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This study assessed the efficacy of ZrOs-based catalysts with different Mn(II) and Co(II) metal loadings for
catalytic degradation of ibuprofen using peroxymonosulfate anion as oxidant. The support was prepared via co-
precipitation, and metal ion deposition was achieved through incipient wetness impregnation. Catalysts were
characterized by atomic absorption spectrometry, X-ray diffraction, Fourier-Transform infrared spectroscopy,
and scanning electronic microscopy. Optimal experimental conditions resulted in complete ibuprofen degrada-

tion in 30 min, with 63.3% mineralization. The best-performing catalyst was reusable up to three times. Both
sulfate and hydroxyl radicals were generated in the oxidant activation process.

1. Introduction

Pharmaceutical products are used to control some symptoms that are
produced by different diseases [1]. Among these drugs, anti-
inflammatories are the most widely used, leading to an increase in
their production. Nonsteroidal anti-inflammatories (NSAIDs) are a
group of pharmaceuticals that do not require a medical prescription and
are globally used to treat various pathologies. Among them, ibuprofen
(IBU, 2-(4-isobutylphenyl) propanoic acid) is a NSAIDs frequently pre-
scribed as an antipyretic, analgesic and anti-inflammatory drug [2,3].
The high consumption of this compound has raised concerns about its
potential environmental risks, because IBU has been detected in surface
water and sewage effluents at ng/L and pg/L levels [4-6]. The main
source of contamination of IBU could be attributed to the release
through urine of the metabolized and non-metabolized drug by humans
and animals, as well as waste from the chemistry and pharmaceutical
industry and non-consumed expired drugs [7]. This poses a potential
danger to human health and is ecotoxic to aquatic ecosystems, as IBU
has harmful effects on various species including fungi, bacteria, algae,
crustacean microorganisms and fish [4,7].

For all of the above reasons, IBU can be classified as an emerging
pollutant (EP). It is well known that the EP can be found in bodies of
water and could be potentially toxic as they tend to accumulate in
aquatic organisms due to their low aqueous solubility and degradation
resistance [8-10]. To date, there are different removal methods for IBU:
physical methods as adsorption [11], chemical methods as ozonation
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[12] photodegradation [1] and biodegradation [13]. However, these
methods are often inefficient for the elimination of IBU or do not achieve
its complete degradation. The complete mineralization of this com-
pound is a keypoint objective to be reached, since the by-products
generated after its oxidation could be more toxic than the IBU parent
molecule. For this reason, Advanced Oxidation Processes (AOPs) appear
as an attractive alternative for IBU degradation. AOPs are a family of
techniques that present numerous advantages for the degradation of
pharmacological compounds in aqueous solutions such as, high effi-
ciency, non-selectivity and simple operation and low secondary
contamination [14].

The AOPs are based predominantly on the generation of strongly
oxidizing radicals (mainly *OH) that are used to degrade recalcitrant
compounds, if possible until its complete mineralization. Within the
typical AOP, the Fenton reaction has been widely studied for the elim-
ination of these type of compounds, but this technique has some dis-
advantages such as the formation of acid sludge and the use of H20s,
which can be harmful to workers [15]. Therefore, an innovative alter-
native is to use Advanced Oxidation Processes based on sulfate radicals
(Sulfate Radical-based Advanced Oxidation Processes, SR-AOP).

Compared to AOPs based on *OH radicals, SR-AOPs offer numerous
advantages. For example, standard reduction potential of SO (E® =
2.5-3.1 V) is similar to that of *OH (E° = 1.9-2.7 V), but the lifetime of
SO% in water is longer. As a result, the degradation with sulfate radicals
could lead to a better mineralization [16,17]. In addition, SO3 radicals
have a wider operating pH range than *OH, are more stable and more
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Table 1

Parameters varied for process optimization.
Catalyst dose (g/ L) 0.667 1.33
Oxone® dose (g/ L)* 1.33 2.00
PMS dose (g/ L) 0.659 0.991

& Source of PMS.

Table 2
Chemical analysis and mean crystallite size of the catalysts.

Catalysts Metal content (g%) Crystallite size (nm)
Co Mn

Coy 2.14 - 34.2

Mn, - 1.19 35.5

CoyMny 1.33 1.35 22.4

Coy 5.30 - 25.9

Mny - 2.49 36.6

Mn
Co
Co
Co,Mn,

Intensity (a.u.)

2-theta (°)

Fig. 1. XRD patterns of the prepared catalysts.

selective because they react mainly with organic compounds through an
electron transfer mechanism [18]. These radicals can be produced in situ
through the activation of persulfate (PS, S;03") or peroxymonosulfate
(PMS, HSOs) anions. PS is marketed as NasS5Og or K»S50g, and PMS as a
triple salt (2KHSO5-KHSO4-K2S04) called Oxone® or Caroat® [19-22].
Another benefit of using these oxidants is that they exist in solid state at
room temperature, are very stable, easy to transport and store and
highly soluble in water (solubility of Oxone® in water (293 K): 29.8 g
cm 3 [23], solubility of K3S20g in water (293 K): 5.2 g cm 3 [24]).
Among the different methods available for the activation of oxidizing
agents, the employment of heterogeneous metal catalysts offers
numerous advantages: increases the production of radicals, making the
process more effective in general and sustainable because it can be used
for more than one reaction cycle, thus avoiding the difficulties associ-
ated with metal catalysts in homogeneous phase, among others [25,26].
Zirconium oxides (ZrO2, henceforth Z) are very interesting materials
to be applied as supports because of their chemical properties. In recent
years, mono- and bimetallic modified Z have been reported for the
degradation of IBU [27-29]. However, these articles describe the use of
these catalysts for the degradation of dilute IBU solutions (10 ppm),
using H20; as oxidant, with reaction temperatures ranging from 60 to
80 °C. Thus, to the best of our knowledge, there are few reports on the
use of metals supported on Z for SR-AOP. For these reasons, we decided
to investigate the activity of different Co and/or Mn catalysts supported
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on Z in the degradation of IBU in aqueous phase under mild reaction
conditions.

2. Experimental
2.1. Synthesis of the support and catalysts

A series of mono and bimetallic Co and Mn catalysts were prepared
employing Z as support. All chemicals used in this study were analytical
grade reagents and were used as received without further purification.
Distilled water was used in the present work.

The synthesis of the support was carried out following the technique
described by Garcia et al. [30]. The precursor, zirconium hydroxide Zr
(OH)4, was precipitated from a solution of 0.4 M ZrOCl,e8H,0 by
dropwise addition of NH4OH solution (28% NHgs) until pH 10, under
vigorous stirring at room temperature. The precipitate was vacuum
filtered and washed with distilled water. The obtained solid was dried in
an oven at 373 K for 24 h.

The deposition of Co and/or Mn promoters (depending on the mono
or bimetallic catalyst obtention) was carried out by the incipient wetness
impregnation method. To this end, Co(NO3)2 and Mn(NOs)2 aqueous
solutions were added dropwise to Zr(OH)4, maintaining a solution:solid
ratio of 0.4 mL/g. The concentration solutions were adjusted to obtain
metal contents of 2.0% and 4.0% (m/v). The catalysts were then dried at
383 K for 24 h. Finally, all catalysts were calcined at 873 K for 4 h in air.
Mono (Me,) and bimetallic (Mel,Me2y) catalysts were prepared, where
Me indicates the metal used in the impregnation and the subscripts x and
y indicate the nominal percentage metal concentration.

2.2. Catalysts characterization

The metal content in the samples was determined by atomic ab-
sorption spectrometry using a GBC Avanta Model B-932 atomic ab-
sorption spectrometer. Ten mg of solid were dissolved by means of the
adding of adequate quantities of 12 M HCl and 50% HF.

X-ray diffraction experiments were performed in a Panalytical
Empyrean diffractometer with CuKal radiation (A = 0,15,406 nm), be-
tween 20 = 15-80°.

Fourier-Transform infrared (FTIR) spectra of the samples were
recorded in a FTIR-NIR Thermo Scientific Nicolet iS50, in the 400-4000
em! region. Samples were pulverized and pellets were prepared in a
hydraulic press using KBr in a 1:100 ratio.

The morphology of the prepared materials was evaluated by Scan-
ning Electronic Microscopy (SEM) using a Carl Zeiss EVO MA 10
equipped with an energy dispersion spectrometer (EDS) Cambridge x-
act. For the EDS analysis, a beam energy of 20 keV was employed.

X-ray photoelectron spectroscopy (XPS) spectra were collected in a
PHI 548 spectrometer with a double pass cylindrical mirror analyzer,
using non-monochromatic Al Ka radiation (1486.6 eV). High-resolution
spectraof C1s, O 1s, Co 2p, and Zr 3d were recorded, and the binding
energies were recalibrated based on the C 1 s line at 284.8 eV. Spectra
analysis and peak deconvolution were performed with OriginPro 9.0
software, using a polynomial spline baseline and a Gaussian function.

2.3. IBU degradation experiments

The degradation reactions were carried out at 303 K in a 100 mL
jacketed glass reactor connected to a thermostatic bath. In the various
experiments carried out, 75 mL of IBU solution (40 ppm) was brought
into contact with the desired amount of catalyst and PMS oxidant. The
oxidation process was optimized by evaluating the effects of different
parameters (PMS dose, catalyst type and dose) as shown in Table 1.

In each case, the reaction was continued for at least 3 h or until
complete consumption of the oxidant was detected, whichever occurred
first. At predetermined intervals, 3 mL aliquots were withdrawn from
the vessel with a syringe, and filtered through a cellulose acetate filter
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Fig. 2. (a) FTIR spectra at 4000-400 cm™! and (b) expanded FTIR spectra at 1000-400 cm ! of Z support and CozMny, Mny, Cos, Mn; and Co, catalysts.

(0.22 pm). The absorption spectrum of an IBU solution is characterized
by an intense band with a maximum absorption wavelength (Amax) at
221 nm, corresponding to the n-n* transition of the aromatic ring. The
UV-Vis spectra (A = 200-600 nm) of each aliquot were recorded using
an Agilent Cary 50 UV-Vis spectrometer, in order to monitor the
decrease in IBU concentration. Fluorescence spectroscopy using a Shi-
madzu RF-6000 spectrofluorometer was also used to evaluate the
disappearance of IBU during the reaction. The fluorescence intensity
was measured at Aey, = 282 nm, with an excitation wavelength of Aexe =

219.8 nm.

The remaining PMS in the residual reaction liquid was determined by
a colorimetric way, following the method proposed by Wactawek et al.
[31].

In addition, control experiments were carried out, in order to eval-
uate the ability of PMS to degrade IBU in the absence of a catalyst, and
the adsorption capacity of both the support and the catalysts. The cat-
alytic activity of Z support was also evaluated.

To determine the mineralization degree, total organic carbon (TOC)
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Fig. 3. UV-Vis profiles of IBU and degradation profiles for all catalysts. (a) Using 50 mg of catalyst mass and 49.4 mg PMS, (b) Using 100 mg of catalyst mass and

49.4 mg PMS (303 K, 4 h).

measurements were made with a TOC-LCPH/CPN analyzer (Shimadzu).
The percentage of mineralization was calculated according to the
following relationship:

(TOC, — TOC,)

100
Toc, <M

@

%mineralization =

where TOCy (mg/ L) is the total organic carbon of the IBU initial solution
and TOC; (mg/ L) is the total organic carbon concentration at reaction

time t.

The leaching of Co and Mn ions in the residual solutions was also
determined using a GBC Avanta Model B-932 Atomic Absorption
Spectrometer.

In order to assess the stability of the catalysts, the reusability of
certain samples was investigated following the procedure outlined. After
the initial run, the solid component was isolated from the reaction
mixture through filtration, subjected to a distilled water rinse, and
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Table 3
Percentage of mineralization and metal leaching in the reaction residual liquids
after 4 h of reaction.

Catalysts Catalyst mass (mg) % Mineralization Metal leaching (g%)
Co Mn
50 42.6
Coz 100 50.4 131 -
50 <10
Mnz 100 <10 - 332
50 56.7
Co,Mny 100 37.9 27.3 5.11
50 50.4
Coq 100 34.0 577 -
50 <10
Mny 100 23.6 - nd
n.d.: not determined.
1,0
= PMS
1 PMS + Co .
0,8
u u [
] - [ ]
n
0,6 4
) .
S 04+
027 k,, =1.91x10" min”
1 (R*=0.97)
0,0
T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80
Time (min)

Fig. 4. Comparison of degradation kinetics of IBU with Co4, and the control
experiment with PMS alone (50 mg of catalyst, 74.3 mg PMS).

subsequently air-dried at ambient conditions. The catalyst was then used
in a subsequent reaction cycle, maintaining a constant mass ratio cata-
lyst:oxidant:IBU. This sequential process was repeated for a minimum of
three iterations.
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In order to determine the main radicals involved in the degradation
of IBU, both experiments were conducted in the presence of tert-butanol
(TbOH) and ethanol (EtOH), keeping constant the reaction proportions.
The addition of alcohol followed a ratio of oxidant to alcohol of 1:150.

3. Results and discussion
3.1. Characterization of the catalysts

The metal content of the catalysts was determined by atomic ab-
sorption spectrometry and the results are shown in Table 2. The Co
loading in the support using incipient wetness impregnation method was
similar to the nominal content. In contrast, the Mn content was sub-
stantially lower than the nominal in both mono- and bimetallic catalysts.

The chemical analysis of the metal content is in agreement with the
EDS results. In addition, it has been verified that not only is the content
comparable, but the distribution of the metals on the support material is
also uniform (Fig. S1, Suppl. Mater.).

Fig. 1 shows the XRD profiles of the prepared samples. The profiles
show only the diffraction peaks of the zirconia crystal structure in the
tetragonal phase (JCPDS 79-1769). In the case of the monometallic Coy
and Coy catalysts and the Mnj sample, an additional peak appears at
28.2°, attributed to traces of the monoclinic phase of the support (JCPDS
37-1484), marked with (*) in the Figure. None of the diffractograms
show peaks attributed to Mn or Co oxides, which could be due to a high
degree of dispersion of the metal species on the support.

Scherrer’s formula was applied to compute the crystallite size (eq. 2).

_ K
~ Pcoso

(2)

where, D is the size of the particle, A the wavelength (0.1542 nm, Cu-
Ka radiation), p the full width at half maximum, and 6 the Bragg angle.
The average crystallite sizes of all samples, determined from the
diffraction peaks indexed to the (110), (112), (211) and (220) planes of
the tetragonal phase, are reported in Table 2. These values are in
agreement with those reported for Z-based materials prepared by
coprecipitation method [32].

Fig. 2 illustrates the FTIR spectra of the Z support and the CoaMnj,
Mny, Co4, Mny and Co catalysts. The IR spectra of all the materials are
similar. The support shows bands at 420, 501, 573 and 730 em™},
characteristic of Zr-O-Zr vibrations. The spectrum of Coy exhibits a
decrease in the intensity of the bands at 420 and 573 cm™! and the
disappearance of the signal at 730 em ™. This fact could be due to the
formation of Zr-O-Co bonds in the cobalt anchoring process to the

Table 4
comparative analysis of the catalytic efficiency of Co4 with previously reported studies on the degradation of IBU.
Catalyst IBU Experimental conditions k IBU TOC Ref.
concentration (min~!)  removal
N-Co/D001CB 10 ppm 25 °C, pH 4.5, [PMS] = 0.7 mM, 0.3 g/L catalyst 0.048 ~97% after 60 n.i. [37]
min
Co/D001CB 10 ppm 25 °C, pH 7, [PMS] = 0.7 mM, 0.3 g/L catalyst 0.216 70% after 60 min n.i. [38]
MnCo5,04/FCNTs 10 ppm 25°C, pH 4.7, [PMS] = 0.07 mM, 0.1 g/L catalyst 0.285 ~100% after 15 90% [39]
min
Co304-rGO 30 ppm Temperature not informed, pH 7, [PMS] = 2 mM, 0.15 0.117 98.3% after 30 39.2 [40]
g/L catalyst min
Co-doped carbon matrix derived 10 ppm 25 °C, pH 7.5, [PMS] = 2 mM, 0.10 g/L catalyst 0.069 100% after 60 76.1% (5h) [4]
from peat min
Co/ZrO, 40 ppm 30 °C, pH 3, [PMS] = 6.5 mM, 0.6 g/L catalyst 0.191 100% after 30 63.3% This
min (4h) work
Fe/ZrO, 10 ppm 70 °C, pH 3, [H202] = 30 mM, 0.4 g/L catalyst n.i. n.i. 80% (2.5h) [27]
Cu/ZrO, 10 ppm 70 °C, pH 5, [H205] = 30 mM, 0.2 g/L catalyst n.i. n.i. 69% (2.5h)
Cu-Fe/ZrO, 10 ppm 70 °C, pH 3-4, [H,02] = 30 mM, 0.2 g/L catalyst n.i. n.i. ~70-80% [29]
(2.5h)
Fe/ZrO4 10 ppm 70 °C, pH 5, [H202] = 24.5 mM, 0.25 g/L catalyst n.i. 97% 40% [28]
2h)
Cu/ZrO, 10 ppm 70 °C, pH 5, [H202] = 24.5 mM, 0.25 g/L catalyst n.i. 100% 53% (2 h)

n.i.: not informed
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Fig. 5. UV-Vis profiles of IBU and experiences of identification of the radicals,
using 50 mg of Co4 and 49.4 mg PMS, at 303 K, for 240 min; (a) with TbOH (b)
with EtOH.

surface of the support, which would generate some rigidity in the Zr—O
bonds [33-35]. In the remaining IR spectra of the other catalysts, these
bands are completely absent, confirming the effective anchoring of the
metal species to the surface of the support material.

3.2. Catalytic activity

3.2.1. Control experiences

The control experiments employing only PMS, without the presence
of any catalyst in the reaction media, showed no significant changes in
the UV-Vis spectral profile of the original IBU solution and after 240 min
of reaction. This result indicates that IBU cannot be efficiently degraded
by PMS alone under the studied conditions (Fig. S2, Suppl. Material).

In order to evaluate the potential adsorption of IBU on both the
support and the catalysts, experiments were carried out in which the
solution of the pollutant was brought into contact with the mass of
catalyst used in the catalytic reactions, in the absence of oxidant (Fig. S3
a and b, Suppl. Material). In both cases, the UV-Vis profile of the IBU did
not undergo significant changes, which would be indicative of a low
level of adsorption of the emerging pollutant on the solids. Moreover, in
the evaluation of the catalytic activity of the Z support (without metal),
only slight changes in the UV-Vis profile of IBU were observed after the
same reaction time (Fig. S4, Suppl. Material).

In summary, the Z support exhibited minimal IBP conversion in the
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absence of PMS, indicating the absence of any significant oxidation ac-
tivity of the material under these conditions. Additionally, it can be
concluded that there were no significant adsorption effects of the
pollutant on the catalyst surface.

3.2.2. Degradation experiences using PMS as an oxidizer

The simultaneous presence of catalysts and oxidant resulted in a
significant improvement in the degradation rate of IBU. Fig. 3 shows the
UV profiles of the initial IBU solution and the evolution of its oxidation
with PMS with the mono- and bimetallic catalysts, with different masses
of catalysts employed in this study, after 4 h of reaction. The UV-Vis
spectrum of IBU exhibits distinctive bands at 221.5 nm and 265 nm,
which can be attributed to © — n* transitions derived from the aromatic
ring within the IBU molecular structure. As the degradation reaction
progresses, changes in the spectral features become apparent. Specif-
ically, the band with higher intensity at 221.5 nm gradually reduces in
intensity, while the band at 265 nm exhibits an increase in intensity.
Moreover, the maximum absorption of the 265 nm band shifts towards
shorter wavelengths as the reaction progresses. In particular, the
monometallic Mn catalysts show the lowest activity under the experi-
mental conditions studied. On the other hand, when reacting with Co-
containing catalysts (namely Co4, CooMny, and Coy), the intensity of
the 265 nm band eventually decreases and finally disappears.

While it is observed that there is no significant change in the spectral
profiles for the latter catalysts, regardless of the mass used, it is
important to note that the primary difference in degradation efficiency
becomes evident when examining the mineralization results, presented
in Table 3.

When employing the Co, catalyst, mineralization values of up to 50%
were achieved, indicating a relatively high level of degradation effi-
ciency. Conversely, the Mny catalyst yielded lower mineralization re-
sults. Interestingly, when both Co and Mn species were present in the
CooMny sample, the level of mineralization decreased significantly,
despite the observation of UV spectra free of bands attributable to aro-
matic fragments. In addition, the Mn4 catalyst displayed inefficiency in
mineralizing IBU under the studied conditions.

To investigate the potential leaching of metal cations, the residual
liquids obtained from all the degradation experiments were analyzed by
Atomic Absorption Spectroscopy (AAS), and the results are presented in
Table 3. The data showed that the leachate from the waste liquids
contained approximately 5% or even lower levels of Mn, depending on
the material. In contrast, the Co catalysts exhibited higher leaching
percentages, although the monometallic catalyst (Coz) showed lower
leaching compared to the bimetallic formulation (CoyMny) with a
similar loading. This fact would suggest that the presence of Mn may
weaken the Co species on the Z surface. It is noteworthy that among the
catalysts tested, the monometallic Co4 catalyst showed the highest sta-
bility in terms of leaching.

In view of the results presented in Table 3, which indicate that the
use of less Coy catalyst resulted in mineralization of around 50%, a new
experiment was carried out in which the amount of oxidant used was
varied by increasing the dosage to 74.3 mg PMS (150 mg Oxone®). The
results showed a significant improvement, with a mineralization value
of 63.3% before complete consumption of the oxidant.

To evaluate the possibility of homogeneous catalysis due to the Co**
ion leaching, an IBU degradation experiment was carried out with the
addition of a certain volume of Co(NO3), (ac) in order to have the same
metal content as the leachate for Co4 (see Table 3). The degree of IBU
mineralization achieved was ca. 34%, confirming the higher activity of
the heterogeneous cobalt-based catalyst (UV-Vis spectra of the kinetic
experience are shown in Fig. S5, Suppl. Material).

The latter IBU degradation was also evaluated through fluorescence
spectroscopy. These results, together with the degradation of IBU with
PMS alone, are shown in Fig. 4 (Fluorescence spectra of IBU degradation
are shown in Fig. S6, Suppl. Material).

The control test (without catalyst addition) showed that PMS alone
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Fig. 6. UV-Vis profiles of IBU and three use cycles for Coy4. Inset: degree of mineralization of each cycle. (50 mg of catalyst, 74.3 mg PMS, 303 K, 4 h of reaction).

cannot completely decompose IBU under the studied conditions. This
fact is consistent with the results obtained by Liu et al. (2020) [36].
Conversely, the Co,4 exhibited a complete IBU degradation in 30 min.
The catalytic degradation follows a pseudo-first order kinetic reaction;
its kinetics can be expressed as follows:

In (£> = —kt
Co

where Cp and C represent the initial IBU concentration and the con-
centration (mg/L) at time t (min), respectively, and k is the reaction rate
constant. The aforementioned results demonstrate the proficient
degradation of IBU by Coy, as evidenced by a rate constant of 1.91 x
107! min™'.

Table 4 presents a comparative analysis of the catalytic efficiency of
Coy4 with previously reported studies on the degradation of IBU. The
comparison includes Co catalysts supported on different materials, as
well as other metal catalysts supported on Z. The results indicate that
our Co catalyst demonstrates exhibits really good performance, espe-
cially considering the lack of any pH control other than the final pH
achieved by the addition of PMS, the near ambient temperature, and the
simple method of catalyst preparation.

3)

3.2.3. Radical scavengers and possible activation mechanism

Classical scavenger quenching tests were performed to determine the
contributions of the major radicals involved in the degradation of IBU.
TbOH and EtOH and were used as scavengers for only *OH and all
radicals (*OH and SOY), respectively (Fig. 5).

In the case of the reaction conducted in the presence of EtOH, the
degradation profile of IBU exhibits negligible changes after a reaction
time of 4 h. Conversely, when TbOH, a selective scavenger of ®OH
radicals, was used, a spectral profile with more pronounced degradation
was observed compared to the EtOH experiment. This observation not
only indicates the occurrence of the reaction via the radical pathway but
also suggests that the SO®” radical dominates the transformation of IBU.

Thus, the mechanism of activation of PMS by Co4 for radical pro-
duction and organic degradation can be summarized as follows:

Z = Co" + HSO5™—Z = Co™ + S0,*~ + OH™ 4
Z = Co™ 4 HSOs —Z = Co" +S05*~ + H* (5)
SO4*~ +H,0-S0,*" +°*OH +H" (6)
SO,*~ (and/or*OH) + IBU—degradation intermediates—CO, + H,O 7

The generation of SO5~ occurs through homolytic cleavage of the
PMS peroxide group (O—O) by accepting an electron from the cobalt of
the catalyst surface (Eq. 4). The resulting SO~ species have an E° value
of 2.60 V, which is higher than that of HSO5 (E°=1.75 V), making it a
more effective oxidant for the degradation of organic pollutants. At the
same time, the oxidized cobalt on the catalyst surface can be reduced
back to its original oxidation state via a one-electron reduction process
by PMS, producing a SO3~ radical, a weaker oxidant agent with an Eq
value of 1.10 V [41]. The net reaction can be expressed by combining
Egs. 4 and 5 as follows:
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Fig. 7. XPS Co2p spectra of the Coy catalyst. a) As prepared, b) after the first use in reaction, and c) after the second use in reaction (50 mg of catalyst, 74.3 mg PMS,

303 K, 4 h of reaction).
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3.2.4. Reusability tests

The reusability of the Coy4 catalyst was also investigated in successive
cycles with a catalyst to PMS ratio of 50 mg and 74.3 mg, respectively
(Fig. 6). The results showed that this particular catalyst performed
satisfactorily for up to two consecutive cycles with acceptable levels of
mineralization.

Fig. 7a shows the high resolution XPS spectra of 2p Co for Cog4 fresh
sample. Two peaks situated at binding energies of 780.8 eV (FWHM =
3.5) and 785.6 eV (FWHM = 5.6) corresponding to Co 2p3/2, and other
two signals at 796.1 eV (FWHM = 3.4) and 802.6 eV (FWHM = 6.6)
attributed to Co 2p1/2, are displayed. The presence of the satellite peaks
indicates the existence of Co*" species [42-44]. To estimate the relative
proportion of Co?* to Co, the ratios between the areas of the Co 2p3/2
satellite peak (Is5) and the total area of the Co 2p3/2 signal (Ico2p3/2)
were calculated (Isa/Ico2p3/2 = 0.57), according to Leonardi et al. [45].
The Co 2p spectra of the reused catalyst show a significant increase of
satellite peaks, with ratios Isat/Ico2p3/2 = 0.63 and 0.68 for the second

and third cycle of use, respectively (Figs. 7b and c). These results indi-
cate that Co?* would still be the predominant surface species after IBU
degradation reaction. Therefore, it is likely that the main reason for the
decrease in catalytic activity observed after successive cycles of Co4 use
is the lower metal loading in the solid caused by the slight metal
leaching after the reaction, instead of the oxidation of cobalt species on
the surface of the catalyst.

4. Conclusion

Mono- and bimetallic Co—Mn catalysts supported on Z were syn-
thesized, characterized and tested for the catalytic degradation of IBU,
which was taken as a model of emerging pollutant. The Co4 catalyst
showed the highest performance, achieving a total IBU degradation after
30 min together with 63% mineralization levels after 4 h, and it could
also be reused. This efficiency may be attributed to the cobalt content,
rather than to the synergistic effect that may be present in the bimetallic
catalyst. The degradation of the pollutant occurs by a radical mecha-
nism, mainly governed by SO® radicals, and ®OH in a lesser extent.
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