°yys3 of 20
or 100 ppm, respectively). This confirms the pseudo zero order rate of
ammonia conversion under the here adopted PEC conditions.

The recirculation flowrate is a more important operating parameter
affecting the residence time of the species inside the reactor. As ex-
pected, a higher Xyys is attained at lower flowrate (Fig. 4B), increasing
from 56 % at 350 Lh~! to 71 % at 120 L h™! after an 8 h. Interesting,
Sn2 also increased by decreasing the flow rate, passing from 44 % at
350 Lh™! to 67 % at 120 L h~!. Hence, longer residence time seems to
promote the reaction mechanism of ammonia oxidation to molecular
nitrogen rather than those yielding to nitrite and nitrate. A total
ammonia conversion was reached after 12 h irradiation with a final Sy»
up to 67 %, working at 120 L h™! flowrate. Finally, the effect of the
applied cell voltage are shown in Fig. 4C and Fig. S2. At 2 V, steady state
conditions were reached only after 2 h irradiation, attaining a lower
value than when operating at 4 V (after 8 h Xyy3 was 70 % at 4 V and
55 % at 2 V). Indeed, the applied cell voltage can affect the charge
separation and, consequently, the generated photocurrent and ammonia
conversion. By decreasing the cell voltage from 4 V to 2 V, the average
photocurrent measured during the test decreased from 154 to 84 mA
(Fig. S2A), while the ammonia conversion rate ryys decreased from 0.84
to 0.47 mmol L™! h™! (Fig. S2B). Interestingly, the ratio of averaged
photocurrent generated at 4 V and 2 V (184/84 = 1.80) is similar to the
corresponding ratio of rygs (0.84/0.47 = 1.79). This result demon-
strates that ryys is directly proportional to the photocurrent. Moreover,
the chronoamperometry test (Fig. S2A) shows a good time on stream
stability of the generated photocurrent during the 8 h-long ammonia
degradation photocatalytic test.

3.3. Effect of electrolyte nature and concentration

Two different electrolytes have been investigated: KCl 5 mM and
K2SO4 2.5mM (Fig. 5). Interestingly, no ammonia conversion was
observed in K3SO4 despite the similar photocurrent (ca. 150 mA)
recorded with the two electrolytes. This result highlights the crucial rule
of chloride in the PEC oxidation of ammonia. To further explore the
effect of chloride we investigated the effect of KCl concentration of
5mM and 500 mM, simulating the salinity of freshwater and salty
water. Increasing chloride concentration led to ca. fivefold increase in
ammonia reaction rate from 0.85 up to 3.86 mmolyys L~ h™!, while the
photocurrent increased only from 150 to 175 mA. The PEC system can
exploit the UV/electro-chlorine advanced oxidation process [22,28,29].
In this process, the photo-generated holes on the TiO, surface can
oxidize, in the presence of an electrical bias, chloride ions into CI*
radical (E° C1°/Cl~ = 2.47 V vs. NHE) (Eq. (10)). This electro-chlorine
process inhibits the oxidation of water into OH® (Eq. 9), that is the
typical reactive species, together with O3, involved in tradition photo-
catalytic oxidation processes. Chlorine radicals can follow different re-
action pathways, including the formation of molecular chlorine (Cly)
(Eq. (11)), which further evolves into hypochlorous acid (HCIO) (Eq.
(12)). These highly reactive species can react with ammonia, leading to
its conversion into Ny or other oxidation products (Fig. 1). In particular,
the reaction of ammonium cation with chlorine radical produces amino
radical NHj (Eq. (13)), which can further react following two different
paths leading to the final formation of molecular nitrogen or nitrite and
nitrate:

Path 1) Reaction of amino radical with hypochlorous acid or chlorine
radical forming different chloramines intermediates, including mono-
chloramine (NH»Cl) and dichloramine (NHCl,) according to Eqs. (14)-
(16). Dichloramine can decompose to molecular nitrogen reacting either
with monochloramine (Eq. (17)) or with water through the formation of
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Fig. 4. Effect of operating parameters on ammonia conversion (black lines) and selectivity to nitrite (green lines), nitrate (blue lines) and molecular nitrogen (red
lines): A) air bubbling (C°yu3 = 100 ppm, 4 Vand 120 L h™1), B) recirculation flowrate (C°np3 = 20 ppm and 4 V), and C) applied cell voltage (C°yu3 = 20 ppm and

120 Lh™1). All tests performed in KCl 5 mM electrolyte solutions.
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Fig. 5. Effect of electrolyte nature (KySO4 circles or KCl diamonds), initial
ammonia concentration (100 ppm diamonds or 20 ppm squares) and KCl con-
centration (5 mM diamonds or 500 mM triangles) on the ammonia concentra-
tion variation during PEC oxidation at 4V and 120Lh™! recirculation
flow rate.

nitroxyl (HNO) as intermediate (Eqs. (18) and (19)). Indeed, nitroxyl is a
short-lived intermediate and rapidly decomposes to nitrous oxide (N2O)
or reacts with NHCI; to form N» (Eq. (19)).

Path 2) Reaction of amino radical with hydroxyl radical yielding
hydroxylamine (Eq. (20)) which can further oxidize into nitrite and
nitrate (Eq. (21)).

TiO, + ho—h" +e” (€))

H,0 +h"—>HO® + H* ©)]
Cl™ +ht=CI° (10)
2CI°=Cl, an
Cl, +H,0—HCIO + HCI 12)
NH; +CI°-NH; +Cl~ +2H" 13)
HCIO -+ NH3—NH,Cl + HO* 14)
NH,Cl + CI*-NHCI* +CI" + H" (15)
NHCI* 4+ HCIO—NHCI, + HO® 16)
NHCl, + NH,Cl—Ny() +3H" +3CI- a7
NHCI, 4+ H,0—HNO + 2H" + 2CI~ 18)
NHCI, + HNO—Ny(,) +HCIO +H* +CI™ 19)
NH; + HO®*—»NH,0H (20)
NH,0H + HO*-NO, -NO; (2D

Although this reactions sequence is only speculative, as no inter-
mediate species has been detected in this work, the elementary reactions
involved in the UV/chlorine assisted decomposition of ammonia,
including the reactivity of intermediate chloramine, are widely reported
in literature and are recently summarized by Kwon et al. [30], who also
reported the reaction rate constants.

Thus, working with both UV light and potential bias, chloride ion is
the main reactive specie responsible for ammonia oxidation. This ex-
plains why no significant ammonia conversion is observed in the
absence of a chloride-based electrolyte or when increasing the dissolved
oxygen content in water by air bubbling.
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3.4. PEC test under dropping conditions

In order to simulate a continuous production of ammonia, as in fish
farming tanks, a test was performed under dropwise addition, to an
initial volume of 1.5 L of KC1 5 mM, of an identical volume of the same
electrolyte solution containing 4 or 40 ppm of ammonia in 8 h using a
syringe pump (i.e., with a flowrate of 187.5 mL h™?). This test allows to
evaluate the ability of this PEC system in avoiding ammonia accumu-
lation in close recirculating aquatic systems.

Neither NHJ nor NO3 were ever detected over time upon dropping
the 4 ppm ammonia solution. Only NO3 was linearly accumulated in
water up to 4.7 ppm after 8 h (t, 1.15h). This means that all added
ammonia was immediately converted into N3 or NOg3, with selectivity of
45 % and 55 %, respectively, and without accumulation of toxic nitrite.

By increasing to 40 ppm the concentration of the dropped ammonia
solution, NH{ concentration first increases up to a maximum value of
5.7 ppm after 4 h (t, 0.8 h), then it reaches a plateau with Xyy3 up to
75 %. Also in this case, no nitrite was detected, i.e., no oxidation in-
termediates were accumulated over time. Nitrate concentration
increased linearly, reaching a concentration of 12.5 ppm after 8 h. In
these conditions Sy remained in the 73-80 % range along the whole
test.

3.5. Stability of the PEC reactor

Linear sweep voltammetry (LSV) analyses were periodically per-
formed to evaluate the stability of the PEC reactor over time before and
after every PEC test. The LSV curves after 0, 12, 24, 36, 52, 68 and 160
irradiation hours are shown in Fig. 6. A slight irreversible decrease of
photocurrent at 1V was observed over time, whereas at 4V the
photocurrent decreased from 135 mA down to a minimum of 108 mA
after 52 h and then raised up again to 138 mA after 162 h irradiation
time. Thus, no significant changes in PEC performance were detected
over time, highlighting the robustness and the stability of the TiO,
coated mesh produced by PEO.

4. Conclusion

The here tested photoelectrocatalytic reactor could be successfully
employed in water remediation systems for the abatement of the total
ammonia nitrogen (TAN) in recirculating aquaculture systems (RAS).
Ammonia concentration above 1.5 ppm is considered toxic for most fish,
while the acceptable level in RAS is usually set at 0.025 ppm. Tests
performed under dropping conditions have shown that this ammonia
level could be attained with a proper scale-up. Furthermore, the
advantage of the PEC system compared to a traditional biological
nitrification unit is the possibility of lowering the total nitrogen content
of the recirculating water thanks to a high selectivity to gaseous nitro-
gen. Finally, this work demonstrates that the PEC system exploits the
UV/electro-chlorine process to oxidize ammonia. Chloride is present in
all real water ecosystem and it turns particularly effective in seawater.
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