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Abstract: Photocatalysis has been used for the oxidation of ammonia/ammonium in water. A
semibatch photoreactor was developed for this purpose, and nanostructured TiO2-based materials,
either commercial P25 or prepared by flame spray pyrolysis (FSP), were used as catalysts. In
the present work, we investigated the effect of (i) metal co-catalysts, (ii) pH, and (iii) ammonia
concentration on the efficiency of oxidation and on the selectivity to the undesired overoxidation
byproduct, i.e., nitrites and nitrates. Several metals were added to both titania samples, and the
physicochemical properties of every sample were studied by XRD, BET, and UV-Vis spectroscopy. The
pH, which was investigated in the range of 2.5–11.5, was the most important parameter. The optimum
pH values, resulted as 11.5 and 4.8 for P25 and FSP respectively, matching the best compromise
between an acceptable conversion and a limited selectivity toward nitrite and nitrate formation.
For both titania samples (P25 and FSP), ammonia conversion vs. nitrite and nitrate formation were
highly dependent on the pH. At pH ≥ 9, the initial rate of photooxidation was high, with selective
formation of overoxidized byproducts, whereas, at a more acidic pH, the conversion was lower,
but the selectivity toward nitrogen formation was higher. P25 samples added with noble metal
co-catalysts (0.1 mol% Ag, Au, Pd, Pt) at pH = 11.5 remarkably increased the selectivity to nitrite
and nitrate, while, in the case of FSP samples (pH = 4.8), the co-catalysts increased the selectivity
toward N2 with respect to the unpromoted catalyst and also the conversion in the case of Au and
Pt. Reactivity was discussed, leading to the proposing of a mechanism that correlates the activity
with either surface adsorption (depending of the surface charge of the catalyst and on pH) or the
homogeneous reactivity of oxidizing species.

Keywords: ammonia photocatalytic oxidation; photocatalysis; photocatalysts; wastewater treatment;
advanced oxidation processes (AOPs)

1. Introduction

Aqueous ammonia (NH3) is one of the major nitrogen-containing pollutants in
wastewater and is a potential source of oxygen depletion due to eutrophication [1–4].
Both ammonium (NH4

+, pKa = 9.3 at 25 ◦C [5]) and its conjugate base (NH3) can be
present in water and wastewater. The toxicity is commonly attributed only to NH3 and not
to NH4

+; nevertheless, the equilibrium partition in water of the two species depends on
pH, temperature, and ionic strength. Therefore, NH4

+ can exist in natural water while
NH3 can reach toxic levels in alkaline water.

Ammonia can be produced through natural sources, such as gas exchange with the
atmosphere, chemical and biochemical degradation of N-containing substances, and the
excretion by biota [6]. Commercially, NH3 is synthesized by the so-called Haber–Bosch
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process [7,8], which is extensively used as a basis for the production of a vast variety of
chemicals, such as fertilizers, explosives, nitric acid, and polyamides. This represents a
method for the fixation, i.e., activation of atmospheric nitrogen, and considering that 85%
of 146 million ton per year of the ammonia produced worldwide is used for fertilizers
production [8], one may appreciate the magnitude of admission of this nutrient in the
environment, particularly in surface or ground waters.

Several methods are used for NH4
+/NH3 removal from water and wastewater, includ-

ing ammonia stripping, biological nitrification, ion exchange, and breakpoint chlorination,
but each one has drawbacks [1]. For instance, temperature, pH, dissolved oxygen, carbon
source, and the concentrations of toxic substances have direct impact on the efficiency of
biological nitrification [9,10]. Breakpoint chlorination may produce harmful byproducts
and requires further treatments for residuals [11]; consequently, it may produce highly
concentrated wastes, which is even more difficult to treat.

Several studies have been performed recently to find a selective and environmentally
friendly method for the one-pot abatement of N-containing pollutants. In this regard,
photocatalytic oxidation of NH4

+/NH3 has been investigated, and different catalysts
were studied in recent years [12–17]. It was demonstrated that solar radiation can be
used in photocatalysis, which would make it economically competitive for water and
wastewater treatment [18]. While some studies investigate the effect of pH on reactivity and
selectivity of the NH4

+/NH3 photooxidation [15,19–21], no affordable report is available
for explaining this trend. Bravo et al. [15] proposed that the electrostatic properties of
catalysts surface in different environments with the reactive compounds plays an important
role on the rate of the reaction. However, Bonsen et al. [21] proposed that at basic pH
(pH > 9.3), the scenario is different and the adsorption of neutral NH3, rather than NH4

+

on the surface of TiO2, may be the rate-limiting step. Thus, a clear conclusion on the effect
of pH is not available yet and depends on the adsorption properties of the catalyst.

On the other hand, one of the main efficiency issues in photocatalytic processes is the
fast electron-hole recombination (~10−9 s). In order to overcome this problem, semicon-
ductors are often loaded with noble metal nanoparticles [22–24]. These nanoparticles have
the Fermi level located near the energy potential of the semiconductor conduction band,
and therefore they are able to capture photopromoted electrons. The addition of some
noble metals (e.g., Au) may also improve the light harvesting through the plasmonic effect.
Furthermore, if metal addition is followed by thermal reduction in H2 to reduce the metal,
as reported, e.g., in [25], the presence of the metal itself can favor titania reduction during
the activation in reducing environment, thus indirectly decreasing the titania band gap.

Previously, we considered the effect of titania samples promoted with different co-
catalysts for application in a photoreduction reaction, i.e., the photoreduction of nitrate in
water, exploring the potential of different catalyst formulations and of reaction conditions.
In this work, we focus instead on the use of the same catalysts as mediators for the
oxidation of a pollutant in water. To this purpose, we set up a semibatch reactor for the
photooxidation of ammonia, where ammonia-containing water is fed to the reactor at the
beginning of the reaction, while oxygen or air is fed continuously to the reactor. Water
soluble byproducts (NO3

− and NO2
− due to ammonia overoxidation) are accumulated

simultaneously into the reactor, whereas molecular N2, the desired product of selective
oxidation, is withdrawn continuously from the reactor.

The aim of current study is to investigate the mechanism, conversion and selectivity of
different photocatalysts for the photooxidation of NH4

+/NH3. For this purpose, the opti-
mum pH conditions are selected over a commercial TiO2 sample (Evonik P25) and a similar
nanostructured TiO2 obtained by a home-developed apparatus for Flame Spray Pyrolysis
(FSP). The latter technique, applied to different materials and processes, is proven able to
produce materials with significantly higher surface concentration of hydroxyl groups, in
turn affecting surface properties [26–28]. Based on the optimum pH, the conversion and
the selectivity toward different products of photocatalysts, either as such or with different
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metal co-catalysts (0.1 mol% Ag, Au, Pd and Pt, loaded by impregnation on both titania
samples), are investigated.

2. Results and Discussion

The catalysts used in this work are based on nanostructured TiO2 prepared by two
different flame-based methods, namely flame hydrolysis of a volatile chloride precursor
(the well-known TiO2 P25 Aeroxide®) and flame spray pyrolysis (FSP). Although leading
to similar physical chemical properties (see Table S1), the residence time and temperature
of the flame are different [29], possibly leading to different porosity and crystal phases
ratio. The catalysts were used as such or added with different noble metal co-catalysts
(0.1 mol% Ag, Au, Pt or Pd). These catalysts were extensively characterized in a previous
work and tested for their photoreductive properties [25]. Here, the activity and selectivity
for the photooxidation of ammonia are instead being tested.

The main features of the catalyst can be found in the cited reference and are sum-
marized in the Supporting Information (SI) file. Briefly, the XRD analysis evidenced the
same crystalline structure for every sample, which is composed of a mixture of anatase
and rutile phases of TiO2 in different proportions, and the FSP samples showed a slightly
higher surface area, rutile content, and bigger crystal size than P25.

All the materials showed a strong absorption in the range of 240–380 nm, but for pure
TiO2 samples, the calculated band-gap was higher with respect to the metal-added ones.
Only in some cases, some plasmon resonance was observed (e.g., with Au).

2.1. Activity Testing for Photooxidation of Ammonia

The photocatalytic activity data were elaborated through a model assuming consec-
utive first-order transformation of NH4

+/NH3 to N2 then consecutively to NO2
− and

further to NO3
− [30]. No product different from N2, NO3

− and NO2
− was detected.

According to the possible intermediates and based on kinetic investigations, the mecha-
nism can be described as depicted in Scheme 1. For 1 g/L of TiO2 concentration, the rate
constants for NO2

− photocatalytic oxidation to NO3
− were by far more dependent on

TiO2 concentration than those for NH4
+/NH3 oxidation to NO2

−, signifying the role of
sufficient TiO2 concentration for initiating the overoxidation of NH4

+/NH3 to NO3
− [30].
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2.1.1. Effect of Ammonia Concentration

The photocatalytic tests were performed on the P25 sample with three different
ammonia concentrations (0.012, 0.02 and 0.2 M) at pH 5.1. This pH corresponds to a 0.2 M
solution of NH4Cl dissolved in bi-distilled water, without any adjustment.

According to Figure 1, initial photooxidation rates were proportional to the initial
concentration of NH3, as evidenced recently also by Ren et al. [16]. Since at this pH value
the catalysts’ surface was nearly neutral, by increasing the initial ammonia concentration
from 0.012 up to 0.2 M, more NH3 adsorbed on the catalysts’ surface, and consequently the
rate of photooxidation increased up to ten times. Meanwhile, NO3

− selectivity decreased
from 3.7% to 0%.
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Figure 1. Rate of ammonia conversion and nitrate selectivity for the P25 sample at three different
initial concentration of ammonia and constant pH of 5.1.

Electrostatically driven adsorption may increase the surface concentration of the
reactant at variable pH, and it is important to note that the initial concentration of NH3
(neutral form) showed to be a predominant factor in improving the reaction rate with
respect to the total concentration ([NH4

+] + [NH3]). According to previous studies [31,32],
the reaction rate between neutral NH3 and OH• at 25 ◦C was much higher than that
between NH4

+ and OH. Thus, the pH-dependent equilibrium between NH4
+ and NH3,

and not the pH-dependent electrostatic attraction between NH4
+ and the TiO2 surface,

which will be discussed later in this work, plays a key role in the photooxidation reaction.
Here, 0.2 M was selected as the initial concentration of ammonia for the further

experiments, which represent the case of a highly concentrated industrial wastewater.
As seen in Scheme 1, (NH2)ox = NH2OH or H2NNH2, as deduced from literature

data [30].

2.1.2. Effect of pH

The effect of pH for different photocatalysts was investigated using a solution of HCl
or NaOH to tune the pH of the native NH4Cl solution. The selected pH values were 2.5,
4.8, 5.1, 9.0, and 11.5. As mentioned, a pH value of 5.1 was obtained with a 0.2 M solution
of NH4Cl and bi-distilled water.

An example of the time dependence of conversion and selectivity for both bare titania
samples at pH = 9.11 is reported in Figure 2.
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As expected, the ammonia conversion increased with reaction time. The activity of
the FSP titania was higher than that of the P25 sample, with generally lower selectivity to
nitrite and nitrate. Some reversibility of the reaction can be also hypothesized, since the
same catalysts can be active also for the photoreduction of nitrite and nitrate as recently
demonstrated [25].

The pH level not has only an important role in assessing the equilibrium between NH4
+

and NH3, but it also drives the surface interaction with the photocatalyst. Electrostatically
favored adsorption may improve the rate of ammonia photooxidation by increasing its
surface concentration. To account for this, it is important to understand the surface charge
status of the sample. For instance, in pH ranges lower than the point of zero charge (PZC)
of the semiconductor, the surface is positively charged, and this should not favor the
adsorption of ammonium (species present at such a low pH) over the surface. By contrast,
at pH higher than PZC, the surface should be negatively charged, favoring ammonium
adsorption. At even higher pH, ammonium deprotonates to neutral ammonia, thus leading
to the adsorption of the neutral species over the negatively charged surface. Therefore,
if the rate-determining step of the reaction would be the surface adsorption, we should
expect a higher rate in the pH range between the PZC and pKa of ammonia (negative
surface + positively charged reactant).

The surface charge status of P25 and FSP catalysts was firstly studied, basing on the
electrophoretic mobility as a function of pH at 25 ◦C through the electrophoretic light
scattering technique. Consequently, the point of zero charge (PZC) was obtained based
on ζ potential measurements as pH 6.25 and 4.5 for P25 and FSP, respectively (Figure 3a).
Different pH values correspond to nil charge for the two different titania samples: ca. 4.5
for FSP and ca. 6.5 for P25.

The particle size distribution and agglomeration may also be affected by surface
charge, and it was studied by means of the dynamic light scattering (DLS) technique
(Figure 3b). Indeed, neutral nanoparticles may tend to agglomerate easier than surface
charged ones. According to Figure 3b, P25 showed more uniform size with varying pH,
while higher coagulation was observed for FSP particles at basic pH, with consequent
possible modification of surface exposure.

Electrostatic-based adsorption can help to comparatively describe the pH dependence
on reactions pathway and the initial rates of intermediates formation for both P25 and FSP
photocatalysts. Milis and Doménech [33] suggested that, as for NH4

+, the electrostatic
interaction between possibly charged intermediates, such as NO2

− and the TiO2 surface,
affects the reaction rate of the further NO2

− oxidation to NO3
− and consequently the

reaction selectivity pattern, besides the conversion of ammonia, at different pH values.
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Therefore, it is important to understand which reaction is the rate-limiting step in the
oxidation of NH4

+/NH3.
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The conversion of ammonia and the relative selectivity to byproducts is reported after
120 min of reaction for the FSP sample and 240 min for P25 (time at which the maximum
conversion was achieved, respectively). The selectivity to N2 can be roughly deduced as
complement to 100% with respect to the selectivities to nitrate and nitrite. Indeed, N2 was
monitored through gas chromatography, but the selectivity to N2 cannot be calculated in a
comparable way with respect to that of nitrite and nitrate with the current experimental
set up. Indeed, ammonia, nitrite and nitrate accumulate in the photoreactor, and their
concentration is monitored every hour through liquid sampling. By contrast, due to
the semibatch reactor configuration, with continuous gas flowing, N2 is not allowed to
accumulate for 1 h and to be sampled to provide the same selectivity data. Its measure
allowed us to calculate the overall N-balance throughout the whole test, which closed
between 95% and 110%, depending on the conditions.

At pH = 2.5, ammonia conversion of about 11% (after 4 h reaction time) and 26% (after
2 h reaction time) was obtained for bare P25 and FSP, respectively (Figure 4). No trace of
NO2

− was observed for both catalysts, and there was only a small selectivity to nitrate. In
this range of pH (pH ≤ pHPZC), both catalysts have a positively charged surface, which
should hinder the electrostatic adsorption of NH4

+. At this pH, both photocatalysts are
mainly selective to N2 production (r3 in Scheme 1).
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In the range 2.5 ≤ pH ≤ 5.1, the ammonia conversion and selectivity did not change
appreciably (Figure 4). This range of pH is still below the pHpzc of P25, at which the net
surface charge would be neutral, with a very moderate agglomeration of the particles
(Figure 3b). According to Letterman [34], this phenomena can result in the variation and
reduction in the surface area and finally to a slower rate of the surface reactions, in any
case limited. However, Butler et al. [30] proposed that coagulation/flocculation does not
play a major role on reaction rates with respect to the effect of other parameters, which is in
agreement with the results of our experiments on FSP catalysts (Figure 4b), where widely
different coagulation occurred (Figure 3b), but with limited effect on conversion.

At pH values below the pKa of NH4
+ (pKa (NH4)

= 9.2 at 25 ◦C), ammonium is the
predominant species, transforming into neutral ammonia at higher pH. Meanwhile, at
pH lower than PZC the surface is positively charged, while at pH > PZC it is negatively
charged. Based on the PZC of the two catalysts, which is different, ammonium should
adsorb over a positive surface until neutral pH for P25, over a negative surface between
6.5 and 9.2, while at higher pH the ammonia should interact as a neutral molecule over a
negatively charged surface. On the contrary, for FSP the range in which a negative surface
can host the positive ammonium ion is extended at pH = 4.5–9.2. This can explain the
different reactivity moving through the PZC of each catalyst, considering the contribution
of surface adsorption of ammonia/ammonium. A similar increase of conversion with
increasing pH was observed by Shibuya et al. [35].

Indeed, from 5 ≤ pH ≤ 9, the rate of photooxidation of NH4
+/NH3 increased

fairly steeply, but together with increasing selectivity to NO2
− for both P25 and FSP

(Figures 4 and 5). When the pHpzc ≤ pH ≤ pKa (NH4
+) (pKa (NH4

+) = 9.2 calculated from
the standard Gibbs energy at 25 ◦C), the negatively charged surface of TiO2 may favor the
adsorption of NH4

+. Therefore, if surface adsorption is the rate-determining factor, the
highest reaction rates would be expected in this pH region, which is not the case. Indeed,
the further increase of the rate of ammonia oxidation for pH higher than 9 indicates that
electrostatically favored adsorption is not the rate-limiting step (Figure 5). Considering the
negatively charged surface of both TiO2 samples at high pH (9 and 11.5) and simultaneously
the higher fraction of NH3 with respect to NH4

+ at pH 11.5 than 9, it is suggested that for
both P25 and FSP photocatalysts, the photooxidation of ammonia should be preferentially
mediated by oxidizing radicals OH, as recently discussed [25].
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The different selectivity pattern can be instead correlated to the dependence on pH of
the redox potentials of the species involved [25].



Catalysts 2021, 11, 209 8 of 15

This behavior was observed also in some other studies [30,36–39]. According to
Butler et al. [30], the rate constant of the reaction between neutral NH3 and OH• was
1 × 108

(
1

M s

)
(25 ◦C), comparing to very slow reaction rate (almost impossible to measure)

between NH4
+ and OH•. Consequently, the higher reactivity of electrophilic OH• with

neutral NH3 with respect to NH4
+ may explain the higher initial rates at pH 11.5 than at

pH 9.0 (Figure 5).
Also the NO2

− and NO3
− formation rates were found to be highly dependent on pH

(Figure 4). When the initial pH was higher than 9, the photooxidation of NH4
+/NH3 re-

sulted in the formation of NO2
− and NO3

−. This unselective oxidation was also observed
in different studies with UV-irradiated TiO2 [17,20,40], in which NO2

− was either the
product of photooxidation of NH4

+/NH3 or photoreduction of NO3
−. This is in line with

a homogeneous type reactivity with respect to a surface-mediated one: The catalyst pre-
dominantly acts as generator of activated oxidizing radicals, which then react unselectively
in the liquid phase.

As a result, in combining the activity for ammonia photooxidation and selectivity to
overoxidation products, the pH levels 11.5 and 4.8 were selected as optimum pH values
for P25 and FSP, respectively. For FSP, this condition successfully corresponds to high
conversion of ammonia and negligible selectivity to overoxidized byproducts, while for P25
it represents a satisfactory compromise between high conversion and acceptable selectivity
to byproducts.

A similar conversion trend vs. pH but a much lower selectivity to overoxidized
byproducts at basic pH was obtained here with bare P25 with respect to literature data [41],
while the FSP sample allowed us to overperform literature data at acidic and nearly
neutral pH.

2.1.3. Effect of Co-Catalyst

The results of photooxidation tests with different co-catalysts at the optimum pH
previously determined are plotted in Figure 6. Metal NPs dispersed on the semiconductor,
with suitable function, can act as electron traps ensuring better separation of the photopro-
duced charges and consequently higher rates of hole-mediated oxidation reactions. For a
potential use under solar light irradiation, they may also improve light harvesting through
plasmonic effect (e.g., Au).
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Considering the P25-based photocatalysts at the selected pH of 11.5, the addition of
metals depressed the conversion of NH3 and also increased the selectivity to nitrite and ni-
trate anions. Thus, the unselective oxidation was favored, placing overall a higher number



Catalysts 2021, 11, 209 9 of 15

of active oxidizing species, but failing the selectivity targets. Only Pt showed comparably
active and selective than bare P25 but with higher cost of the material (Figure 6a). Similarly,
high selectivities to NOx

− were obtained with Ag/P25 at basic pH by Ren et al. [16]. By
contrast, with respect to these results, much higher activity was previously reported for
Pt/P25 [42].

The results obtained on metal-added FSP samples at pH 4.8 (Figure 6b) show in
every case nil selectivity for nitrites and nitrates, thus matching the selectivity goal. As in
the case of P25 samples, Pt showed comparable ammonia conversion with respect to the
unpromoted catalyst, while Au addition further improved the conversion.

The P25 and the FSP-based samples have similar phase composition, which is not
particularly critical for this application. It is well known that a mixed phase for titania base
materials helps the segregation of the photogenerated charges [43,44], so from this point
of view, all the samples are almost identical. The specific surface area of every sample is
of similar order of magnitude, with slightly higher values (10–15%) for the FSP samples
than for the P25 ones. This factor can be important for improving the surface adsorption,
provided that proper electrostatic interaction subsists. For instance, in the pH range where
NH4

+ adsorption may take place over the negatively charged surface (PZC < pH < pKa), a
higher available surface means a higher concentration of the reactant. This may further
explain the higher reactivity of the FSP sample at intermediate pH.

In addition, both the Au- and Pt-promoted photocatalysts were characterized by a
lower band gap than the unpromoted sample, as detailed in SI, while the other physical
chemical parameters were kept almost unaltered. This means that a higher population of
electrons can overcome the band gap under the same irradiance. However, if the reactivity
for photooxidation is predominantly mediated by OH•, these can be produced also through
the transfer of an electron from the conduction band of titania to O2, co-fed to the reactor,
with formation of oxidizing species such as the superoxide O2

− · and H2O2 and their
further decomposition to OH•, according to Scheme 2. Thus, the role of the metal as an
electron sink changes the reactivity (kinetics and thermodynamics) of the valence band
electron, altering this pathway to the formation of the oxidizing species.

In other words, if the reactivity is predominantly due to the hole or electron from the
semiconductor for forming oxidizing species acting in liquid phase (as at basic pH, through
Reactions (4) or (5) in Scheme 2), there is no need to add a metal as an electron sink, since
oxygen itself can react with the photopromoted electron (Reaction (5)) and OH− with the
holes (Reaction (4)) to form strongly oxidizing species. Thus, the addition of the metal
co−catalyst can have negligible or even detrimental effect as in the case of the P25−based
catalysts, tested under basic conditions.

By contrast, the FSP sample can be used with a reasonable conversion at pH values
where higher selectivity to N2 is achieved. Indeed, at neutral or acidic pH, the concentration
of homogeneous radicals is lower (due to the suppression of Reaction (4) and the presence
of alternative paths for the evolution of O2

· through Reactions (6) and (7)), and thus the
reactivity becomes slower than at basic pH, but also the unselective oxidation to nitrite
and nitrate is limited. Thus, on one hand, it can be hypothesized that catalysts that are
more effective in the direct activation of the substrate, directly transferring holes to the
adsorbed ammonia, may be more active and selective when operating around neutral or
slightly acidic pH. If this reaction route is not effective, for instance because the PZC is too
high to guarantee a suitable pH range to have a negatively charged surface for ammonium
adsorption, satisfactory activity can be achieved only at basic pH, where the homogeneous
reaction between strongly oxidizing species and ammonia leads to higher activity, but also
unselective overoxidation. On the other hand, at neutral/basic pH, the electron sink effect
by some metals, which improves charge separation, may be more effective in improving
the conversion, while keeping satisfactory the selectivity to N2, as for the Au-promoted
FSP catalyst.
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Overall, the FSP titania catalyst allowed for reaching higher ammonia conversion
at low pH, where the selectivity to undesired overoxidation byproducts formation is
negligible. Satisfactory results can be achieved with the unpromoted sample at pH 4.8,
which is further improved by the addition of a small amount of Au (0.1 mol%).

The results above reported can be compared with what was reported by Altomare
et al. [45], who compared the effect of the same metals supported over P25 at pH = 10.
Similar findings were achieved when testing the bare P25, except the lower selectivity to
nitrate overall that was observed in the present work. The effect of metal addition was
more pronounced in the cited literature, whereas it was negligible here, mostly due to the
very low loading here selected. This, in turn, was chosen to limit the cost of the material,
which is one of the main factors impacting the economic feasibility of the process.

3. Materials and Methods
3.1. Materials Preparation

TiO2-FSP samples were obtained by means of a homemade apparatus [28,46], consist-
ing of a burner through which a solution of the titania precursor and 5 L/min of oxygen
are fed. A ring of flamelets (0.5 L/min CH4 + 1 L/min of O2) ignite and stabilize the flame.
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The TiO2 precursor (titanium isopropoxide, Sigma Aldrich − Merck Life Science S.r.l.,
Milan, Italy, pur. 97%) was dissolved in an organic solvent (o-xylene and propionic acid,
1:1 v/v, Sigma Aldrich − Merck Life Science S.r.l., Milan, Italy, pur. 97%) with a 0.4 M
concentration and was constantly fed to the burner (2.5 mL/min) through a syringe pump.
The pressure drop at the burner nozzle was set at 1.5 bar.

A sample of TiO2 P25 supplied by Evonik (Hanau-Wolfgang, Germany) was used as a
commercial benchmark, i.e., an example of flame-prepared nanosized material. The fine
white powder was obtained by flame hydrolysis of TiCl4 in a preformed H2−O2 flame.

Different metals were added as co-catalysts to both P25 and FSP TiO2, using different
metal precursors by impregnation and subsequent reduction by heating at 10 ◦C/min in H2
flow at different temperatures for 3 h, according to preliminary temperature programmed
reduction (TPR). In particular, we added the following, all supplied by Sigma Aldrich −
Merck Life Science S.r.l., Milan, Italy:

• 0.1 mol% of Au, from NaAuCl4·2H2O, TTPR: 700 ◦C;
• 0.1 mol% of Ag, from AgNO3, TTPR: 150 ◦C;
• 0.1 mol% of Pd, from Pd(NO3)2·xH2O, TTPR: 300 ◦C;
• 0.1 mol% of Pt, from Pt(Acetylacetonate)2, TTPR: 700 ◦C.

3.2. Materials Characterization

X-ray diffraction (XRD) was done with a Philips 3020 (Philips, Eindhoven, Nether-
lands) apparatus using the Cu-Kα (λ = 1.5406 Å) radiation, with a graphite monochromator
on the diffracted beam. Data span was in the 20◦–90◦ 2θ range with 0.03◦ step size and
4 s step time. The voltage and current intensity of the generator were set at 40 kV and
30 mA, respectively.

N2 adsorption and desorption experiments were carried out on a Micromeritics
ASAP2020 (Norcross, GA, US) apparatus. BET SSA was calculated according to the
Brunauer−Emmett−Teller model. Adsorption isotherms were collected at 77 K on samples
previously outgassed at 150 ◦C overnight. Micropores volume was calculated with the
t-plot method.

Diffuse reflectance (DR) UV−Vis spectra of samples were collected by means of a Cary
5000 UV-Vis-NIR spectrophotometer (Varian instruments, Palo Alto, CA, US) between 200
and 800 nm.

TPR analysis was done by feeding 40 mL/min of a 10 vol% H2/N2 mixture on a bench
scale apparatus, by heating the material at 10 ◦C/min up to 800 ◦C. The product gas was
analyzed with a Thermal Conductivity Detector after entrapping the possibly formed water
through a condenser.

DLS and z−potential measurements were carried out using a Malvern Zetasizer Nano
ZS instrument (Alfatest, Cinisello Balsamo, Milan, Italy), operating with a solid state
He−Ne laser (wavelength source = 633 nm) at a working scattering angle of 173◦, at 289 K
on P25 and FSP samples suspended in bi-distilled water in various pH (3.5, 6.8 and 11) by
using HCl and NaOH (Sigma Aldrich − Merck Life Science S.r.l., Milan, Italy) solutions
for pH adjustment, in order to study the electrical charge density and the size distribution
profile of the particles in solution.

3.3. Photoreactor and Testing Condition

The reactions were performed in a cylindrical photoreactor with a total volume of
ca. 300 mL (holding 250 mL of solution) and equipped with a cooling jacket (Figure 7). A
coaxial cylindrical submerged lamp was used as irradiation source, and a medium-pressure
Hg vapor lamp (200 W UVA; Jelosil HG 200 L, Vimercate, Milan, Italy) with maximum
emission at 365 nm was selected. The lamp power test was performed in the middle of the
bulb using a photoradiometer (delta OHM HD2102,2; Jelosil, Vimercate, Milan, Italy), and
it shows an average power of 60 W/m2.
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The reactor included a degassing/air feeding inlet line (flow rate: 100 mL/min),
which was used to continuously feed a mixture of He and O2 (80:20 v/v) during testing in
semibatch mode. In addition, two outlets were present, one for liquid phase sampling and
a second one for gas output, which was directly connected to a gas chromatograph (HP
5890 Series II, Santa Clara, CA, USA).

An ammonia trap was placed on the gas line between the outlet of the reactor and
the GC [47]. The double aim was to quantify stripped ammonia and to protect the GC
from possible ammonia slip. The trap was tested in two forms. First, we placed a chemical
trap as a drechsel bottle containing a diluted solution of H2SO4 (Sigma Aldrich−Merck
Life Science S.r.l., Milan, Italy) in water (0.1 M), through which the gas flowing through
the reactor was continuously flowing. The solution was periodically titrated using bro-
mochresol green (Sigma Aldrich − Merck Life Science S.r.l., Milan, Italy) as an indicator,
and negligible ammonia stripping was revealed under the selected reaction conditions
(even at basic pH). This solution was not optimal for protecting the GC, since humidity
accumulated progressively in the gas line, thus the drechsel for absorption in liquid phase
was substituted with a solid adsorbent bed, filled with a dry acid zeolite (calcined at
550 ◦C for preactivation). The size was optimized in order to avoid excessive pressure
drop through the outflowing line, thus avoiding the need of pressurization of the inlet flow.
After use, the zeolite was discharged and analyzed through Thermo−Gravimetric Analysis
to determine the weight loss. Periodic regeneration of the adsorbent was performed by
heating to 300 ◦C to remove adsorbed water.

To better quantify the extent of possible stripping, we calculated the flash concentration
of ammonia under worse basic conditions. The calculation was performed using the
software Aspen Plus® (Aspentech Inc.) and by setting up a flash block. Operating at 25 ◦C,
pH < 9, the stripping was negligible. At pH > 9, the calculated loss of ammonia reaching the
gas phase was 2.1% (in mass); assuming a raise in temperature according to the maximum
value ever reached in our tests (not with the presently used lamp), the maximum stripping
calculated would be 4% (in mass, at 40 ◦C).

For each experiment, the reactor was loaded with a suspension of 250 mL of a 0.2 M
NH4Cl and 250 mg of catalyst (1 g/L), which was kept suspended by magnetic stirring.
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After switching on the lamp, sampling of both the liquid and the gas phases was
carried out every hour for a total reaction time of 5 h.

In addition, two blank tests were performed at pH 11.5, namely (a) pH 11.5, 0.2 M
NH4Cl without the catalyst under irradiation and (b) pH 11.5, 0.2 M NH4Cl with catalyst in
dark conditions; this was done to assess the role of homogeneous and non−photoinduced
reactions or adsorption. Both blank experiments led to negligible observed conversion
(ranging between −3.5 and +2.8%), further supporting the negligible stripping of ammonia,
even under basic conditions, and suggesting broadly the error range.

An ion chromatograph (Metrohm, 883 Basic IC Plus, Origgio, VA, Italy) was used
to quantify nitrite and nitrate ions concentration, while the indophenol standard method
was used for the quantification of ammonia (and thus to calculate conversion) by UV−Vis
spectroscopy (Perkin Elmer, Lambda 35, Milano, Italy). N2 was analyzed by gas chromatog-
raphy (HP 5890, Series II), which was connected online.

4. Conclusions

This work presents the performance of new catalysts prepared by flame spray pyroly-
sis (FSP). By operating at different pH, its optimal values resulted as 11.5 and 4.8 for P25
and FSP samples, respectively, considering a reasonable compromise between acceptable
ammonia conversion and the reasonably low selectivity towards NO3

− and NO2
−.

The pH level may affect the adsorption on the surface of the catalysts, inducing an
electrostatic interaction between charged reactants/intermediates and the charged surface.
In this way, it may change the initial rates and consequently favor different reactions
pathways, but this is not considered the rate determining step here. Indeed, pH values
favoring the adsorption of NH4

+ over a negatively charged surface were not univocally
characterized by the highest conversion or reaction rate. On the contrary, basic pH induced
an increase of the reaction rate favoring the production of strongly oxidizing radicals. This
allowed not only for boosting the conversion but also the selectivity towards overoxidation
products. Indeed, for both types of photocatalysts (P25 and FSP), conversion and selectivity
were highly dependent on pH. At pH ≥ 9, the photooxidation of NH3/NH4

+ was effective,
but this resulted in the nonnegligible formation of NO3

−and NO2
−, whereas, at more

acidic pH, the selectivity to N2 was satisfactory.
Finally, the addition of small amounts of metal co-catalysts (Ag, Au, Pt, Pd) to P25 at

pH 11.5 notably increased the selectivity to nitrite and nitrate anions without significant
improvement of ammonia conversion. By contrast, with FSP, tested at pH 4.8 (where lower
conversion but higher selectivity is achieved), the addition of Au as co-catalysts was an
effective strategy to increase the conversion, while a satisfactory selectivity toward N2
was kept.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
344/11/2/209/s1, Figure S1: N2 adsorption/desorption isotherms collected at 77 K on P25 (full
squares) and FSP (hollow triangles) outgassed overnight at 150◦C., Figure S2: DR UV-Vis spectra
of selected samples (a) and corresponding Tauc plots (b), Table S1: Physical−chemical data or the
tested sample taken from [1].
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