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ARTICLE INFO ABSTRACT

Keywords: Perovskite oxides, with an ABO3 general formula, have attracted much attention as effective peroxymonosulfate

Advanced oxidation process (PMS) activators because of their composition adjustability and chemical stability. A doping strategy has been

llZeroxleonosulfate applied to enhance the PMS activation capability with the modulation of the crystal structure of the parent
erovskite

LaCo0j3.5 perovskite by substituting Co atoms located at the B-site, with high valence state transition metals.
Herein, a series of LaCo;.xMoyOss perovskites were prepared with different Mo content, showing a phase
transformation from rhombohedral to cubic-like structures. LaCog 95sMo0g 0503.5 compound is located at the so-
called morphotropic phase boundary (MPB) boosting PMS activation performance as well as enhanced stabil-
ity. The presence of local inhomogeneities, observed as oxygen vacancies, has been detected in the MPB region
enhancing the catalytic effect of pollutant degradation. Mo doping induced Co reduction that contributed to the
enhanced PMS activation. Sulfate radical was identified to be the dominating reactive specie for LaCo;.xMoxO3.5
catalyzed PMS activation. This work contributes first, to clarifying the role of Mo doping to boost PMS activation,
and second to highlighting the crucial role of the reduced oxidation state as well as the oxygen vacancies in the
MPB for PMS activation. Impressive results were obtained when LaCog 95sMo0g, 0503.5 compound was deposited in
a Lab-grade photoreactor with LED technology, reaching a complete removal of paracetamol in the first minute.
This study provided new insight into the rational design of PMS activator and developed a new strategy for
heterogeneous active PMS at a photoreactor with immobilized catalysts.

Oxidation state
Morphotropic phase boundary

1. Introduction extensive attention because of the generation of reactive oxygen species

(ROS) from the cleavage of the peroxide bond in HSO5 via heat, ultra-

In recent years, various pharmaceuticals have been detected in ef-
fluents and natural waters throughout the world, which have aroused
wide concern about their potential effects on the environment and
human health [1]. As one kind of the most effective analgesics and
antipyretic drugs, paracetamol has been heavily used and was found to
exist in wastewater treatment effluents and surface waters in pg/L [2].
Therefore, it is highly demanded to develop effective remediation
techniques to avoid the accumulation of pharmaceuticals in the water
environment. Advanced oxidation processes (AOPs) have been investi-
gated as promising alternatives for the degradation of organic contam-
inants in the water environment [3-6]. During the past decade,
peroxymonosulfate (PMS) based advanced oxidation processes attracted
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violet irradiation, transition metals catalysis [7-9] and its high effi-
ciency within a wide pH range [10-12]. Among various activation
techniques, transition metal-based heterogeneous catalysts have shown
great potential because of their widely operating conditions, needless of
extra energy and high efficiency, mainly due to the in situ generation of
oxidant radicals (SO4e’, eOH, etc.) as well as nonradical oxidation
pathways (electron transfer, Fe/Co-oxo complexes, etc.) [13-15]. In the
heterogeneous catalytic PMS activation, Co-based catalysts have been
determined to be highly efficient and the catalytic capability can be
further promoted [16]. However, due to the inherent toxicity of Co, the
proper heterogeneous catalysts should be stabilized in stable crystal
structures to minimize Co leaching and avoid secondary pollution.
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Recently, perovskite oxides, with the chemical formula of ABOs,
have emerged as promising candidates for heterogeneous PMS activa-
tion [17,18]. The A-site cations are normally larger in size than the B-site
cations, which are surrounded by six oxygen anions in octahedral co-
ordination [19]. Ideal ABO3 perovskite crystallizes in the cubic Pm-3 m
structure but substitutional derivatives occurring at A-, B- or both sites
(AA’)(BB’)Og reduce the crystal symmetry of the parent compound [20].
Therefore, a phase transformation as a function of composition may
occur and the character of the phase transition also termed morpho-
tropic phase boundary (MPB), can be related to the enhancement of the
physical properties of the compounds. For instance, isotropic displace-
ments of Zr and Ti in the perovskite PbZrO3-PbTiOg3 solid solution are
the responsible of the enhanced ferroelectric properties at the MPB [21]
and the concentration of oxygen vacancies is the responsible of the
conduction behavior in the (PbjyBay)(ZrgosTip0s5)O3 system [22].
Various cobalt-based perovskite oxides (LaCoOs [23-25], LaggSro.2.
C003.5 [26], SrCoi4TixO3 [27], GdyLajBaCos0g [28], LagsBags.
CoxMnj 4035 [29], PrBaCos0s.5 [30], etc.) have been reported to be
efficient PMS activators. The PMS activation capabilities were found to
be mainly related to the electronic states of Co ions, where Co?" was
usually considered to pose higher activity [24,31]. Even though A-site
substitution may lead to the change of oxidation states in B-site, the
relative low oxidation states of common A-site ions (+1, +2 or + 3)
make it difficult to obtain perovskite with reduced Co oxidation state via
A-site doping. Considering the more flexible variation of valence state in
B-sites transition metals (TMs), substituting Co for TMs is more feasible
to manipulate the electronic structure of Co. In this case, Mo®" could to
be an ideal candidate for Co substitution due to its high stable oxidation
state with similar ionic radius in octahedral coordination (0.59 A of
Mo®t vs. 0.545 A of Co®") [32]. Moreover, PMS activation could be
further enhanced by the formation of Co-O-M bonds to accelerate the
electron transfer between the redox couples [33]. Despite this, exploring
suitable dopants to rationally design catalysts is still challenging and the
mechanism of enhanced PMS activation performance remains uncertain.

Herein, Mo is introduced into the B-site of LaCoO3_s to reduce the Co
valence state mainly affordable by the similar ionic radii of Mo®" and
Co%*/Co®*. Concomitantly to the cationic doping a phase trans-
formation from R-3c to Pm-3 m occurs giving rise to a continuous MPB at
a 5% Mo-doping composition. The LaCo; xMo0x03.5 obtained compounds
led to promoted activation of PMS and enhanced stability benefited from
the reduction of Co oxidation state. A degradation pathway, dominated
by the SO4e™ radicals, has been further identified and the enhanced
properties of the LaCogg95Mo0g 0503.5 phase are associated with the
presence of local oxygen vacancies at the MPB. This work reveals the
importance of oxidation state and oxygen vacancies, which may be
constructive for the rational design of a PMS activator in the vicinity of a
MPB. Furthermore, experiments have been conducted with a suspended
and deposited catalyst to compare the process efficiency and the ad-
vantages and disadvantages of the different systems. The influence of UV
light LEDs radiation (UVA and UVC) and PMS concentration are also
studied in a Lab-grade photoreactor with LED technology, confirming
the applicability of the prepared catalyst.

2. Materials and methods
2.1. Chemicals

La(NO3)3-6H20 (99.9%), Co(NO3)2-6H20 99 %),
(NH4)6Mo07024-4H20 and citric acid (99%) were used for the catalysts
preparation. Paracetamol (99%), potassium peroxymonosulfate
(KHSOs5-0.5KHS0O4-0.5K2S04, PMS), 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO), 2,2,6,6-tetramethylpiperidine (TEMP), radical scavengers
(methanol (MeOH, >99.9 %), tertiary butyl alcohol (TBA, 99 %) and
furfuryl alcohol (FFA, 98 %)), Nafion 5 wt% and ethanol (>99.5%) (used
for ink electrode preparation) were obtained from Sigma-Aldrich.
Additional auxiliary reagents H2SO4 (98 %), NaOH (98 %), NapCO3
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(99.5 %), NaCl (99 %), NaNO3 (99 %), and NaHCOs3 (99 %) were sup-
plied by Panreac Quimica S.A. (Barcelona, Spain). All reagents were
used without further purification. Deionized and ultrapure water was
used throughout all degradation experiments.

2.2. Synthesis of catalysts

LaCo1.xMoxO3.5 (x =0, 0.05, 0.1 and 0.2, denoted as LCO, LCMOO005,
LCMO010 and LCMOO020, respectively) were synthesized via sol-gel
method. Stoichiometric amounts of La(NO3)3-6H20, Co(NO3)5-6H0
and (NH4)gMo07024-4H20 (10 mmol in total) were weighted and dis-
solved in 20 mL of deionized water with 20 mmol of citric acid as
complexing agent. The resultant mixture was heated at 80 °C under
continuous magnetic stirring until the gel was formed. The obtained gel
was further dried in an oven at 110 °C for 12 h. Afterward, the precursor
was transferred to a crucible and annealed in a furnace at 700 °C for 5h
with a heating rate of 5 °C/min in air. The obtained products were
thoroughly ground into fine powder for degradation experiments. For
the deposition of the catalyst on a cylindrical Ti surface, two mixtures of
126.6 mg of catalyst, 271.25 mg of Nafion 20 wt% and 40.5 g of iso-
propanol (>99.5%), used as a solvent, were prepared and sonicated for
45 min. The mixtures were sprayed on the Ti surface with an airbrush
under heating, in order to evaporate the solvent, with control of the
sprayed area (0.032 mz).

2.3. Characterization

The crystal structure of the prepared catalysts was determined by X-
ray powder diffraction (XRD) using a Phillips XPert PRO ALPHA 1
diffractometer using Cu Ka; radiation operating with a step-width of
0.017°. The corresponding Rietveld refinements were performed with
FullProf program [34]. High-resolution transmission electron micro-
scopy (HRTEM) and selected-area electron diffraction (SAED) was per-
formed on a JEOL JEM 2100 operating at 200 kV equipped with an X-ray
energy-dispersive spectrometer (EDS) OXFORD INCA for the composi-
tional analysis of each investigated crystal by in situ observations. The
Brunauer-Emmett-Teller (BET) surface area was calculated by
measuring the Ny adsorption-desorption isotherms at 77 K in a Micro-
meritics ASAP 2020 adsorption analyzer. X-ray absorption spectroscopy
(XAS) measurements were performed at the CLASS beamline of the
ALBA synchrotron. The optimal mass of sample powder was mixed with
cellulose and pressed to pellets for measurements in transmission mode
at room temperature. Co and Mo foils were used for energy calibration
while CoO, Co304, MoO3, and MoO3 were also measured in transmission
mode and used as reference compounds for Co and Mo K-edge, respec-
tively. The analysis of XANES (X-ray absorption near-edge structure)
and EXAFS (extended X-ray absorption fine structure) data was per-
formed using ATHENA and ARTEMIS software of the DEMETER package
[35]. The surface chemical states were investigated by X-ray photo-
electron spectroscopy (XPS) using a PHI VersaProbe II instrument with a
monochromatic Al Ka source. The oxygen deficiencies in LaCo; yMoxOs.
s (x =0, 0.05, and 0.1) were estimated by iodometric titration and the
procedure was provided in Text S1. The magnetic susceptibility was
measured in the temperature range 5-300 K, using a superconducting
quantum interference device (SQUID) XL-MPMS magnetometer (Quan-
tum Design, San Diego, CA, USA) under zero-field-cooling (ZFC) and
field-cooling (FC) conditions with the DC magnetic field of 1000 Oe.
Magnetization measurements as a function of the applied magnetic field
(H) were performed at 300 K at magnetic fields up to 5 T. All the elec-
trochemical characterizations were performed on an Autolab
PGSTAT302 N using a three electrodes cell with a Pt wire as a counter
electrode and Ag/AgCl as a reference electrode. A circular glassy carbon
(area 0.196 cm?) was used as a working electrode by dropping 10 pL of
conductive ink, prepared as follows. 10 mg conductive carbon and 10
mg catalysts were added into 0.1 mL Nafion solution (5 wt%) and 1 mL
of absolute ethanol. The open-circuit potential (OCP) was monitored for
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a total time of 1200 s at galvanostatic mode. Chronoamperometries were
conducted at the bias of 0.0 V vs Ag/AgCl during a total time of 1200 s.
During OCP and Chronoamperometry measurements, 1 mL of 0.325 M
PMS solution and 1 mL of 1 g/L paracetamol solution was added at 200 s
and 700 s, respectively. Electrochemical impedance spectroscopy (EIS)
was conducted with frequencies of 0.01-100 kHz and 10 mV of ampli-
tude perturbation. 100 mL of Na3SO4 (0.1 M) solution with 3.25 mM of
PMS was used as the electrolyte in EIS measurements while chro-
noamperometry and OCP measurements were conducted without PMS
in the initial electrolyte.

2.4. Experimental procedure

Batch experiments with suspended catalyst were conducted in 250
mL beakers at 25 + 0.5 °C with constant stirring of 300 rpm. In each
experiment, specific amounts of PMS and catalyst were added to 100 mL
of 10 mg/L of paracetamol solution. The initial pH was adjusted by
dropping HNO3 and NaOH of 0.1 M concentration. 1 mL of solution
samples was regularly withdrawn at given time intervals and filtered
through 0.45 pm cellulose filters. Afterward, the samples were mixed
with 0.5 mL MeOH to quench the degradation reaction and analyzed by
the high-performance liquid chromatography (HPLC) to determine the
residual paracetamol concentrations. To test the reusability of the
catalyst, the solution after the reaction was filtered using 0.45 pm cel-
lulose filter followed by washing to collect the catalyst. The filter was
then dried at 80 °C overnight to be used in the next cycle. A chemical
probe method was firstly used by combining different radical scavenger
reagents (TBA, MeOH, and FFA) to investigate the presence of different
reactive oxygen species (ROS). The effect of the presence of additional
ions during the degradation process was tested by introducing 2 mM
NaCl, NaNO3 and NaHCO3 as HCO3, NO3 and Cl” anion sources. The
presence of radicals was also confirmed by electron spin resonance
(ESR) as described in the analytical section. Experiments with deposited
catalysts were carried out with photocatalysis equipment provided with
LED technology Photolab LED365-16, supplied by APRIA Systems, S.L.
The wastewater was stored in a glass tank of 500 mL with agitation. The
catalyst was deposited by spraying inside a hollow cylinder, to be
exposed to the UV radiation source is placed (20 LEDs, UVA 365-370
nm, 1200 mW, 2100 W/m? or UVC 265-280 nm, 15 mW, 25 W/m?).
Temperature (°C), irradiance (W/mz), intensity (mA), and the percent-
age of use of the LEDs (0-100%) were controlled. The samples were
filtered with 0.45 pm Nylon filters before analysis.

2.5. Analysis method

For the experiments carried out with suspended catalyst, paraceta-
mol concentration was measured using a HPLC Jasco MD-2010/2015
with a 5 pm C18 analytical column (4.6 mm x 250 mm) and UV/Vis
detector. Paracetamol was quantified at a wavelength of 243 nm with a
mobile phase of water/methanol (50/50 v/v %) at the flow rate of 1 mL/
min. The column temperature was 25 °C and samples of 5 uL were
injected. On the other hand, for the experiments conducted in the batch
reactor with deposited catalyst, the concentration of paracetamol and of
the generated intermediates were measured by HPLC-DAD (Agilent
1100 Series). The detector wavelength was 243 nm and the column
temperature was 25 °C. The injection volume was set at 20 pL, and a
Zorbax Extend-C18 5 pm analytical column (3.0 mm x 150 mm) was
used. The mobile phase was acetonitrile/water (50/50 v/v %) with a
flow rate of 0.6 mL/min. To further identify paracetamol degradation
byproducts, the pure paracetamol solution (10 mg/L) and samples after
catalytic degradation reaction (1, 5 and 10 min) were selected to be
measured in a HPLC-MS chromatograph. Water (phase A) and methanol
(phase B) were used as the mobile phase with a flow rate of 0.8 mL/min.
Samples were separated via HPLC (Agilent 1100 Series) equipped with a
5 pm C18 analytical column (4.6 mm x 250 mm) at the elution gradient
of 0-5 min, 0-20% B; 5-10 min, 20%-70% B; 10-15 min, 70% B; 15-20
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min, 70%-0B; 20-25 min, OB. The HPLC system was connected to a 6530
Q-TOF LC/MS (Agilent). MS data were obtained by a full scan mass from
m/z 50-1000 under positive ion mode. The turbidity was measured with
a HI 93,703 Microprocessor Turbidity Meter Hanna Instruments (range
0-1000 FTU). The concentration of PMS was spectrophotometrically
determined using a modified iodometric titration method as described
elsewhere [36]. All the measurements were duplicated and the average
value was used. Error bars represent the standard deviation. The cor-
responding reaction rate constant was calculated using pseudo-first-
order rate equation: In(C/Cy) = - kopset. Leached Co ions to the
aqueous solutions were analyzed by Thermo Scientific iCE 3000 series
atomic absorption spectroscopy (AAS) while leached Mo ions were
analyzed by ICP-MS in a BRUKER Aurora Elite spectrometer. The
involved radicals were recorded on a Bruker EMX X-band electron spin
resonance (ESR) spectrometer (9.5 GHz) with 2,2,6,6-tethamethyl-4-
piperidinol (TEMP) and 5,5-dimethyl-1-pyrrolidine N-oxide (DMPO)
as spin trap agents. An indirect measurement of the surface perovskites-
charge was carried out in dilute perovskite-supernatant after centrifu-
gation of an aqueous dispersed sample by measuring the zeta potential
(€), using a ZetaPlus instrument that exploits phase-analysis light scat-
tering under electrophoretic particle migration of size range of 10 nm to
30 pm (Brookhaven Ltd.). It operates with a 35 mW solid state laser, red
(660 nm wavelength) The ZetaPlus device is suitable for measurements
at very low electrophoretic mobilities in dilute suspensions using special
cuvettes with adding 1 mM of KNO3. Such measurements cover the
range of typically + 150 mV corresponding to mobilities as low as 108
m? / V-s. The electrophoretic mobilities were evaluated and then related
to the zeta potential using the Smoluchowsky relationship [37].

3. Results and discussions
3.1. Characterization

The XRD patterns and the corresponding Rietveld refinement of the
different catalysts are shown in Fig. 1a and Fig. S1. The obtained refined
lattice parameters and agreement factors are summarized in Table S1.
Both, a and b lattice parameters show a contraction contrary to the in-
crease in the c-axis when the content of Mo increases. It has been re-
ported that the dopant in perovskite could be existed in either A site or B
site [38]. In this work, the radii of Mo®* (0.59 A) is similar with Co®*
(0.545 f\) and much smaller than La®" (1.36 /0\), thus the Mo would be
preferencially located at the octahedral sites rather than cubo-
octahedral voids [32]. The cell volume responded to the expected in-
crease associated to the bigger size of Mo®* (0.59 fo\) than Co®* (0.545 [o\)
in octahedral coordination. Furthermore, the substitution of Mo™® pro-
duces a partial reduction from Co®t to C02+, also higher in size (0.65 1°\).
Moreover, the characteristic diffraction peak at ~ 33° (see the magni-
fication in Fig. 1a) gradually shifted to the lower angles with the in-
crease of the Mo dopant content, suggesting that the substitution of Co
by Mo increased the unit cell parameters. Undoped LCO compound
crystallize in the R-3c rhombohedral space group and a structural phase
transition from R-3c to the cubic Pm-3 m space group is observed for Mo
doping levels higher than 5%. It is worth to note that very good agree-
ments can be found in the fittings of LCMOO005 to R-3c and cubic Pm-3m,
which is a clear indication of the presence of a MPB at this compositional
range. This was further confirmed by variation of the Co-O distances
which were obtained from Rietveld refinement (Fig. S2), wherein Co-O
octahedral distances are shorter throughout the MPB increasing the
crystal strain due to the compression of the octahedral. LCMO010
crystallizes in the cubic Pm-3 m space group and a further increase of the
Mo content (LCMOO020) leads to the formation of a nonstoichiometric
La;.xCo1.yMoyO3.5 cubic perovskite and LaoMoOg as secondary phase,
indicating that the solubility limit was reached at room pressure. The
calculated weight percentages obtained from the Rietveld fitting were
91.5 % and 8.5 %, respectively. The N adsorption-desorption isotherms
of different samples are shown in Fig. 1b. All isotherm patterns can be
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Fig. 1. XRD patterns (a) and N5 adsorption—desorption isotherms (b) of LCO, LCMO005, LCMOO010 and LCM0O020.

assigned to type-IV shape with H3 hysteresis loops. LCO shows the
lowest BET surface area value of 5.38 m?/g and, after doping with 5 %,
10 % and 20 % Mo, the surface area significantly increased to 10.18,
11.15 and 11.13 m?/g, respectively. Fig. 2a, 2b and 2c depict repre-
sentative low magnification TEM images of LCO, LCMOO005 and
LCMOO010, respectively, showing aggregates of perovskite nanoparticles
around 50 nm diameter. The phase structures of LCO, LCMOO005 and
LCMO010 were further confirmed by HRTEM and corresponding FFT or
SAED along [2-21] and [001] axes. The already observed superstruc-
ture spots in the FFT diagrams are due to double diffraction phenomena
since there is no additional periodicity supporting cationic ordering. The
semi-quantitative cationic contents, see Table S2, were checked by in
situ EDS analyses (Fig. S3), demonstrating that the proportion between
La, Co and Mo was in agreement with what was intended.

3.2. Catalytic performance of catalysts for PMS activation

Our previous studies have demonstrated that paracetamol cannot be
efficiently degraded by using solo PMS [9] and only 2.5%, 3.9%, 4.6%,
and 4.1% of paracetamol can be removed after 30 min by the action of
LCO, LCMOO005, LCMO010 and LCMOO020 catalyzers without PMS,
respectively (data not shown). These results suggest that the adsorption
removal of paracetamol is negligible and correlates with the observed
surface area of the solids. The performance of the catalytic PMS acti-
vation of LCO, LCMO005, LCMO010 and LCMO020 was evaluated in the
experiments of paracetamol degradation with the catalyst suspended in
the solution. As shown in Fig. 3a, the paracetamol removal efficiency
was markedly promoted by the combined action of PMS and perovskite
catalyzers indicating that, LCO and its derivative cubic perovskites are

Fig. 2. TEM micrographs of LCO (a), LCMOO0O05 (b) and LCMOO010 (c); HRTEM micrographs of LCO (d) LCMOO0O05 (e) and LCMOO010 (f) (The inset shows corre-

sponding FFT (for LCO) or SAED patterns (for LCMOO005 and LCM0010)).
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Fig. 3. Paracetamol removal (a) and PMS decomposition (b) with LCO, LCMO005, LCMO010 and LCMOO020 (The inset shows corresponding reaction rate constant).
Reaction conditions: [catalyst] = 0.2 g/L, [PMS] = 0.5 mM, [paracetamol] = 10 mg/L, temperature = 25 + 0.5 °C, initial pH = 7 + 0.2.

effective for the activation of PMS and, concomitantly to this, for
pollutant degradation. Interestingly, the paracetamol removal is corre-
lated to both, the crystal structure of the perovskites and to the specific
surface area. LCO perovskite, showing the lowest symmetry and specific
surface area, presents also the lowest kinetic constant for the degrada-
tion of the target pollutant. By introducing 5% Mo in B-cation sites of
LaCoOs.5, an increase in the crystal symmetry is induced and the reac-
tion rate constant increases from 0.119 min ™! to 0.289 min~!. However,
keeping constant the crystal symmetry when increasing Mo dopant to
10% cannot further enhance the paracetamol removal efficiency,
showing a similar rate constant of 0.263 min~". This can be understood
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taking into account that activation properties are enhanced across the
MPB region. Compared to the other cubic perovskite phases, LCM0020
exhibits a weak PMS activation performance that can be attributed to
the presence of the inert LapMoOg phase reducing thereby the ratio of
the active perovskite phase. It has to be taken into account that, the
appearance of the La-rich secondary phase may lead to an A-cation site
deficiency in the LCMO20 perovskite phase, that according to previous
reports does not favor PMS activation [25]. Fig. 3b shows the results
obtained from the spectrophotometric determination of PMS concen-
tration at different activation times. The PMS decomposition rate fol-
lowed the sequence LCMO005 > LCM0O010 > LCMO020 > LCO, which

3340 3350 3360 3370 3380
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3330 3340 3350 3360 3370 3380 3390 3400
Magpnetic field (G)

Fig. 4. (a) Effect of different radical scavengers on paracetamol removal with LCMOOO05 as catalyst. (b) Effect of FFA (1 mM) and MeOH (100 mM) on PMS
decomposition with and without LCMOO0O05 as catalyst. (c) Effect of MeOH (100 mM) on paracetamol removal with different catalysts (Notice that the y-axis scale
starts at 0.4). (d) ESR spectra with 20 mM DMPO (top) and 20 mM TEMP (bottom) as spin trap agent and LCMOO0O5 as catalyst. Reaction conditions: [catalyst] = 0.2
g/L, [PMS] = 0.5 mM, [paracetamol] = 10 mg/L, temperature = 25 + 0.5 °C, initial pH = 7 + 0.2.
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was correlated to the paracetamol removal efficiency. It is worth noting
that paracetamol degradation is faster than that found in PMS, sug-
gesting an excess of oxidant concentration during the degradation ex-
periments. Moreover, a 56.8% TOC removal was achieved after 60 min
reaction with LCMO as a catalyst, indicating a notable mineralization
degree of paracetamol, which was further confirmed by the LC-MS.
Fig. S4 in the supplementary material shows the base peak chromato-
gram (BPC) of paracetamol catalytic oxidation products at different re-
action times (1, 5 and 10 min). The peak assigned to the paracetamol
dramatically declined over time while the emerging and vanishing of
various degradation intermediates can be observed. The reported Co-
based perovskite PMS activator and other Co-based PMS activators to-
wards paracetamol degradation were also listed for comparison
(Table S3), showing the excellent performance of Mo doped LCO.

3.3. ROS identification and proposed PMS activation mechanism

To identify the major ROS involved in paracetamol removal, the
quenching experiments were conducted with MeOH, TBA and FFA as
scavengers for ¢OH, SO4e” and singlet oxygen (102). It is well known that
TBA possesses high reactivity with ¢OH and, as depicted in Fig. 4a,
slightly inhibited paracetamol removal at 50 mM and 100 mM TBA
concentrations, suggesting that free «OH does not contribute substan-
tially to the degradation process. Previous studies suggested that 10,
may also participate in the degradation process since some perovskites
are also able to catalyze PMS activation [39,40]. Therefore, FFA was
employed as 10, scavenger to test this possibility. As shown in Fig. 4a,
moderate concentration of FFA slightly inhibit paracetamol degrada-
tion, suggesting that 10, participated, but didn’t dominate paracetamol
removal. However, paracetamol removal was significantly inhibited
when 50 mM and 100 mM of MeOH were added, obtaining paracetamol
removals of 60.2% and 51.7% in 60 min, respectively. We have also
performed the study of the effect that chemical scavengers have in the
PMS concentration in presence of the target pollutant. As shown in
Fig. 4b, both MeOH and FFA cannot decompose PMS by themselves, thus
discarding the existence of direct reaction with PMS to inhibit paracet-
amol removal. Our results are in good agreement with previous publi-
cations that have shown that TBA, FFA and MeOH have negligible effect
on PMS decomposition [41]. Dramatic changes are observed in the PMS
concentration by introducing the LCMOO0O5 catalyst in the solution,
what is indeed, a clear indication of the extremely high performance of
the catalyst for PMS activation. Furthermore, by adding 100 mM of FFA
or MeOH as radical scavengers, the PMS activation is kept, that is, PMS
concentration decreases since SO4e™ are trapped by MeOH but they also
oxidize paracetamol. Fig. 4c shows the PMS activation rate on different
perovskite catalysts when MeOH is present as radical scavenger. As
expected, the observed trend is correlated to that shown without scav-
engers, that is, the best pollutant degradation is reached by LCMO005
perovskite and the worst activation was accounted for the undoped LCO
compound. Therefore, from the chemical probe experiments one can
conclude that SO4e plays the most important role in the oxidation
processes.

In order to confirm the chemical probe experiments, ESR measure-
ments were further conducted to identify the generated radicals with
DMPO and TEMP as spin trap agents. Fig. 4d (top part) shows that single
PMS (control signal) cannot oxidize DMPO with a concentration of 0.5
mM. The characteristic signals of 5,5-dimethylpyrroline-(2)-oxyl-(1)
(DMPOX) with an intensity ratio of 1: 2: 1: 2: 1: 2: 1 rather than
DMPO-SO4 (with the intensities of 1:1:1:1:1:1) were identified in pres-
ence of PMS and LCMOO0O05, which can be attributed to the over-
oxidation of DMPO by eOH or SO4e~ and/or the much more intensity
of DMPOX compared with DMPO-SO4 [42]. The TEMP has been widely
employed as trap agent to detect the 10,. The typical TEMPO free radical
signal (triplet signal with intensity of 1:1:1) appeared when solo PMS
was added to the solution (control line), indicating that 102 could come
from PMS self-decomposition and not from other ROS (notice that no
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signal was detected in the DMPO EPR spectrum when using solo PMS).
When LCMOO005 was added to the solution, TEMPO signal increased its
intensity along time, suggesting the continuous generation of 105 from
the catalyzed PMS decomposition. However, considering the limited
increasing of TEMPO intensity with LCMO005, 0, may not be the
dominant ROS responsible of paracetamol degradation.

We have also explored the possibility of the existence of different
degradation mechanisms. Direct electron transfer was previously re-
ported to occur from organic pollutants (electron donor) to PMS (elec-
tron acceptor) with metal oxides as electron mediators [24,43]. To this
end, we have investigated the electrochemical responses of the catalysts
loaded working electrode to subsequent additions of PMS and paracet-
amol to the electrolyte solution. Fig. 5a shows the evolution of the open-
circuit potential (OCP) for a total time of 1200 s at galvanostatic mode. It
can be observed that the OCP significantly increased with PMS addition
in all the tests, which was likely due to the adsorption of PMS on the
working electrode leading to redistribution of the electron density and
PMS activation [44]. The electrochemical activity of LCMOOQO5 is, as
expected, higher than that shown by other catalysts. However, the
change in OCP was negligible when paracetamol was subsequently
added. According to previous studies, the OCP changes with adding
organic pollutants, thus implying the mediated electron transfer induced
PMS decomposition [43,44]. Therefore, the electronic transfer process
may not account for PMS activation and concomitantly to this, to
paracetamol removal. Chronoamperometric measurements were further
conducted at applied potential of 0 V vs Ag/AgCl to test the current
responses to sequentially adding PMS and paracetamol. As shown in
Fig. 5b, the current significantly decreased in all the tests with PMS
addition showing LCMOO005 the most pronounced signal. This could be
interpreted as the fast electron transfer from catalyst to PMS, resulting in
the PMS activation and radical generation. It was also noticed that the
amount of current decreasing could be roughly correlated with para-
cetamol removal efficiency. The subsequently adding paracetamol did
not lead to obvious current decreasing, which was consistent with pre-
vious OCP tests and excluded the PMS activation via mediated electron
transfer. We have also tested EIS experiments to explore the charge
transfer capacities of the different employed catalysts. As shown in
Fig. S5, the smaller semicircle diameter in LCMOO005 and LCMO010
Nyquist plots indicated weaker charge transfer resistance, which could
indeed favor PMS activation.

The electronic structure of transition metals was generally consid-
ered to be correlated with the performance of PMS activation, thus XAS
measurements were conducted following Co K-edge and Mo K-edge
evolution to study changes in valence states and coordination environ-
ments. Fig. 6a shows the normalized X-ray absorption near edge struc-
ture (XANES) of perovskite samples and references measured at Co K-
edge. The pre-edge feature around 7710 eV, associated to 1 s-3d tran-
sitions, remains unchanged for all the perovskite samples, suggesting a
similar site symmetry around the absorbing atom [45]. The inset in
Fig. 6a shows the magnification of the absorption edge, where the
valence state of cobalt in different samples follows the trend LCO >
LCMOO005 > LCMOO010 > LCMO0020. This trend agrees well with our
expectation that Co>! in the undoped LCO compound, was further
reduced with the increase of Mo content. It has been observed that, the
degree of the reduction of Co>* oxidation state was not proportional to
Mo doping, that is, the reduction degree from LCO to LCMOO0OS5 is higher
than that observed from LCMOO005 to LCMOO010. In order to check this
anomalous behavior, we have carefully analyzed the XPS spectra for all
the compounds since oxygen vacancies can be correlated to the so-called
“oxygen lattice” and “surface oxygen” parameters. It is expected that a
high “oxygen lattice”/ low “surface oxygen” components correlate to
low oxygen vacancy content [46]. As shown in Fig. Séc, the O 1 s XPS
spectra can be deconvoluted into up to 4 components, where the binding
energy peaks at 528.6 eV, 529.8 eV, 531.3 eV and 532.8 eV can be
attributed to lattice oxygen ions (0?7, denoted as “lattice”), surface
hydroxylation (denoted as “~OH”), adsorption oxygen species (03, 03",
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denoted as “surface”) and adsorbed water (denoted as “HO,gs”),
respectively [47]. It can be observed that, the binding energy position
and relative content illustrated in Table S4 indicates that the “surface”
oxygen relative content and, therefore, oxygen vacancies, follows the
order LCO > LCMOO005 > LCMOO010. One can conclude that, increasing
Mo content from 5% to 10% may increase lattice oxygen even more than
the 0% to 5% Mo doping step. To further determine the oxygen stoi-
chiometry, we have also conducted iodometric titration and found the
oxygen deficiencies to be 0.18,0.14 and 0.08 for LCO, LCO005 and
LCMOO010, respectively, which can be correlated to XPS and XANES
analysis. This result is also confirmed by the features of pre-edge

observed in the Mo K-edge.

The normalized XANES of different samples and references are
shown in Fig. 6b at Mo K-edge. All the samples’ spectra match the edge
position of MoOs standard (20017 eV) suggesting that Mo®" is preserved
by increasing the doping content. However, spectral features reflecting
the local site symmetry of Mo are different for standards and samples. It
is well known that pre-edge feature (20004.9 eV) is associated to 1 s-4d
excitation of core electrons to a high-level vacant orbital and, this
transition, is only allowed in a tetrahedral field [45,48]. However, it can
also be observed in compounds such as MoO3 because Mo is sited in a
distorted octahedral field, allowing thereby admixing of the 4d levels
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with p orbitals. The intensity of the pre-edge features observed in all
LCO-doped samples is reduced compared to that of MoOs suggesting a
higher site symmetry. In light of these observations, an octahedral co-
ordination environment is preserved in all samples. It is interesting to
note that, the LCMOO5 sample has a higher octahedral distortion
compared to LCMO010. The enhancement of the catalytic properties in
LCMOO05 occurs in the region of the composition phase diagram where
the crystal structure changes from rhombohedral (LCO) to cubic
(LCM010), and this region is known as the morphotropic phase
boundary. As it has been pointed out before, the catalytic response in
this region may be boosted. Due to tetrahedral coordination of Mo in
LagMoOg, LCMO020 composite has the higher pre-edge intensity than
other samples. Moreover, all the samples have similar absorption edge
that MoOg, suggesting that all the Mo existed as Mo®*. The Mo 3d XPS
spectra (Fig. S6b) also pointed to same results, that is, all the samples
held the single binding energy peak at 232.3 eV and, therefore, the same
oxidation state. The Co 2p XPS spectra was also shown in Fig. S6a, where
the binding energy peak located at 779.7 eV, 789.4 eV, 794.8 eV and
805.0 eV can be assigned to 2p3,5, 2p3/; satellite (sat.), 2p; /2 and 2p; /2
sat. The 3ds/5 of La 3d XPS spectra (Fig. S6d) can be deconvoluted to 4
components, which indicate the lattice La, surface La species and cor-
responding satellite.

The EXAFS analysis was also performed after data normalization and
background removal. The Fourier Transform (FT) of the k3x(k) spectra
were performed in the k-range 3-13.5 A™! and the plots are shown in
Fig. 6¢ and 6d. For the Co K-edge, the peaks at 1.5, 3.1, 3.5 A can be
assigned to Co-O, Co-La and Co-Co shells. For the Mo K-edge, the peaks
at 1.3 and 3.1 A can be assigned to Mo-O and Mo-La shells. The fitting
was further conducted and the detailed procedure is provided in the Text
S2. The most intense single scattering paths of the crystalline phase were
used to fit the data and the fitting results were in well agreement with
previous XRD refinement results. In all samples Co ions are found in
octahedral coordination with O ions, as expected from the crystallo-
graphic data and in agreement with the low intensity of the pre-edge
peak of XANES spectra. As shown in Fig. S7 and Table S5, the Co-O
bond distance is 1.927 A for the LCO sample and it increases gradu-
ally with Mo-doping up to reach the value of 1.944 A for LCM0020. This
is a further indication of the Co reduction as observed from the analysis
of XANES spectra. The Co-La and Co-Co bond distance also increases
gradually with Mo content.

We have also checked the spin state of Co by comparing the magnetic
moment of LCO, LCMO005 and LCMOO010 (Fig. S8). The detailed pro-
cedure to calculate the experimental effective magnetic moment and
possible theoretical magnetic moment of Co is provided in Text S3 and
the results are shown in Table S6. Considering the increasing ratio of
Co%* with the increase of Mo doping as well as the fact that Co?" will

o—CP S0,
>0
HSO; % ° b
v ) OH®
-/
N
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always stabilize in high spin state (HS, with a theoretical magnetic
moment of 3.87 pg), Co>" was found to slightly transfer from HS to low
spin state (LS).

To study the cations variation during PMS activation, thus identify
the real active sites, XAS measurements at Co K-edge and Mo K-edge
were conducted with LCMOOO5 after the catalytic degradation experi-
ment. As shown in Fig. S10a, an obvious shift to higher energy in ab-
sorption edge is observed after the catalytic reaction, suggesting the
oxidation of Co. The XANES at Mo K-edge (shown in Fig. S10b) retains
similar features after the reaction, except a slightly more intense pre-
edge, which can be attributed to the increasing distorted Mo octahe-
dron. The FT modulus of the k®(k) spectra at Co K-edge and Mo K-edge
are also shown in Fig. S10c and d, indicating that no obvious structural
change happened after reaction, agreeing with the XRD results (shown
in Fig. 8a).

Based on the above analysis, it can be concluded that PMS activation
by LaCo;.xMox03.5 (x = 0, 0.05, 0.1 and 0.2) perovskites takes place
through a radical process (Scheme 1). PMS can be better activated by the
lower Co oxidation state on the catalyst surface to form reactive radicals
like SO4¢~ and eOH via Eq. (1). In the meantime, Co®" were subse-
quently reduced by HSO5 (Eq. (2)) and eOH could oxidize SO%’ to
generate SO4e~ (Eq. (3)). Due to the fact that Mo remained unchanged
before and after reaction, the Co located in B-site was considered as
more active site for PMS activation and the role of Mo®"/Mo>" redox
cycle seems to be negligible (Eq. (4)). Besides, 105 can be formed by the
self-decomposition of PMS (Eq. (5) and (6)) contributing to the oxida-
tion of the target pollutant. As it has already been presented in Fig. 3a,
increasing Mo dopant to 10% cannot further enhance paracetamol
removal. Although the ratio of Co®" is higher than that of LCMO005
compound, the higher “oxygen surface” component observed in LCM005
increased the number of active sites for PMS activation [49,50]. It has
been reported that these defects could trap PMS on the surface of cata-
lysts [51], thus facilitating the transfer of electron donated from Co
cations (Eq. (7) and (8)) [52]. The presence of these local in-
homogeneities is usually common in the MPB region.

= Co* /Mo>" + HSO; — = Co™ /Mo + SO, (SO;") + OH™ (-OH)

1
= Co™ /Mo*" +HSOs — = Co*" /Mo>* +S0se + H* 2
SO + -OH — SO, + OH~ 3)
=Mo" + = Co*t—» = Mo®" + = Co*t “4)
HSOs™—S0s*™ +H* ®

Scheme 1. Proposed PMS activation mechanism via LCMOO0OS.
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SO + HSO; — HSO; + SO + 'O, 6)
= Co*" /Mot + HSO; + V, » =Co™" + SO, + H™ +0* @)
SOy + 0 = SO + 0, + V, €)

3.4. Catalytic degradation of paracetamol in different operation
conditions

LCMOO005 was selected to conduct the degradation experiments
under different operation conditions with suspended catalyst. As shown
in Fig. 7, the paracetamol removal efficiency could be affected by
catalyst and PMS dosages, initial pH and co-existing ions. Fig. 7a illus-
trates the effect of the catalyst dosage. The paracetamol removal
improved from 75.1% to 96.3% within 10 min when the catalyst dosage
increased from 0.1 to 0.2 g/L (the inset shows the corresponding in-
crease of Kqps from 0.12 to 0.28 min™1), which may be attributed to the
increase of active sites for PMS activation. Increasing further the catalyst
dosage from 0.2 g/L to 0.5 g/L pointed out to a monotonous improve-
ment of the efficiency, with kops values rising from 0.28 to 0.41 min~ .
This may be due to the fact that the catalyst dosage provided sufficient
reactive sites and the reaction rate was limited by the PMS concentration
rather than by the density of reactive sites.

Fig. 7b presents paracetamol degradation results with different PMS
dosage (0.1 mM — 1 mM). It can be observed that the paracetamol
degradation efficiency is enhanced with increasing PMS dosage. When
PMS dosage reached 0.5 mM, 96% paracetamol removal was achieved in
10 min with a corresponding kops increase from 0.28 min~! to 0.5 min~?
for PMS dosages ranging from 0.5 mM to 1 mM. The catalyst clearly
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failed in the complete degradation of paracetamol when PMS dosage
was equal or under 0.3 mM. Since the activation mechanism is based on
ROS generation, such low PMS concentrations cannot be considered as a
sufficient source of oxidizing species in darkness.

pH is an important parameter in PMS activation for the removal of
organic pollutants due to the different species present in solution [53].
The initial pH of 10 mg/L paracetamol solution with 0.2 g/L of catalyst
and 0.5 mM of PMS amounted to 3.3. The solution pH was adjusted to
neutral (7 £ 0.2) before all degradation experiments using 1 M of HNO3
and 1 M of NaOH solutions. Considering the tiny demand of HNOg
during pH adjustment, the oxidant character of nitrate anions could be
neglected [54]. The effect of initial pH on paracetamol removal is
depicted in Fig. 7c. The paracetamol removal was highly acceptable for
pH values between 3 and 9 while an inhibitory effect was observed when
pH reached 11. This could be interpreted as the pH affected the presence
of the major species in PMS solution [52,55]. When the pH is in the
range 3-9, PMS mainly existed as HSO% (pKa1(H2SOs) < 0, pKa2(H2SOs)
= 9.4) [56]. When the pH increased to 11, SO%’ would be the predom-
inant species, which would not favor ROS generation compared with
HSO%’ [57,58]. The zeta potential was measured in dilute suspensions in
electrophoretic cuvettes by adding KNOs up to a final concentration of 1
mM. Two supernatant aliquots of each perovskite compound were
measured. According to the design specifications of the Zeta Plus device,
the electrophoretic velocity is the quantitative observable, allowing to
estimate the particle mobilities pe. The relation between zeta potential ¢,
and p. depends however on a theoretical model [37]. For charged
colloidal particles in the viscous drag regime, the Smoluchowski limit is
considered most often pe=e{/f (being € the dielectric permittivity, and n
the viscosity of the suspending solvent; for nanoparticles dispersed in
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aqueous KNOj3 solution €=78,5 €y and n = 103 Pa s). Table S7 collects
the experimental results obtained for the four perovskite synthesis
outcomes. Negative zeta potential values have been found for all the
perovskites except for the LCMOOO5 compound that has a neutral
charge.

The effect of ClI', HCO3 and NO3 on paracetamol removal was further
investigated. As shown in Fig. 7d, the paracetamol removal efficiency is
not overmuch affected in the presence of 2 mM CI, HCO3 and NOs.
Among these coexisting anions, the presence of HCO3 and Cl” may also
participate in the direct decomposition of PMS to generate weaker oxi-
dants and radicals (Cle, COge, etc.) instead of SOse~ and eOH
[16,33,59]. The HCO3 appeared higher scavenging effect while the CI’
and NO3 hardly affect the paracetamol removal when the concentration
increased to 10 mM (Fig. S9). To test the effect of natural organic matter
(NOM), the paracetamol removal experiments were performed with 10
mM humic acid (HA) as representative NOM. It has been reported that
the quinones/semiquinones functional groups in HA may act as PMS
activator [60]. As shown in Fig. S9, the paracetamol removal was
slightly inhibited with 10 mM HA, which can be attributed to the
scavenging effect due to the competitive reaction with SO4e” and ¢OH
[12].

3.5. Reusability and stability test

Recycling experiments were conducted to evaluate the reusability of
LCMOO005 as catalyst. The XRD pattern of cycled LCMOO0O5 (Fig. 8a)
demonstrated that there was no obvious structural change after the
experiments of consecutive cycles. As shown in Fig. 8b, the paracetamol
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removal efficiency slightly decreased along with consecutive reaction
cycles, reaching ~ 95% paracetamol removal in 30 min for the 5th cycle.
We have also tested the Co leaching at different initial pH values to
check the solubility of all the samples. Fig. 8c shows that leaching of Co
was significantly reduced by doping LCO with Mo. Moreover, 0.196 mg/
L Mo leaching was observed with LCMOOQO5 as the catalyst at pH 7. It is
worth noting that metal leaching in doped samples is below 1 mg/L even
at pH values as low as 5, that is a clear indication of the high stability
attained in the doped samples.

3.6. Performance of deposited LCMOOO5 perovskite in a Lab-grade
photoreactor with LED technology

In order to eliminate a later separation stage, necessary to remove
the suspended catalyst from the medium after treatment, LCMOO0O05 was
deposited on a cylindrical titanium plate, as explained in the method-
ology section. Fig. 9a shows the results of paracetamol degradation
(initial concentration of 10 mg/L) obtained in the photoreactor when
PMS (0.5 mM), UVA or UVC radiations are applied. It is observed a
negligible degradation of the pollutant through the photocatalytic pro-
cess, that is, without PMS in the reaction medium. As expected, a fast
removal of paracetamol takes places with PMS in darkness due to the
rapid generation of ROS by the catalyst as demonstrated by our batch
laboratory previous experiments. Interestingly, LCMOOO5 perovskite
presented a slightly higher performance when it is deposited in the
reactor rather than in suspension, indicating that the deposition process
did not affect PMS activation. The best degradation results were ob-
tained by the combination of PMS with UVC radiation. The degradation
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Fig. 9. Paracetamol removal (a) and reaction intermediate profile (b) with deposited LCMOOO5 and catalyst suspension (The catalyst suspension experiment also
includes UVC irradiation). Reaction conditions: [catalyst] = 0.3 g/L, [PMS] = 0.5 mM, [paracetamol] = 10 mg/L, temperature = 25 + 0.5 °C. UVA: 20 LEDs,
365-370 nm, 1200 mW, 2100 W/m?2. UVC: 20 LEDs, 265-280 nm, 15 mW, 25 W/m>
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kinetics is so fast that, paracetamol, can hardly be detected in the first
minute of the degradation process. Surprisingly, the combination of PMS
with UVA entails a slower paracetamol removal compared to the ex-
periments conducted in dark conditions. In order to shed light into this
inconsistent behavior, we have followed the chromatographic area of an
intermediate compound (retention time: 1.5 min) formed during the
degradation process. Fig. 9b shows that the fast degradation of para-
cetamol with PMS/UVC produces a high concentration of the interme-
diate product at initial reaction times, followed by a progressive
mineralization that is finally reached in 50 min This fact demonstrates
the synergetic effect that exists between UVC radiation and PMS acti-
vation on the catalyst surface that enhances, not only the decomposition
of paracetamol, but also the abatement of the different generated
organic compounds, such as reaction intermediates [61-63]. The test
conducted with PMS and UVA shows a more complicated degradation
process that affects paracetamol and intermediates in a different
manner. Firstly, paracetamol degradation is dominant at the early stage
of PMS/UVA process but, as soon as the intermediate is generated, ROS
species may be involved in an oxidation competition for the degradation
of the target pollutant and the intermediate product. It is worth
mentioning that such competition was not observed in the PMS/UVC
degradation profile because of its high energy radiation. Paracetamol
degradation is observed at 30 min and, complete mineralization of the
intermediate is also reached in 50 min. On the other hand, although
paracetamol degradation can be easily attained in the photoreactor with
PMS in darkness, the intermediate cannot be completely removed from
the solution due to the strong recalcitrant character of this byproduct. A
more efficient removal of the formed reaction intermediate is found
when the catalyst is used in suspension (Fig. 9b), although a turbidity of
72.02 FTU was observed, which could reduce the action of UV radiation.
It is also important to take into account that the process efficiency can be
decreased when the catalyst is deposited, because of the important
contribution of the mass transfer control to the process kinetics.

4. Conclusions

In this work, LaCo;.xMo04Os3.5 perovskites were demonstrated to be
efficient catalysts for PMS activation in darkness. >98% paracetamol
can be removed in 10 min with LaCog .95Mo0g 0503.5 (LCMOO005) at op-
timum conditions (0.2 g/L of catalyst, 0.5 mM (0.153 g/L) of PMS and
10 mg/L of paracetamol), increasing 2.6 times the kinetic degradation
constant from that of the undoped LaCoOs_s perovskite. The reduction of
cobalt oxidation state in LCMOO005, promoted by molybdenum doping,
is the responsible of the PMS activation. A dominant sulfate radical
pathway was clearly identified in all the LaCo; x\MoxO3.5/PMS system.
Furthermore, the higher performance of LCMOOO5 catalysts can be
understood in terms of the vicinity of a compositional morphotropic
phase boundary between rhombohedral and cubic phases. We have also
tested the performance of deposited LCMOOQOS5 perovskite in a Lab-grade
photoreactor with LED technology obtaining superior results in the
complete removal of paracetamol and corresponding intermediates with
PMS/UVC in scarcely 30 min. In summary, our work highlights the
crucial role of high valence state TMs doping and provide new insight
into rational PMS activator design.
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