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ARTICLE INFO ABSTRACT

Keywords: This study reports the heterogeneous activation of sodium persulfate (SPS) by Lag gSro 2C003.8 (LSC) perovskite
Persulfate oxide for the degradation of sulfamethoxazole (SMX), a representative antibiotic agent. LSC was synthesized by a
Sulfate fadicals combustion method and characterized with respect to its physicochemical characteristics by means of nitrogen
Perovskite isotherm absorption (BET), X-ray diffraction (XRD), scanning electron microscopy (SEM/EDS) and transmission
giﬁamethoxazole electron microscopy (TEM/HRTEM). LSC showed high activity towards SPS activation, resulting in complete

SMX degradation in short time periods. The effect of SPS (100 — 500 mg/L), catalyst (100 — 500 mg/L) and SMX
(0.125-0.5 mg/L) concentrations, as well as initial solution pH on SMX removal was studied. Apart from ul-
trapure water (UPW), additional experiments were conducted in bottled water (BW) and secondary treated
wastewater (WW), showing the existence of retarding phenomena in SMX degradation. In order to further in-
vestigate these phenomena, experiments in UPW spiked with bicarbonate or chloride ions and humic acid were
also carried out. The role of reactive oxygen species (sulfate and hydroxyl radicals) was determined with the use
of suitable scavengers (methanol, t-butanol). Catalyst stability was assessed for five consecutive runs showing
LSC superior recyclability. Coupling activators (LSC with simulated solar irradiation) resulted in faster SMX
degradation in a synergistic rather than cumulative way.

Water matrix

1. Introduction

Water is one of the most important public goods as it is a pre-
requisite for life on the planet. Although 72 % of the Earth is covered by
water, less than 3 % of this water is potable or can be used in the food
industry and agriculture. Considering the fact that the earth's popula-
tion is expected to reach 9 billion by 2050, significant concerns have
been raised of whether water resources can meet the needs of the entire
population. Increasing demand for arable land and industrial products
coupled with rising global temperatures, require a more efficient and
safer management of available water resources. Wastewater treatment
and reuse is one way to deal with water scarcity, extending the water
life cycle and conserving resources as it offers a credible and effective
alternative to water supply, while providing great opportunities for
innovation, growth and employment [1].

A set of technologies known as advanced oxidation processes
(AOPs) has already shown great results towards the effective cleaning
and disinfection of water [2]. In fact, a great amount of organic and
inorganic substances resistant to conventional treatment methods are
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successfully degraded owing to the high oxidative power of reactive
radicals (usually sulfate and hydroxyl radicals) generated in AOPs.
These radicals are usually derived through activation of oxidants. More
precisely, in case of sulfate radicals, they can be produced through
persulfate activation. Activation technologies include energy input [3],
base, electrochemical techniques and transition metals [4]. Amongst
them, transition metal activation is the most economically advanta-
geous due to lower energy requirements, showing high effectiveness
towards persulfate activation [5]. However, secondary contamination
due to the toxic nature of metals poses strict limitations to homo-
geneous activation in real systems. As a result, persulfate activation by
heterogeneous catalysts has gained much attention in recent years.
Such catalysts already used for persulfate activation can be categorized
as metal and carbon-based materials [6]. In the first group, cobalt-based
catalysts are the most well studied, while the second group includes a
great variety of carbon materials such as activated carbon, biochar
nanodiamonds, graphene oxide and so on [7]. Considering cobalt-based
catalysts, Co oxides [8] and supported cobalt onto diverse materials
such as Al,O3 [9] are some of the most-reported configurations for
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persulfate activation. However, lowering or even zeroing of cobalt
leaching, as well as improvement of catalyst reusability still remains a
challenge.

Perovskite materials with the general formula ABO3, where A is a
rare or alkaline earth material and B is a first raw transition metal are
characterized by a set of physicochemical properties which provides
them with high stability under extreme conditions, a high degree of
stabilization of transition metals in their oxidation states, as well as
oxygen mobility deriving from oxygen non-stoichiometry within the
perovskite structure [10]. As result, perovskite materials have been
used as catalytic materials [11], in solid oxide fuel cells [12], as sensors
[13] and so on. In recent years, a few reports have presented the use of
perovskite-type materials in water treatment technologies [14]. Con-
sidering persulfate activation, PrBaCo,0s 8 [15], LaCog 4Cug 603 [16],
LaCoO5 and SrCoO5 [17], SrCo;.4TiO3.8 [18], LaMO3; (M = Co, Cu, Fe,
Ni) [19] and LaCoOs5 [20] are the perovskite materials that have shown
promising results.

The present work intends to add important information regarding
the use of perovskite materials as heterogeneous persulfate activators
for persistent micropollutants degradation in aqueous media. In fact,
this is the first time that lanthanum strontium cobaltite Lag gSrg ,C003.8
(LSC) is used for sulfamethoxazole (SMX) removal from water. SMX is
one the most frequently reported antibiotic agents found in surface
water and wastewater at concentrations of ng/L and pg/L becoming
threats to wildlife and human beings [21]. The main concerns refer to
the rise of drug resistant superbugs who are responsible for thousands
of deaths per year. Approximately 700,000 deaths/y are attributed to
superbugs, while this number is predicted to reach 10 million by 2050
[22].

LSC was synthesized by a combustion synthesis method and char-
acterized with the use of XRD, BET, TEM/HRTEM and SEM. The ef-
fectiveness of LSC for SPS activation was firstly studied in ultrapure
water (UPW). The effect of several experimental parameters on SMX
degradation was also investigated. The ability of using these materials
in real water matrices and catalyst reusability has also been assessed.

2. Experimental
2.1. Chemicals and water matrices

For catalyst preparation, lanthanum (III) nitrate hexahydrate (La
(NO3)36H0, CAS: 10277-43-7), strontium nitrate (Sr(NOs),, CAS:
10042-76-9), cobalt nitrate (Co(NO3),"H,0, CAS: 10026-22-9), ammo-
nium nitrate (NH4NO3, CAS: 6484-52-2) citric acid (CsHgO, CAS: 77-
92-9) and ammonia solution (NH3, CAS: 7664-41-7) were supplied from
Sigma Aldrich.

Sulfamethoxazole (C;oH;1N303S, CAS: 723-46-6), sodium persulfate
(NasS,0g, CAS: 7775-27-1) t-butanol (C4H;00, CAS: 75-65-0), me-
thanol (CH3OH, CAS: 67-56-1), humic acid (HA, CAS: 1415-93-6), so-
dium chloride (NaCl, CAS: 7647-14-5), sodium bicarbonate (NaHCO3,
CAS: 144-55-8) and acetonitrile (CH3CN, CAS: 75-05-8, for HPLC ana-
lysis) were obtained from Sigma-Aldrich.

Ultrapure water (UPW) was used in most of the experiments:
pH = 6.5, conductivity: 0.01 mS/cm; Secondary effluent from the
University of Patras campus wastewater treatment plant (WW): pH = 8,
conductivity = 0.30 mg/L, chemical oxygen demand = 21 mg/L, total
suspended solids = 2.2mg/L; and commercial bottled water (BW):
conductivity = 0.38 mS/cm, pH = 7.4, total hardness = 261 mg/L,
10 mg/L CI, 5mg/L SO3~, 6.7 mg/L NO3, 310 mg/L HCOj3; were also
used in order to study the water matrix effect. Details about water
matrices can be found elsewhere [23].

2.2. Catalyst preparation

LSC was prepared according to a combustion method: Pre-weighted
amounts of La(NO3)3'6H,0, Sr(NO3), and Co(NO3),-H,O were dissolved
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Fig. 1. X-ray diffraction pattern of LSC.

in UPW followed by the addition of appropriate amounts of citric acid
(molar ratio of citric acid to metal ions: 2:1), and NH4NO3 (mole ratio
of NH4NO; to metal ions equal to 1:1). Afterwards, ammonia solution
(30 wt.%) was added dropwise to reach a pH value of ca. 9. The re-
sulting solution was kept at 200 °C until complete water evaporation
and then heated at 400 °C with a heat gun. When reaching 400 °C, the
mixture started to foam spontaneously and, finally, ignited forming a
thin crust easily shattered into a thin powder. The resulting powder was
heated at 700 °C for 5h with a ramp rate of 5°Cmin ™' under stagnant
air and then ground in an agate mortar. The above procedure is sche-
matically described in graphical abstract. Details about LSC synthesis
can be found elsewhere [24].

2.3. Catalyst characterization

X-Ray diffraction pattern was obtained with the use of a Brucker D8
Advance (Cu Ka) operated at 40 kV and 40 mA and phase identification
was based on JCPDS cards. Data were collected in the 20 range of 15° to
75° with a step size of 0.015° and a scan rate of 0.05° s~ *. The primary
crystallite size of nanocrystals was estimated according to Debye-
Scherrer’s equation:

092
Bcos6

Where B is the line broadening (in radians) at half of its maximum, 6 is
the diffraction angle and A is the X-ray wavelength corresponding to Cu
K, radiation (0.15406 nm). Specific surface area was determined ac-
cording to the Brunaueur-Emmett-Teller (BET) method with the use of a
Micromeritics (Gemini III 2375), using N, physisorption at the tem-
perature of liquid nitrogen (77 K). Before each measurement, the
sample was outgased under dynamic vacuum at 250 °C for 30 min. Zeta
potential measurements were performed via laser doppler micro-elec-
trophoresis using a Malvern Zetasizer (Nano-ZS). A few mg of LSC were
dispersed in UPW with the use of an ultrasonic bath. The pH of these
suspensions was adjusted using H,SO4 or NaOH solutions. A patented
laser interferometric technique employed to measure the velocity of
LSC particles of each suspension, allowing the calculation of electro-
phoretic mobility of the particles and, thus, the assessment of the zeta
potential values [25]. High resolution transmission electron microscopy
(HR-TEM) and TEM images were recorded using a JEOL JEM-2100
system operated at 200 kV (point resolution 0.23 nm). The specimens
were prepared by dispersion in water and spread onto a carbon-coated
copper grid (200 mesh). Scanning electron microscopy (SEM) images
were obtained with the use of a JEOL 6300 scanning electron micro-
scope equipped with an energy dispersive spectrometer (EDS) for the
element distribution of the samples.
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Weight

Element Atomic
(%) (%)
Co 24 21
Sr 21 5
La 35 19
(0] 20 55
Totals 100 100

Fig. 2. (A) SEM image of LSC with EDS mapping results showing the distribution of (B) Co, (C) La, (D) Sr and (E) EDS spectrum and corresponding data obtained from

this SEM image.

2.4. Experimental procedure and analytical methods

SMX degradation experiments were carried out in a pyrex vessel
(250 mL capacity) open to the atmosphere. All experiments took place
under ambient temperature. In a typical experiment, appropriate
amount of catalyst (usually 500 mg/L) and SPS (usually 500 mg/L)
were added in 120 mL of an aqueous solution with the desired con-
centration of SMX (usually 0.5 mg/L), under magnetic stirring. Samples
of 1.2 mL were withdrawn at pre-set time periods followed by the ad-
dition of 0.3 mL of methanol in order to quench the reaction. Samples
were then filtered (0.22 um PVDF filters) and SMX concentration was
determined by high performance liquid chromatography (Waters
Alliance 2695) according to the protocol described elsewhere [26]. A
solar simulator (Oriel, model LCS-100) equipped with a 100 W xenon,
ozone-free lamp was used to provide irradiation at an incident intensity
of 7.3 1077 einstein/(L.s). Experiments were done in duplicate and
mean values are quoted as results. The difference has never been
greater than 5 %.

132

2.5. Identification of transformation products (TPs) by LC-MS analysis

A solid phase extraction procedure was followed for the pre-
concentration of the treated water samples and facilitating the identi-
fication of TPs. Briefly, the samples were acidified to pH = 4 and per-
colated through Oasis cartridges (6 mL, 200 mg) after a conditioning
step with milli-Q grade water (pH = 4) and LC-grade methanol. The
cartridges were subsequently dried under vacuum, eluted twice with
3 mL of methanol and finally evaporated to a final volume of 0.1 mL for
analysis.

High resolution mass spectrometry (HR-MS) was used for the ana-
lysis of the extracted samples. An LTQ-Orbitrap mass spectrometer
system (Thermo Fisher Scientific, Germany) was used according to the
following equipment and conditions: C18 Hypersil Gold (Thermo)
column, (100 mm x 2.1 mm i.d., 1.9 pm particle size, was kept at 27 oC;
Injection volume 10 pL; flow rate 300 pL min~'; Gradient elution using
water/0.1 % formic acid 5mM ammonium formate as solvent A and
methanol/0.1 % formic acid 5mM ammonium formate as solvent B
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Fig. 3. (A) TEM and (B), (C) HRTEM images of LSC.
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Fig. 4. Zeta potential of LSC as a function of pH.

following the sequence: 95/5 for 2 min to 30/70 in 15 min, and 95/5 in
17 min hold for 3 min. The ESI-source was operated in positive ioni-
zation while MS and MS/MS spectra were recorded with a resolving
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power of 60.000 and 15.000, respectively. HR-MS system control and
determination of chemical formula and mass accuracy values were
performed with Xcalibur software version 2.1.

3. Results and discussion
3.1. Characterization of LSC

XRD pattern of LSC is shown in Fig. 1. All peaks can be indexed to
perovskite structure showing the successful formation of perovskite
phase at 700 °C [24]. In specific, all diffraction peaks can be indexed to
the orthorhombic perovskite phase of LaggSrg.C0038 JCPDS No:
46,704. The successful formation of perovskite structure witnesses a
series of desirable characteristics such as high degree of stabilization of
transition metals in their oxidation states and high oxygen mobility.
Primary crystallite size of LSC was estimated according to Scherrer
equation (20 = 33.1°) and found equal to 33 nm. Nitrogen physisorp-
tion revealed a BET specific surface area of 8 m?/g. The relatively low
value derives from the high calcination temperature and is related to
the low absorption capacity of LSC. The morphology of LSC was in-
vestigated by SEM and a characteristic image is depicted in Fig. 2A. It is
observed that LSC consists of closely packed agglomerated
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Fig. 5. (A) Removal of SMX by SPS alone, LSC alone and SPS/LSC. (B) In (Ct/
Cop) as a function of time through linear regression. Experimental conditions:
0.5mg/L SMX, 100 mg/L SPS, 500 mg/L LSC in UPW.

nanoparticles with high uniformity. EDS analysis (Fig. 2B-E) demon-
strated that the as obtained perovskite material consisted of La, Sr, O
and Co alone, without other impurities. The morphology and structure
of LSC catalyst has been further studied by means of TEM. As can be
seen from a characteristic TEM image (Fig. 3A), the catalyst particles
are of irregular shape with an average diameter ranging from 35 to
60 nm. High-resolution image of LSC (Fig. 3B-C) consists of detectable
lattice spacings showing the high crystallinity of the perovskite oxide.
The dominant intra-atomic distance was found equal to 0.27 nm cor-
responding to the crystallographic plane (203) of LaggSrp»C003.8
JCPDS No0:46,704. Based on results obtained with XRD, EDS and
HTREM it is concluded that the as prepared materials are characterized
by the indicated perovskite structure with no other phases in their
structure. Measurements of zeta potential Fig. 4) showed that LSC
surface is positively charged at pH < 10, with the higher charge
identified at pH around 3.

3.2. Catalytic activity

SMX concentration profiles under SPS, LSC and LSC/SPS systems are
shown in Fig. 5A. In the presence of 100 mg/L SPS alone, 17 % SMX
degradation was recorded after 60 min, showing the inferior oxidation
ability of SPS. Considering adsorption phenomena, 500 mg/L LSC re-
sulted in ca 30 % SMX removal in the same time period. However, when
LSC and SPS were added together, complete SMX removal was obtained
in 45 min, thus implying the successful SPS activation from LSC.

In order to investigate the effect of several experimental parameters
in the present system, additional experiments were carried out varying
SMX concentration in the range 0.125-0.5 mg/L and results are shown
in Fig. 6A. Considering that SMX degradation follows pseudo-first-order
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Fig. 6. Effect of (A) initial SMX concentration on its degradation with 500 mg/L
LSC and 100 mg/L SPS in UPW; (B) LSC concentration on 0.5mg/L SMX de-
gradation with 100 mg/L SPS in UPW; (C) SPS concentration on 0.5 mg/L SMX
degradation with 500 mg/L LSX in UPW. Numbers in brackets show apparent
rate constants in min .

kinetics, the reaction rate can be expressed as follows [27]:

d[SMX]

rate=- =kapp[SMX]

@

Apparent rate constants (k,pp) were calculated from the linearized
form of Eq. (1) and are shown in brackets. It is observed that an increase
of SMX concentration from 0.125 to 0.5 mg/L results in a decrease in
Kapp from 0.260 to 0.061 min~', in accordance with similar systems
[25].

Fig. 6B depicts SMX degradation varying LSC dosage. It is observed
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Fig. 7. Effect of water matrix on 0.5 mg/L SMX degradation with 500 mg/L LSC
and 100 mg/L SPS.

that increasing LSC dosage from 100 mg/L up to 500 mg/L leads to a
progressive enhancement in SMX removal. In specific, with 100 mg/L
LSC, SMX removal reaches 72 % after 60 min, while for 250 mg/L LSC,
SMX removal is equal to 88 %. Moreover, when the catalyst dosage is
further increased to 500 mg/L, thus providing more active sites on its
surface for SPS activation, complete SMX degradation is achieved.

The effect of SPS concentration on SMX removal was also studied.
As seen in Fig. 6C, increasing SPS dosage up to 250 mg/L, k,pp, increases
from 0.061 min~! (100 mg/L SPS) to 0.095 min ™. This is presumably
due to the fact that more SO;~ are available in the system for SMX
degradation. However, further increase to 500 mg/L lowers k,pp to
0.079 min~?, probably due to self-quenching of generated radicals with
SPS [28].

Most of the times naturally occurring organic matter and inorganic
ions present in real water matrices have a negative impact on the
performance of such systems. Hindering effects are linked to the for-
mation of species of lower oxidation potential through scavenging of
*OH and SO; . In order to investigate the effect of water matrix on SMX
degradation rate, a set of experiments were carried out in BW and in
WW and results are presented in Fig. 7. As can be seen, SMX de-
gradation was hindered in BW with k,,, decreasing from 0.061 for UPW
to 0.006 min !, while the adverse effect was more pronounced in the
case of WW, probably due to the presence of organic matter. In order to
clarify the role of inorganic and organic species present in real water
matrices, additional tests were performed in UPW spiked with appro-
priate amounts of humic acid (HA), chloride and bicarbonate ions,
which are the dominant species in aqueous media. Fig. 8A shows SMX
degradation profiles in the presence of two representative concentra-
tions of HA, a substance that simulates the residual organic carbon in
secondary treated wastewaters. It is observed that 10 mg/L HA in-
hibited SMX removal lowering K, almost 7 times, while addition of
20 mg/L HA led to further deterioration leading to less than 20 % SMX
removal. Degradation can be inhibited by dissolved organic matter due
to scavenging of reactive species, such as *OH, as long as due to reaction
with contaminant intermediates. On the other hand, addition of
100 mg/L NaCl did not practically affect SMX degradation (Fig. 8B).
Only at higher NaCl concentrations (250, 500 mg/L), was SMX de-
gradation partially hindered. Generally, chloride ions could be oxidized
forming chlorine radicals, such as Cl’, Cl, - or other reactive species,
HCIO or Cl,, that have shown controversial reactivity towards organic
pollutants degradation depending on the nature of the pollutant
[23,25]. Remarkably, HCO; had a strongly detrimental influence
(Fig. 3C) on SMX degradation at all concentrations tested
(100 —500 mg/L). The role of bicarbonate is probably associated with
the unwanted scavenging of SO;~ and *OH producing the less reactive
carbonate radicals (HCO;) [29-31] according to the following
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Fig. 8. Effect of (A) humic acid, (B) chloride and (C) bicarbonate on 0.5 mg/L
SMX degradation with 500 mg/L LSC and 100 mg/L SPS.

reactions:
HCO3;+S0;~ — COy 4807 + H* )
HCO3+HO® —» CO5~ + Hf 3

In summary, it is observed that interactions of organic matter and
bicarbonate ions present in real aqueous media with SMX and reactive
species result in hindering phenomena on degradation process.

The pH effect on SMX degradation is shown on Fig. 9. It is observed
that SMX removal is faster in neutral rather than in basic environment.
SMX is negatively charged at pH > pK, = 5.7, whereas as shown on
Fig. 4, LSC surface is more positively charged at pH = 7 rather than at
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Fig. 10. Effect of t-butanol (5g/L) and methanol (5g/L) on 0.5mg/L SMX
degradation with 500 mg/L LSC and 100 mg/L SPS in UPW.
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Fig. 11. Removal of SMX (0.5mg/L) after 60 min of reaction for five con-
secutive runs with 500 mg/L LSC and 100 mg/L SPS.

pH = 9. As a result, stronger electrostatic attraction between LSC and
SMX leads to faster SMX degradation. Acidic pH leads to LSC dissolu-
tion thus not presented.

In further experiments, methanol and t-butanol were employed as
radical scavengers; methanol reacts with *OH (1.2-2.8 x 10°M~ 1571
300 times faster than with SO, ~ (1.6-7.7 x 107 M~ !s™1) [32], while
t-butanol reacts 1900 times faster with *OH (3.8 x 10% — 7.6 x 10% M"
's1) than with SO, - (4 x 10° — 9.1 x 10° M's!) [33]. As seen in

136

Catalysis Today 361 (2021) 130-138

Fig. 10, the presence of 5 g/L t-butanol or 5 g/L methanol decreases k.,
from 0.0.61 to 0.018 min™ and 0.034 min™, correspondingly. Relying
on the above results, it can be stated that SMX degradation takes place
through a radical mechanism based on the formation of both SO;™ and
OH, in accordance with other studies using perovskite oxides [12,18].
In brief, the SPS activation mechanism can be described as follows:

5. LsC . . .
S,05 —S,05 "+SO; +SO; (C))

SO;'+0OH- — SO¥+HO" (5)

As a heterogeneous activator, the recyclability and reusability of
LSC is probably the most important requirement that must be fulfilled.
Fig. 11 shows the performance of the recycled LSC catalyst for SMX
degradation for five consecutive runs. After each run, the catalyst was
recovered using filtration, dried and reused. It is observed that LSC
shows excellent stability as complete SMX removal takes place in the
same time period even after the reuse of the same catalyst for four
times.

Summarizing the above observations, it is obvious that LSC per-
ovskite possess great catalytic performance for SPS activation. This is
probably related with oxygen vacancies in perovskite structure easing
the bonding of persulfate to the catalyst and to the easier valence state
change of the B site cations without any change in the perovskite
structure, a unique property that differentiates the perovskite from the
typical oxides [15,17].

3.3. Transformation by products

The TPs identified by HR—MS are summarized in Table 1 and
Fig. 12. Previous studies on the probable reactive moieties of sulfona-
mide antibiotics toward SO, ~ attack indicated the anilinic and iso-
xazole heterocyclic rings as well as the sulfonamide bond are the vul-
nerable sites for reaction [34,35].

Two TPs with [M+H] " at m/z 270.0526 which differ 16 amu from
SMX have been identified as hydroxylation derivatives. TP with
Rt = 7.45 was the major formed hydroxyl-derivative and was assigned
to isoxazole ring hydroxylation based on the presence of m/z 158.0264
(CeHgO,NS™') and 141.9998 (C¢HsSO,") diagnostic fragment ions
which indicated an intact aniline ring and the shorter elution time.
Hydroxylation and cleavage of the isoxazole ring has previously been
previously observed during SO, ™ -based of SMX [36,37], as well as
other advanced oxidation processes [38]. The identification of TP with
[M+H]" at m/z 275.0297 further supported the hydroxylation-sub-
sequent cleavage of isoxazole moiety and simultaneous benzene ring
hydroxylation with coincidence to products identified during SMX de-
gradation by Fe(II) percabonate system [39].

TPs with [M+H]* at m/z 99.0541 and 158.0261 corresponded to
3-amino-5-methylisoxazole and sulfanilic acid respectively, and as-
signed to sulphonamide bond rupture pathway. Finally, TP with m/z
[M+H]+ 284.0314 is assigned to the SMX-nitro-derivative which is
also previously identified in SO, and "OH based AOPs for the de-
gradation of SMX [34].

In conclusion, based on the TPs identified by HR—MS, three dif-
ferent major oxidation pathways, including hydroxylation and rupture
of isoxazole ring, aniline moiety oxidation, and sulfonamide bond
cleavage, were proposed.

3.4. Coupling LSC with solar radiation for SPS activation

In recent years, the simultaneous use of different AOPs has gained
great interest as it is considered an alternative way to increase the ef-
ficiency of the whole process with the minimum cost and energy re-
quirements. However, in order to get the maximum benefit, the inter-
action between different processes must result in synergistic rather than
cumulative effect. Conventionally, SPS can be activated by energy input
thought splitting of its O—O bond. Given that the solar spectrum
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Table 1
High resolution accurate LC-MS data for SMX and TBPs in positive ionization mode.
Compound/ TP code Retention Time (R,) [M+H" Pseudo-Molecular Ion Formula A(ppm) RDB
SMX 9.19 254.0580 151.0104 C10H1203N3S CeHgO2NS —5.583 -6.318 6.5 4.5
TP1 13.07 284.0313 C10H1005N3S —8.054 7.5
TP2 8.83 270.0526 C10oH1204N3S —11.040 6.5
TP3 7.45 270.0521 C10H1204N3S —8.158 6.5
TP4 7.15 275.0297 CoH;0N;06S 1.093 5.0
TP5 4.74 158.0261 140.9994 CeHgOoNS CgHs0,S —5.605 -7.636 3.545
TP6 2.39 99.0541 C4H;0ON, —-12.210 2.5
_0,
\\// )\}-CHa
o]
TP3 o N-oxidation SH
Q N CH
\Y4 3
"o S nn L/ o 0 N/o HN TP5
\\// CHs .
\ Sulfonamide
HAN Hydroxylation bond
z N/O rupture N/O
o 0
\\s// \ / CH3 MCH:
SNH - HaN TP6
OH Ring opening
H,N TP2 Hydroxylation
(OH)z \\// 0
Fig. 12. Degradation pathway of SMX.
kcombined— )] inki
1.04— S(%) = —_2*100
. \m\o—r‘i’ . kcombined (6)
.\ A A ’\
0.8 \\- \‘\x\o\ L
: Y e y 4 > 0, synergistic effect
\ " . e S| = 0, cumulative effect
o 0.6 .\ \ e Z(I):’aS;LSC ((O '061 )) < 0, antagonistic effect
. .
Q . —e — solar/SPS/LSC (0.089) . L . . .
O 044 e Indeed, simultaneous activation of SPS with LSC and solar light ir-
#— solar (0.004) &
) radiation results in ~23 % synergy.
l\
0.2- \ .
Yoy © 4. Conclusi
o . Conclusions
0.0 T T |\' \' T T
0 10 20 30 40 50 60 In this study, Lag gSro.2C003.8 perovskite oxide was prepared and
Time (mln) evaluated as heterogeneous activator of SPS for the degradation of

Fig. 13. Synergistic effect of solar radiation on the degradation of 0.5 mg/L
SMX with 500 mg/L LSC and 100 mg/L SPS in UPW.

contains ca 6 % UV—A, additional experiments were performed with
the simultaneous use of LSC and simulated solar irradiation and results
are shown in Fig. 13. It is observed that under simulated solar irra-
diation degradation taken place in 35 min, while in the SPS/LSC system
45 min are required. The improved efficiency of solar/SPS/LSC system
is deriving from the simultaneous activation of SPS by solar irradiation
and LSC. In specific, computed apparent rate constants for the com-
bined process, solar/SPS/LSC, and the two individual processes, SPS/
LSC and solar/SPS, are 0.089, 0.061 and 0.007 min~*, respectively; the
fact that the sum of the rate constants of the individual processes (k;) is
lower than that of the combined process (Keombined), reveals the ex-
istence of synergistic phenomena. The degree of synergy, S, can be
quantified as follows [29]:

SMX. The main conclusions can be summarized as follows:

e LSC is an eff ;ective and recyclable La-based perovskite oxide for SPS
activation, suitable for organic contaminants degradation in aqu-
eous media.

e Operating conditions such as SPS concentration and catalyst loading
can be adjusted accordingly to increase SMX oxidation rates.

o LSC-activated SPS is greatly suppressed in the presence of bicarbo-

nate and humic acid, species that are inherently present in natural

waters/wastewaters.

The identification of transformation by-products (TPBs) showed that

the major degradation pathways proceeded through oxidation of

amine group, hydroxylation of isoxazole moiety and cleavage of the
sulphonamide bond.

e Based on experiments with radical scavengers, SMX degradation
seems to proceed through the action of both SO;~ and "OH.
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