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Advanced oxidation processes
Pharmaceuticals

almost complete mineralization (>95%), even under dark conditions (98% in 120 min). Several degra-
dation byproducts were identified and three mechanistic routes of PAN decomposition were proposed.

The identified byproducts are less toxic than the parent compound. EPR coupled with the spin trapping
method identified *OH radicals as the main ROS species in both photocatalytic and catalytic peroxidation
reactions. Ag;MoO,4 showed to be a promising catalyst to promote the decomposition of hydrogen

peroxide into ROS.!

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The demand on semiconductor particles for catalytic and pho-
tocatalytic processes has progressively increased due to their
unique properties and versatile applications Recent advances in
nanotechnology have stimulated extensive research investigating
engineered nanocatalysts to produce active, stable and low cost
catalyst to be applied in advanced oxidation processes (Hinojosa
Guerra et al., 2019; Hosseini et al., 2018; Kumar et al., 2019;
Penghui et al.,, 2017; Sharma et al., 2019).

Among these, silver molybdate (AgzMoO4) has shown excep-
tional activity under visible light in the degradation of organic
compounds (Cao et al., 2017; Huo et al., 2018; Moura et al., 2016).
Two different crystalline phases (a-AgzMoO4, with tetragonal
structure and B-AgzMoOQ4, with cubic structure) have been inves-
tigated, characterized and distinct electronic configurations have
already been proposed (Arora et al., 2012; Beltran et al., 2014;
Donohue and Shand, 1947; Ng and Fan, 2015; Wyckoff, 1922).
Moreover, according to Wang et al. (2017), the co-existence of a-
Ag>rMo0O4 and B-AgzMoO4 phases could contribute to a high pho-
tocatalytic activity under visible light. The reasons behind this
achievement are not clear, since even the most studied photo-
catalyst, TiO,, presents contradictory results about the effect of the
co-existence of two different crystalline phases (anatase and rutile)
on the photocatalytic activity (Apopei et al., 2014; Makal and Das,
2018; Wang et al., 2018).

Metastable phases of materials, such as 2-Ag;MoQg4, have been
reported to exhibit physical and chemical properties which differ
from those of their thermodynamically stable counterparts (Chen,
1997). However, because of the transformation of the metastable
phase into its more stable phases, the synthesis of metastable a-
Agr,Mo04 remains a challenge (Lu et al., 2001).

Different methods to synthetize ¢-AgzMo04 or B-AgzMo0O4 mi-
crocrystals with controlled shape and particle size have been pro-
posed (Ng and Fan, 2015; Wang et al., 2017). Although the stable §-
AgoMoOQy is relatively easy to obtain at room temperature (Cunha
et al,, 2015), the synthesis of a-Ag,Mo0O4 frequently needs high
hydrostatic pressure (Beltran et al., 2014).

More recently, some reports have shown that it is possible to
produce o- and B-Ag;MoO4 morphologies under mild conditions
(Wang et al.,, 2017; Xu et al., 2015), for different applications
considering their high electrical conductivity, photoluminescence,
elevated energy storage performance, environmentally ‘green’
composition, antimicrobial, catalytic and photocatalytic properties
(Bhattacharya and Ghosh, 2007; Cunha et al., 2015; Driscoll et al.,
1994; Saha et al., 2019).

Considering the application in the photocatalysis field, Li et al.
(2018) and Yang et al. (2017) reported that hydroxyl radicals
(*OH) are produced on the illuminated AgzMoO4 surface, showing
an important contribution to the oxidation reactions. Due to these
characteristics, AgzMoO4 is not only promising for use in photo-
catalysis, but also in other advanced oxidation processes (AOP),
particularly in peroxidation and photo-peroxidation. The band gap

energy of the a-Ag;MoO4 phase is lower than that of § phase (1.26
and 3.01 eV vs 3.89 eV), enabling photocatalytic reactions under
visible light (Ng and Fan, 2015).

Pantoprazole (PAN) (Fig. S1A) is one of the most commonly
consumed drugs worldwide (Ortiz de Garcia et al., 2013), and
approximately 70—95% of the consumed PAN is excreted as inactive
or pharmaceutically active metabolites in urine and feces (Kosma
et al,, 2016). PAN residues are present in domestic wastewaters,
in concentrations of up to 0.18 pg L™! (Barreiro et al., 2011; Gracia-
Lor et al., 2012), and although PAN species (Fig. S1B) are unstable at
acidic pH (Jungnickel, 2000), its removal and/or mineralization by
wastewaters treatment plant has not been completely studied. PAN
is well removed by adsorption onto iron-based nanoparticles (89%
removal in 30 min) (Ali et al., 2016), but the mineralization effi-
ciency through AOPs (e.g. heterogeneous Fenton-like processes
using Fe304/Ce05) is rather low (Gan et al., 2017).

In this context, the main goal of this study is to develop a fast
method to synthesize highly efficient catalysts based on AgzMoO4
for application in AOPs to degrade PAN.

2. Material and methods
2.1. Chemicals and materials

Silver acetate (98% purity), and polyvinylpyrrolidone (PVP,
Mw = 40,000 g mol~!) were obtained from NEON. Ammonium
molybdate and H,0, (30%, analytical purity) were obtained from
Vetec. TiO,—P25 was supplied by Evonik-Degussa (particle
size < 50 nm, 80% anatase and 20% rutile) (Vieira et al., 2018). The
pharmaceutical PAN (99.5% purity, Pharmanostra (Brazil). and all
reagents were used without further purification.

2.2. Catalyst synthesis

The Ag,Mo0y catalyst was synthesized at room temperature by
a modified controlled precipitation method (Wang et al., 2017).
First, 1 mmol of silver acetate was dissolved in 50 mL of deionized
water, then 7.4 mmol of PVP was added as stabilizing agent to avoid
particle agglomeration. Subsequently, 2.5 mL of ammonium
molybdate (0.0285 M) were added drop by drop to form a white
solid. After stirring for 30 min, the solids were filtered through
PVDF membranes (Durapore, 0.22 um), dried at 60 °C overnight,
and micronized by maceration. Fig. S2 shows a schematic flowchart
of this methodology. A sample of the as-prepared catalyst was
calcined in an oven at 300 °C under air atmosphere, for 3 h.

2.3. Characterization

X-ray diffraction (XRD) data were recorded using a Rigaku
Miniflex II diffractometer with CuK. radiation (A = 1.5418 A), in the
range between 10 and 70° (0.05°-s~! scan speed), operating at
30 kV and 15 mA. Thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) were conducted on a Shimazdu
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thermogravimeter (model DTG60/60H) under inert atmosphere
(N5, 99.996% purity) at a heating rate of 10 °C min~! from ambient
temperature to 350 °C. Field emission gun scanning electron mi-
croscopy (FEG-SEM) was carried out using a JEOL JSM-6701 F mi-
croscope, which was coupled with an energy dispersive
spectrometer (EDS). The Brunauer-Emmett-Teller surface area
(Sger) and pore diameter distribution were determined by nitrogen
(N3) adsorption-desorption experiments using an adsorptometer
(Autosorb 1C analyzer, Quantachrome, USA). The UV—Vis diffuse
reflectance spectroscopy (DRS) and Fourier transform infrared
(FTIR) spectroscopy were investigated using a PerkinElmer UV/Vis/
NIR Lambda 750 spectrometer and an infrared spectrophotometer
Agilent Technologies, Cary 600 Series, respectively.

2.4. Reactive oxygen species (ROS) formation

Formation of ROS was studied by electron paramagnetic reso-
nance (EPR) allied with the spin trapping method on commercial X~
band (9.4 GHz) Miniscope 400 spectrometer (Magnettech, Ger-
many). ROS formation was investigated under UV light and for
peroxidation reactions using three different spin traps: DMPO (5,5-
dimethyl-pyrroline N-oxide), PBN (alpha-phenyl N-tertiary-butyl
nitrone) and TEMP (2,2,6,6-tetramethylpiperidine). For the study of
UV reactions, aqueous solutions (2 mL) containing the spin traps
DMPO (0.3 M) or TEMP (1 M) with 10 mg of Ag,Mo0O4 catalyst were
illuminated with a white LED lamp (16 mW cm™2) calibrated by a
Coherent Lasermate/D power meter. After different time intervals,
50 uL aliquots were filled into glass capillaries, sealed and analyzed
by EPR inside a quartz tube (Wilmad Labglass). For the peroxidation
studies, H>0, (100 pL, 5%) was added to the same spin trap solu-
tions, as previously. After different time intervals, 50 pL aliquots
were analyzed. Experimental parameters used for EPR were: mi-
crowave power 10 mW, 100 kHz field modulation amplitude 0.2 mT,
and central field 337 mT, and scan time 60 s. For the experiments
with spin trap PBN (0.2 M) the aqueous solution was substituted by
a mix of water and ethanol (1:1).

2.5. PAN degradation and mineralization using catalytic
peroxidation under dark or light (UV/Vis) irradiation

All experiments were performed in a batch system, at 20 °C,
using a continuously stirred 1 L-jacketed annular reactor
(~600 rpm, Dist, model DI-03, Brazil), previously described by
Vieira et al. (2018). A volume of 750 mL of PAN solution (0.2 g L™},
pHp = 9.2) and catalyst (0.5 g L~!) were placed in the reactor. To
better evaluate the catalyst activity on the PAN degradation and
mineralization, it was used a PAN concentration higher than the
environmentally levels.

The peroxidation of PAN was studied using 0.5 g L~! of H,05. As-
prepared Ag;MoO4 was applied, since prior photocatalytic experi-
ments (paper in preparation) revealed that the calcined sample is
less active than the as-prepared Ag;MoO,4. Experiments were
conducted under dark conditions or combined with a light source
(UVA/Vis lamp, 200—800 nm, maximum peak at 368 nm, 41 W,
Osram; or a LED visible lamp 400—800 nm, 2 W, Brilia), according to
Vieira et al. (2018).

At regular time intervals, 15 mL aliquots were collected from the
reactor, filtered and analyzed. PAN concentration was monitored in
its maximum absorption wavelength, 289 nm (HACH, model
DR5000). The mineralization was determined based on total
organic carbon (TOC) measurements (TOC-TN VCPH, Shimadzu,
Japan). Intermediates were identified by MS/MS (50—3000 m/z) in
micrOTOF-Q Il (Bruker) equipment, ESI source, positive ion polarity,
capillarity 4500 V. The dry gas heater was maintained at 200 °C and
the dry gas flux was 4.0 L min~". Ultrapure water was applied as

solvent media. The H,0; concentration decay was measured using
the metavanadate method (Nogueira et al., 2005).

2.6. Acute toxicity test

The acute toxicity tests were performed for peroxidation Kki-
netics with Aliivibro fischeri bacteria (BIOLUX, Brazil) in Microtox®
equipment, by ISO 11348—3 procedure (Standard, 2007). The
lyophilized bacteria were rehydrated with reactivation buffer
(BIOLUX).

3. Results and discussion
3.1. Characterization of Ag2MoOy4

The morphology of the AgoMo0O4 catalyst was investigated using
FEG-SEM images. Fig. S3 shows agglomerates of smooth particles
that have irregular forms and sizes (1-5 pwm). The as-prepared
Ag>oMo0,4 showed the presence of some butterfly-like structures,
consisting of four united petals. When the structures were analyzed
in detail it was observed that they were mostly comprised of either
tiny butterfly-like shapes or had the appearance of petals parted
from one another. The elemental composition of the solid was
analyzed by EDS (Table 1), and proved the purity of the catalysts by
the presence of oxygen, molybdenum and silver, with an Ag:Mo
molar ratio near to the stoichiometric value (2:1).

The XRD results for the as-prepared sample are reported in
Fig. S4A. The high crystallinity of the sample was evidenced by the
presence of intense and sharp peaks. The two major peaks
(20 = 29.86° and 32.69°) correspond to the reflections (004) and
(310) of tetragonal a-AgzMoO4 (JCPDS 21—1340). The third largest
peak (20 = 31.94°) is associated with the crystal plane (311) of cubic
B-Ag>Mo0O4 (JCPDS 08—0473). In the as-prepared sample the esti-
mated percentage of a-phase is 61% and 18% of B-phase and, the
remaining amount was considered an amorphous phase (21%).
After calcination at 300 °C, a complete phase transformation (o.--
AgoMo0O4 — B-AgzMo04) occurred, and only B-AgaMoO4 (JCPDS
08—0473) is found (Fig. S4A); the proportion estimated is 82% and
18% for B-AgaMo04 and amorphous phase, respectively. Crystallite
sizes obtained for the o and B phases of the as-prepared catalyst
was slightly higher than the calcined sample ($-AgzMo0O4)
(Table 1).

The high concentration of PVP used in the synthesis contributed

Table 1
Summary of the catalysts characteristics.

Characteristic As-prepared catalyst Calcined catalyst

Composition a-Ag,MoOy4 + B-AgoMo0y4
B-AgaMoO4
Crystallite size (nm) 46 + 0.3 (a); 39+0.3(B)
41 + 0.3 (B)
DTA peaks 272 °C (exo0); a
318 °C (exo0)
FTIR peaks (cm™') 824; 823;
1647, 1643;
3442 3404
Sger (m?-g~") 19 a
Total pore volume Vp (cm*-g~') 0.003 a
Average pore size (nm) 5.9 a
Isoelectric point 3.08 a
EDS element composition (wt %) Ag (55.3); Mo (26.3); a
0(18.4)
Band gap energy, E; (eV) 3.09 3.25
Conduction band energy, Ecg (eV)  —-0.12 -0.21
Valence band energy, Eyg (eV) 2.96 3.05

a. Experiment not performed".
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to the formation of two phases of Ag;MoO4 (Ng and Fan, 2015),
since the groups of PVP, particularly C=O0, can interact with metal
ions and form a complex (Bonnemann and Nagabhushana, 2008;
Jiang et al., 2004). The presence of PVP in the synthesis changes not
only the particle size of the dispersed particles but also the acces-
sibility at the surface (Teranishi and Miyake, 1998).

Fig. S4B shows the TGA and DTA curves of the as-prepared
Agr>Mo04. The TGA curve shows no appreciable weight loss in the
temperature range of 40—350 °C. Two exothermic peaks were
detected in the DTA. The first, at 272 °C, is attributed to the phase
change from a — B-AgaMoO4 (Beltran et al., 2014). The peak at
318 °C can be ascribed to the transformation of p-Ag;MoQy4 into
another new phase (uncharacterized up to this time), indicating a
possible thermal instability of the B-phase. According to Moura
et al. (2016), this phase was also identified in the Raman and XRD
measurements, described as a phase transition: cubic — unknown
phase.

The FTIR spectra (Fig. S5) of the catalysts exhibit the character-
istic peaks at around 824 cm~!, corresponding to the anti-
symmetric stretching vibrations of O—Mo—0. Peaks around
1640 cm~! and 3400 cm~! were ascribed to the bending vibration
of absorbed water and surface hydroxyl O—H stretching,
respectively.

The N, adsorption-desorption isotherms at 77 K of the as-
prepared Ag,MoOy is classified as type Il (Thommes et al., 2015),
showing a discrete H3-hysteresis, typical of plate-like particles
(Fig. S6). The Spgr value (Table 1) is similar to those previously re-
ported for o- and B-AgoMoO4 phases (Huo et al., 2018; Li et al,,
2018), indicating that the coexistence of the two phases of
AgoMoO4 should not lead to differences in the textural
characteristics.

The zeta potential data of the as-synthesized Ag;Mo0O,4 sample
(Fig. S7) shows that the particle is negatively charged in all the
measured pHs between ~3 and 10, i.e, its surface is negatively
charged for a large pH range.

The UV—Vis reflectance spectra for the as-prepared and calcined
AgrMo0Oy4 are shown in Figs. S8A and a maximum peak is observed
at ~320 nm. The absorption edge of the catalyst at 465 nm indicates
its potential application in the visible spectral region for catalytic
purposes. The direct calculated band gaps for as-prepared and
calcined samples (Fig. S8B and Table 1) are lower than those re-
ported by other authors for materials with different particle
morphology (Cao et al., 2017; Oliveira et al., 2017; Xu et al., 2015).
The decrease in Eg can be attributed to structural defects in the

medium range and local bond distortions, which yield localized
electronic levels within the forbidden band gap (Sousa et al., 2018).
This is expected due to the coexistence of both a-Ag;MoO4 and B-
AgroMo04 phases (Ng and Fan, 2015).

The Ecg and Eyg values (Table 1) were calculated according to
Equations 3 and 4 (Supplementary material). For a given photo-
catalytic redox reaction, the Ecg value should be more negative than
the electron acceptor redox potential, while the Eyg should be more
positive than the oxidation potential of the chemical oxidizable
compounds. So, it could be expected that different ROS are in the
presence of different electron acceptors, considering the different
Ag>oMo0y4 crystalline phases.

To study the ROS, EPR spin trapping measurements were per-
formed. Using DMPO, the most intense EPR spectrum occurred for
an illumination time of 16 min and is shown in Fig. 1A. The EPR
spectrum consists of two contributions of DMPO spin adducts: (i)
DMPO* (c), which is a spin adduct associated with DMPO degra-
dation resulting from protonation of the spin trap molecule and (ii)
DMPO/*0H (d), which is formed by capture of hydroxyl radicals.
The spin Hamiltonian parameters are ay = 14.6 G and
an = ay(p) = 14.9 G for DMPO* and DMPO/*OH, respectively (Bilski
et al.,, 1996; Hensley et al., 1995; Zhao et al., 2001). The sum of both
calculated EPR spectra is shown in Fig. 1 (B) and it represents well
the measured spectrum.

To test the catalytic activity of AgoMoO4 with H,0; in the dark,
another spin trapping experiment was done using the same DMPO
spin trap. The formation of spin adducts by the addition of H,0,
occurred very fast, more specifically, the highest DMPO spin adduct
concentration was detected for the first aliquot (~after 2 min of
reaction). The corresponding EPR spectrum is shown in Fig. 1B. The
same spin adducts, i.e. DMPO* and DMPO/*OH, were identified as it
was the case after UV light illumination (Fig. 1A). Due to the low
stability of DMPO adducts a kinetic study could not be done. To
study the kinetics of hydroxyl radical formation after the addition
of H,0,, DMPO was replaced by PBN spin trap. Figure 2A shows a
typical measured EPR spectrum obtained after 10 min of interaction
between Ag;MoO4 catalyst, H,O, and PBN in ethanol/water
solution.

The EPR spectrum of the PBN adducts shows the superposition
of two distinct spin adducts. In cases where the concentration of
hydroxyl radicals is small compared with the amount of ethanol,
the reaction of capture of this free radical with PBN becomes sup-
pressed. Therefore, a radical species captured by PBN is given by the
product of the interaction of hydroxyl radical with ethanol
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Fig. 1. EPR spectra of DMPO adducts (a) obtained of aqueous solution containing DMPO and Ag,Mo0O,: (A) after 16 min illumination by white light and (B) immediately after
addition of H,0,. The lines correspond to calculation of EPR spectra using the Easyspin® software (Stoll and Schweiger, 2006) for two different DMPO spin adducts: protonated

DMPO* adduct (c) and DMPO/*OH adduct (d) and sum of both spectra (b).
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Fig. 2. (A) EPR spectrum of PBN adducts (a) obtained after addition of H,0, to ethanol/water solution in the presence of Ag,MoO,4 catalyst. Calculated EPR spectra using the
Easyspin® software are shown in (c) and (d), and their sum in (b). (B) Kinetic evolution of the absolute PBN spin adduct concentration as a function of reaction time.

molecule leading to spin adducts of ethoxy and/or a-hydroxyethyl
radicals (Rosen et al., 1999). Therefore, the resulting EPR spectrum
throughout the reaction is given by the competition between
capture/generation of these two spin adducts with spin Hamilto-
nian parameters ay = 14.4 G and ay() = 2.4 G (ethoxy radicals) and
with ay = 15.5 G and ayp) = 3.4 G (a-hydroxyethyl radicals)
(Ledwith et al., 1973; Saprin and Piette, 1977). Fig. 2B presents the
kinetic evolution of the PBN adducts as a function of time after
addition of H,0,. The absolute spin adduct concentrations were
obtained from the double integration of the EPR spectra and
compared to a known TEMPOL solution in water (10 mM). In
addition, spin trapping experiments using TEMP spin trap instead
of DMPO did not reveal spin adduct formation, as expected, since
TEMP is a specific trap for oxygen singlet, '0,.

From the spin trapping experiments with both PBN and DMPO
spin traps it was concluded that the dominant reactive oxygen
species in the catalytic processes with Ag>MoO4 catalyst are due to
the formation of hydroxyl radicals. For the peroxidation in dark, the
probable mechanism of formation of the hydroxyl radical will be
given by a typical Fenton reaction, in which the oxidation of
Ag>Mo04 occurs and the formation of the ion and hydroxyl radical
pair (Fig. S9). Meanwhile, reactions with white light form electron/
hole (e~ /h™) pairs which then transfer charges to molecules of the
solvent leading to the generation of hydroxyl radicals.

3.2. PAN removal using AgoMoOy4

PAN is fairly resistant to degradation under visible light and by
H,0, oxidation, while it adsorbs in appreciable amounts onto the
as-prepared Ag,MoO4 (Fig. 3A) (non-calcined sample). When H0,;
was not added to the reaction medium, a significant adsorption of
PAN on Ag>,Mo0O4 was observed, which is not due to the electro-
static interactions at barely basic pH (8—9) (Fig. S10), since the
negatively surface of the catalyst (Fig. S7) is not able to electro-
statically interact with the neutral PAN species.

On the other hand, the photolysis of PAN with UV light leads to a
considerable decay in the absorbance at 289 nm, without miner-
alization (Raffin et al., 2008). Thus, it is assumed that sub-products
of PAN are formed during its photolysis, which could be more
resistant or less reactive in the presence of the catalyst, since low
TOC removal was observed. Besides, probably different mecha-
nisms occur when PAN is degraded under UV light or others light
sources, as reported by Raha and Ahmaruzzaman (2020).

It is important to emphasize the high efficiency of the as-
prepared Fenton-like process, since the PAN degradation and

mineralization achieved 98% and 93%, respectively in 120 min.
These results are more relevant than those reported previously
using Fe304/Ce0 or ZnO/Fe304/g-C3N4 in catalytic peroxidation
processes (Gan et al., 2017; Raha and Ahmaruzzaman, 2020).

Furthermore, studies were also performed without H,0, addi-
tion in the presence of UV or visible light (Ag;Mo0O4 + UV and
AgoMo0O4 + Vis) and the PAN mineralization efficiencies after
120 min were, respectively, 64% and 56%, i.e., at least 29% lower
than that measured in the presence of H,0,. These results indicated
that a more efficient electron acceptor, such as hydrogen peroxide,
is required to achieve high mineralization rate.

Figure 3A shows that the highest TOC removal was obtained in
the catalytic peroxidation. The decrease in the pH (Fig. S10) caused
by PAN degradation using UV-light is associated to a fast PAN
degradation (Fig. S10), but with low mineralization efficiency,
indicating that different types of ROS are formed in the light-
enhanced processes in relation to catalytic peroxidation.

Fig. 3B also evidences the fast mineralization of PAN by as-
prepared AgpMoO4 peroxidation and photo-peroxidation. In
5 min, high TOC removal levels were observed (>48%). Further-
more, the kinetics reinforces that UV light lead to more recalcitrant
products, since approximately only 23% of PAN fully oxidizes into
CO,, showing that the generated intermediates slow down the
reaction.

Under UV-light TiO,—P25 is somewhat better than Ag;Mo0Oy,
while the photocatalytic activity of TiO,—P25 under visible light is
lower than AgoMo0O,. This result is due to the low absorptivity (high
reflectance) of TiO,—P25 on the visible region (Valeeva et al., 2018),
while the as-prepared Ag;MoOg4 presents higher absorptivity in the
visible spectra (Fig. S8).

Peroxidation with as-prepared Ag;MoO,4 under dark presents a
mineralization pseudo-first-order kinetic constant (Fig. 3C) two-
times higher than Vis + AgoMo04 + H,0, and, approximately, 80
times higher than the best TiO,—P25 peroxidation reaction
(UV + Ti02—P25 + H,0,). The Abs/Absy (289 nm) of the performed
oxidation reactions is shown in Fig. S11.

For Hy0, oxidation systems, PAN mineralization is associated
with a consumption of oxidant (Fig. S12). A pseudo-first-order ki-
netic model describes well the H,0, decomposition for peroxida-
tion reactions, and AgaMoO4 + H,0, system showed the highest
kinetic constant value (Table 2), reinforcing the elevated oxidizing
potential of this process. The H,O, decomposition constant is about
one third of the mineralization constant, possibly being the limiting
reaction. The as-prepared Ag;MoO4 peroxidation reactions, under
dark and under visible light, had the best cost-benefit mole H,0,
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Fig. 3. (A) Degradation and mineralization of PAN after 2 h of treatment under similar experimental conditions (pHo = 9.15; [PAN]y = 0.2 g L '; [TOC]o = 0.1 g L '; solid dosage
(when applied) = 0.5 g L™1); (B) PAN mineralization kinetics and (C) pseudo-first order model applied for peroxidation reactions (pHo = 9.15; [PAN]o = 200 mg/L; [TOC]o = 100 mg/
L; solid dosage (when applied) = 500 mg/L): ® AgzMoO4 + H,0,, @ - TiO,—P25 + Hy0,, » - UV + AgzMo04 + H,0,, « - UV + TiO,—P25 + H,0,, [ - Vis + Ag;Mo0O4 + Hy0, and <1
Vis + TiO,—P25 + H,0,.

Table 2
Pseudo-first-order kinetics constant for H,O, decomposition applying different oxidation systems (pHo = 9.15; solid dosage = 500 mg/L).
AOP applied for PAN degradation Pseudo-first-order kinetics constant for H,0, mole H202 consumed mole
decomposition PAN removed
k x 1072 (min~1) R%.q;.
H,0, ~0 — -
Ag;Mo04 + H,0; 50+05 0.9547 31+9
TiO,—P25 + H,0, ~0 — —
UV + Hy02 0.20 + 0.03 0.8974 84 +6
Vis + H;0; ~0 — _
UV + Ag>MoOy + H,0; 0.90 + 0.10 0.9041 58 +7
UV + TiO,—P25 + H,0, 0.50 + 0.04 0.9682 88 + 26
Vis + AgaMo0O4 + Hy0; 0.80 + 0.09 0.9474 21+1

Vis + TiO,—P25 + H,0, -0 - -




D.G. Della Rocca et al. / Chemosphere 262 (2021) 127671 7

g— PAN and sub-products
100 - '
B
80 4 B
s
i
3 2 B
d B
= b e B
g B t %& "i;:,?:
z L .
g e i
2 401 P .
= s ; Bz
b i e
B G
20 oo 2
B S
I :
s 3
i
0 B £

Time (min)

Fig. 4. Inhibition of Aliivibro fischeri luminescence intensity during specific reaction
times using Ag,MoO, peroxidation under dark.

consumed/mole of PAN removed ratio (Table 2).

The toxicity results of PAN and generated oxidation in-
termediates were obtained by subtracting the measured total in-
hibition from the value obtained from an aqueous solution
containing the same residual hydrogen peroxide concentration
than that present after reactions (Fig. S14). It is worth to mention
that H,0, was not removed from the aqueous solution prior to
toxicity assessment, so the synergetic effect of PAN, its
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intermediates and residual H>O, was estimated, as proposed by
Marquez et al. (2018). Moreover, by measuring of H,O, residual
concentration and its toxicity, it was possible to estimate the PAN
and its intermediate compounds by difference of the total toxicity
(Fig. 4).

Addition of H,0; causes a toxicity increase in first minutes of
reaction but it also enhances the detoxification process leading to
almost 100% reduction of toxicity of PAN and its by-products after
2 h of treatment. Besides, although the concentration of Ag and Mo
ions have not been measured, it is reasonable to suppose that their
concentration is low and could not contribute to the residual
toxicity.

These results indicate that further studies should be performed
to optimize the H,0; concentration and a lower dosage could be
used in the treatment. Since, complete mineralization is not always
necessary and catalytic peroxidation, in the case of PAN, could be
used in combination with other techniques as microbial action
(biodegradation).

3.3. Proposed mechanistic routes for PAN oxidation

Eleven possible intermediates were identified for the PAN
oxidation using as-prepared AgaMoO4 peroxidation process (sam-
ple taken at 120 min of reaction), and their characteristics are
presented in Table S1. The obtained MS/MS data is disposed in
Supplementary Material (Fig. S13).

Three mechanisms pathways (Fig. 5) could be suggested ac-
cording to the intermediates identified. First, both protonated
forms (Na* or H") of PAN were detected, DO (m/z = 405) and D1 (m/
z = 383). Subsequently, as expected, PAN’s oxidation through het-
erogeneous peroxidation showed high complexity of consecutive
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and parallel reactions. In the first pathway (sub-products I), PAN’s
sulfur bond was broken, forming D2 (m/z = 200) and D3 (m/
z = 200), being the imidazole group hydroxylated, forming an
alcohol. For the other pathways (sub-products II and III) it can be
noted that the sulfur was oxidized, forming distinct intermediates,
—D4 (m/z = 318), S1 (m/z = 68) and D5 (m/z = 399) — this is due to
its lone electron pair which has tendency of oxidizing, forming
sulfenic acid and sulfone group, respectively. Following, these in-
termediates are further oxidized. For D2, it may follow two routes
(sub-products IV and V): cleavage of the pyridine ring, generating
D6 (m/z = 119) and S2 (m/z = 87), or both desulfonation and
oxidation of the molecule, leading to D7 (m/z = 138) or D8 (m/
z = 167), which are once again oxidized forming D9 (m/z = 153).
Moreover, the ether bond of D3 is attacked by a hydroxyl radical,
breaking and transforming it into S1 and D10 (m/z = 134) (sub-
products VI). Also, the benzene ring of D10 then ruptures into S3
(m/z =54) and S4 (m/z = 84). Likewise, D4 intermediate breaks into
D2 and D10, following the already described reactions.

Yet, the last degradation mechanism (sub-products VII) pro-
duced different species from the previous pathways discussed
above. In this case, the imidazole group of D5 cleavages, generating
both D11 (m/z = 273) and S5 (m/z = 144). After, D11 is attacked by
*OH, separating the sulfone group, producing S6 (m/z = 122) and,
after another oxidation reaction, generate D8 or D9, which proceed
to other reactions already described.

Subsequently, these cited smaller molecules can be successively
degraded, forming simpler carboxylic acids and even be totally
mineralized to products as CO,, NO3 and H;O.

4. Conclusions

In this study, a novel mixed catalyst with both o and B phases of
AgoMo0O4 was successfully synthesized using a simple controlled
precipitation method and applied in peroxidation and photo-
peroxidation reactions (AgzMoO4+H20,, AgaMo0O4+H20, + UV,
Ag>Mo04+H,0, +Vis) of a micropollutant, pantoprazole (PAN). The
best catalyst performance was obtained for peroxidation and Vis
photo-peroxidation reactions, leading to an almost complete PAN
mineralization. Hydroxyl radicals were identified as the dominant
ROS formed during the catalytic reactions, either in the presence of
light or hydrogen peroxide. For the peroxidation in dark, the
probable mechanism of formation of the hydroxyl radical could be
described as a typical Fenton reaction, while under light irradiation,
the electron/hole (e~/h+) pairs are formed and then transferred to
molecules of the HyO,, leading to the generation of hydroxyl
radicals.

The UV-based reactions showed high degradation levels, but
PAN’s mineralization was very inefficient, indicating that this
compound is very sensitive to light and resistant by-products are
formed. A complex mechanism was proposed for the first time
considering the sub-products formed by catalytic peroxidation
using silver molybdate. Eleven possible intermediates were iden-
tified by the PAN oxidation using as-prepared Ag;MoOa. In parallel,
the acute toxicity decreased due to the PAN oxidation indicating
that less toxic intermediate products were formed. The residual
hydrogen peroxide after reactions contributed to the high acute
toxicity, suggesting that further studies should be performed to
optimize the H,0, concentration required to achieve high PAN
degradation and low residual toxicity.

Overall, it can be concluded that this novel application of a-
Ag>oMo04/B-Ag2Mo04 as a catalyst for peroxide oxidation reactions
provides not only an efficient process but also represents a prom-
ising approach, since it easily transformed PAN into more easily
biodegradable products.
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