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A B S T R A C T   

Fe, Mn and a bimetallic Fe–Mn catalysts supported on ZrO2 were synthesized and tested for the activation of 
persulfate (PS) and peroxymonosulfate (PMS) in the degradation reaction of three different organic compounds: 
cinnamic acid (CA), benzoic acid (BA), and catechol (C). The catalysts were prepared and tested in order to 
evaluate the effect of the metal and the metal combination on the generation of reactive oxygen species (ROS). 
The characterization of the catalysts was carried out by X-ray diffraction (XRD), X-ray photoelectron spectros-
copy (XPS), and atomic absorption spectroscopy (AAS). 

The best degradation results were obtained when PMS was activated with the bimetallic Fe-Mn/ZrO2 catalyst 
in the CA degradation. Moreover, the Fe-Mn/ZrO2 catalyst reusability was tested for up to three consecutive 
cycles of reaction, with mineralization levels >90%. 

A synergistic effect between the Fe and Mn metal species, which increases the catalyst activity if compared to 
the monometallic catalysts, is postulated. Both sulfate and hydroxyl radicals were generated in the PMS acti-
vation process. The activation mechanisms of the oxidants were proposed.   

1. Introduction 

When certain phenolic and aromatic compounds are released into 
aquatic or soil environments, they can generate adverse effects if their 
concentrations exceed certain levels [1,2]. Many of these organic pol-
lutants are not biodegradable, thus they can accumulate in the organism 
and generate potential damage due to their toxicity (induction of 
carcinogenesis, teratogenesis, and mutagenesis, among others) [3]. In 
order to avoid these unwanted effects, the compounds have to be 
degraded or modified. Some agro-industries produce large quantities of 
wastewaters containing phenolic pollutants. As an example, olive oil 
production involves producing considerable amounts of liquid effluent, 
which is referred to as olive mill wastewater (OMW). Different com-
pounds can be found in OMW, such as hydroxytyrosol and catechins 
(ranging from 100 to 1400 mg L− 1 [4–6]) derived from catechol (1,2- 
dihydroxybenzene, C) and cinnamic acid (acid(E)-3-phenyl-2-prope-
noic, CA) which concentration in OMW can reach up to 106 mg L [7]. 
Furthermore, the presence of benzoic acid (BA) derived compounds, 
such as p-hydroxybenzoic acid, gallic acid, vanillic acid, and proto-
catechuic acid were reported in concentrations in the range of 20 ppm in 
different OMW samples [8]. 

While some articles report the application of biological degradation 
[9] to eliminate these pollutants, advanced oxidation processes (AOP) 
were also employed for this purpose [10]. AOPs are based on the 
oxidation of organic chemicals by in situ generated reactive oxygen 
species (ROS) like hydroxyl (•OH) or sulfate (SO4

•-) free radicals. Sulfate 
radicals can be produced by the catalytic activation of perox-
ymonosulfate (PMS) or persulfate (PS) anions [11,12]. For that purpose, 
the use of green and low-cost catalysts is highly desirable. Iron and 
manganese-based catalysts have been extensively studied due to their 
low cost and because they are non-toxic metals. However, bare Fe3O4 
and Fe2O3 showed, in general, low catalytic performances [13]. More-
over, a synergistic effect between Fe and Mn has been reported [14], 
turning these bimetallic catalysts to be active towards the activation of 
PMS [15–17] and PS [18–20]. Zirconia (Z)-based oxides are very 
interesting materials to be applied as metal catalyst supports because of 
their unique redox and acid-base properties [21,22]. Metal-modified 
ZrO2 as well as ternary mixed oxide containing ZrO2 have been re-
ported for the photodegradation of organic pollutants, such as naproxen 
and different dyes [23–25]. Moreover, Fe2O3-ZrO2 catalyst has been 
applied for phenol degradation in a Fenton-like reaction [26]. Recently, 
Sakthisharmila et al. reported the use of Mn and Fe doped ZrO2 
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composites as photocatalysis employed in the degradation of textile dyes 
[27]. However, to our knowledge, there are no reports of the use of Fe- 
Mn/ZrO2 catalysts for sulfate radical-based oxidation degradations of 
phenolic compounds. For these reasons, we decided to explore the ac-
tivity of different Fe and/or Mn catalysts, supported on ZrO2 (Z) in the 
degradation of three model organic compounds that could be present in 
OMWs: C, CA and BA. 

2. Experimental 

2.1. Synthesis of the catalysts 

Mono- and bimetallic Fe–Mn catalysts supported on Z were pre-
pared, with a total nominal metal content up to 4%wt. The obtained 
materials were named FexMny, being x and y the nominal content of 
each metal in the catalyst. The employed synthesis for the preparation of 
the catalysts was previously reported by Garcia et al [28] In brief, 
NH4OH (28% in NH3) was added to a 0.4 M zirconium oxychloride so-
lution, at room temperature, until pH 10. Zirconium hydroxide Zr(OH)4 
was then obtained as a pale yellow precipitate. Incipient wetness 
impregnation was employed for the Fe and/or Mn deposition. For that 
purpose, Fe(NO3)3 and Mn(NO3)2 aqueous solutions of the desired 
concentration were added to the zirconium hydroxide. The liquid to 
solid ratio was kept as 0.4 mL/g [29]. Finally, the solids were dried in air 
and kept at 383 K for 24 h. Then, they were calcined at 873 K in air for 4 
h. 

2.2. Catalysts characterization 

An X'Pert Pro PANalytical Diffractometer, with Cu Kα radiation (40 
mA, 45 kV) (2θ-range of 10–80◦) and PIXcel3D detector (step size of 
0.01313◦) was used to register X-ray diffraction (XRD) patterns of the 
catalysts. 

The metal content of the different samples was measured by atomic 
absorption spectroscopy (AAS) (Avanta GBC AA-932 spectrometer). The 
solutions were prepared dissolving 30 mg of each catalyst with 1 mL of 
40% HF and 1 mL of concentrated HCl at 70 ◦C. 

The oxidation state of the surface metal species (before and after the 
reaction) was determined by X-ray photoelectron spectroscopy (XPS) 
(PHI 548 spectrometer) with a double pass cylindrical mirror analyzer, 
using non-monochromatic Al Kα radiation (1486.6 eV). High-resolution 
spectra of C 1 s, O 1 s, Mn 2p, and Fe 2p were recorded, and the binding 
energies were recalibrated based on the C 1 s line at 284.8 eV. Spectra 
analysis and peak deconvolution was performed with OriginPro 9.0 
software, using a polynomial spline baseline and a Gaussian function. 

2.3. Catalytic activity 

PMS was used as part of the triple salt commercially known as 
Oxone® (KHSO5•½KHSO4•½K2SO4), while PS was used in the form of 
its potassium salt (K2S2O8). All the reactions were carried out in a glass 
batch reactor, containing 75 mL of a solution of 20 mg L− 1 of CA, 50 mg 
L− 1 of C, or 30 mg L− 1 of C at 30 ◦C. The reactions were carried out 
without adjustment of pH. The solid oxidant (0.285 g of PMS or PS) and 
the catalyst (0.100 g) were added into the initial pollutant solution, 
under constant mechanical stirring. Suspension aliquots (3 mL) were 
withdrawn at predetermined intervals and filtered immediately through 
a Micropore membrane (pore size 0.45 μm). The UV–Visible spectra 
were collected (λ = 200–600 nm) in UV–Vis Cecil 2021 or UV–Vis 
Agilent Cary 60 spectrometers. The reactions were followed up to 
240–270 min. The decrease in the main absorption bands of the con-
taminants, characteristics of the π → π * transition in aromatic com-
pounds (λmax BA = 228.0 nm at pH = 4.3; λmax C = 275.5 nm at pH = 5; 
λmax CA = 279.0 nm at pH = 4.7) was followed to evaluate the progress 
of the degradation reaction. 

Control experiences were carried out to evaluate the degradation of 

the contaminants with the oxidizing agent in the absence of catalyst. In 
addition, the possible adsorption of the pollutants onto the catalyst 
surface was also analyzed. Moreover, the activity of the Z support 
without metal loading was evaluated in the degradation reactions. 

The consumption of the oxidant during the reaction was followed 
and determined using spectrophotometric methods [30,31], mainly 
based on the reactions of the remnant PS and PMS anions with I¡ (Eq. 1 
and Eq. 2). The colored complex that appears after the reaction has a 
strong absorption band with a maximum at 395 nm (reaction with PMS) 
and 352 nm (reaction with PS). 

HSO−
5 (ac) + 3 I −(ac)→SO2−

4 (ac) + I −3 (ac) (1)  

S2O82−
(ac) + 3 I −(ac)→2 SO2−

4 (ac) + I −3 (ac) (2) 

The Total Organic Carbon (TOC) remaining in the solutions was 
measured using a TOC-LCPH/NPC (Shimadzu) in order to evaluate de 
degree of mineralization of the phenolic contaminants. It was calculated 
according to the following relationship: 

%of mineralization =

(
TOC0 − TOCt

TOC0

)

× 100  

where TOC0 (mg L− 1) is the total organic carbon in the initial solution 
and TOCt (mg L− 1) is the TOC concentration at the reaction time t. 

The pH of the initial solutions and the residual liquids after reaction 
was measured with a pH-meter Orion 250Aplus equipped with a pH 
electrode. 

The stability of the catalysts was tested by AAS through the mea-
surement of the leached metals in the remaining solution after 4 h of 
reaction. 

Quenching experiments were performed in order to determine the 
main ROS responsible for the degradation of pollutants. For that pur-
pose, the reactions were repeated as it was described before with the 
addition of either tertbutyl alcohol (TBA) or ethanol (EtOH) [32]. An 
adequate amount of each alcohol in the respective reactions was added 
into the reactor before the addition of the catalyst and the oxidant. The 
alcohol: oxidant molar ratio was 150:1. 

2.4. Reusability tests 

The reusability of the catalysts in successive cycles was studied in the 
CA and C degradation reactions, under the same reaction conditions, 
with PMS as oxidizer. For that, at the end of the reaction the recovered 
solid was immediately washed with double distilled water, and dried at 
30–40 ◦C. 

3. Results and discussion 

3.1. Catalysts characterization 

All the catalysts presented similar diffraction patterns (Fig. 1). Peaks 
observed at 2θ values of 30.2◦ (101), 35◦ (110), 50.2◦ (112), and 60.2◦

(211), revealed that the ZrO2 presented a tetragonal phase crystal 
structure (JCPDS file number 42–1164) with some low intensity peaks at 
28.3◦ (− 111), 63.1◦ (131) and 74.7◦ (− 401) that would indicate traces 
of the ZrO2 monoclinic phase (JCPDS file number 37–1484) [33,34]. 
The XRD patterns do not show peaks attributable to Fe or Mn oxides. The 
absence of those signals could be an indication of a high degree of 
dispersion of the metal species on the support. 

The metallic content of the catalysts is presented in Table 1. As can 
be seen, the presence of Mn would promote the dispersion of Fe on the 
support surface, in the bimetallic material. 

XPS analysis was carried out to determine the detailed valence states 
of Mn and Fe in the prepared materials. The XPS spectra of the catalysts 
of the Fe 2p and Mn 2p regions are shown in Fig. 2. According to the 
Gaussian fitting method, the Fe 2p spectra for Fe2Mn0 and Fe2Mn2 
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showed signals at ca. 710 and 713 eV, indicating the existence of Fe(II) 
and Fe(III) species [17,35,36]. The Mn 2p3/2 spectrum of monometallic 
Fe0Mn2, on the other hand, showed two deconvoluted peaks at 642.1 
and 646.9 eV, which were assigned to Mn(III) and Mn(II) oxidation 
states, respectively [37]. These results would indicate that the oxidation 
states of Mn and Fe in these samples coexisted as mixed phases. 

However, the Mn 2p spectrum of bimetallic Fe2Mn2 showed signifi-
cant differences: two peaks with binding energies of 640.3 eV and 645.2 
eV, corresponding to Mn(II) and a “shakeup” peak, respectively. This 
last peak is originated from the charge transfer from the outer electronic 
layer towards an unoccupied orbital of higher energy during the 
photoelectronic process [38]. Therefore, it would seem that the simul-
taneous presence of Mn(II) and Fe(III) in the impregnation of the ZrO2 
support would retard the oxidation of Mn(II) to species with higher 
oxidation state. 

3.2. Catalytic activity 

3.2.1. Control experiences 
Preliminary experiments were carried out to evaluate the individual 

effect of the catalyst with the highest metal loading (Fe2Mn2) and the 
two oxidants (PS and PMS) on the degradation of the three pollutants, 
including adsorption on the catalyst surface and non-catalytic chemical 
oxidation. 

The control experiments employing only oxidants without catalyst 
showed that BA, C, and CA are only partially oxidized with PS or PMS, 
since bands of different intensities are still observed after 180 min of 
reaction for the three pollutants. These results indicate that none of the 
three pollutants can be efficiently degraded using only the oxidants in 
the studied conditions (Fig. 1, a-c, Suppl. Material). 

In the presence of Fe2Mn2 material and without oxidant addition, 
around 37% of CA elimination was achieved after 180 min of reaction 
(Fig. 2, Suppl. Material). Based on the spectral profile, it could be 
inferred that the removal occurs by adsorption of CA on the catalyst 

surface and no degradation took place. 
The CA degradation profiles obtained using PMS and employing PMS 

with the Z support (no metal) were similar, corroborating the inertia of 
the support to effectively activate the oxidant (Fig. 3, Suppl. Material). 

3.2.2. Degradation experiences using PMS as an oxidizer 
The spectra profiles at different times of reaction of BA degradation 

with PMS are showed in Fig. 3. When Fe2Mn2 catalyst was employed 
(Fig. 3-a), an increase in the intensity of the characteristic band at 228 
nm is observed as the reaction progresses, slowing down the reaction 
rate as time goes by. Similar results were obtained using Fe2Mn0 and 
Fe0Mn2 samples in the same conditions (Fig. 3 b-c). It is noteworthy the 
resistance of BA to oxidative degradation under the experimental con-
ditions of this work. 

Regarding the degradation reactions of C employing the three 
different catalysts the intensity of the band at 275 nm increases in the 
earlier times of reaction and then decreases. But completely band-free 
spectra are not achieved at the studied reaction time in none of these 
three cases (Fig. 4). 

A significant decrease in the 279 nm band is observed from the 
beginning when Fe2Mn2 is used as catalyst in the CA degradation (Fig. 5 
a). This trend is accentuated as the reaction time increases, and almost a 
complete disappearance of the band is observed after 240 min. This 
behavior is also observed when the monometallic catalysts are employed 
(Fig. 5 b-c). 

The different behavior towards the degradation of the studied pol-
lutants, under the same experimental conditions could be explained 
based on the report of Oh et al. [39] Considering the electrophilicity of 
the SO4

•- radical, it is expected to react with electron-donor groups such 
as amino (− NH2), hydroxyl (–OH), alkoxy (–OR), π electrons of aromatic 
molecules and other organic compounds containing unsaturated bonds. 
With electron withdrawing substituent groups such as nitro (–NO2) and 
carbonyl (C=O), the radical reaction is slower. For this reason, C and CA 
appear to be more prone to the oxidative degradation than BA. 
Considering the reaction of the three contaminants with both oxidants, 
employing the three catalysts, CA showed the greatest rate of degrada-
tion, based on the reduction of the intensity of the main aromatic ab-
sorption band. 

For comparative purposes, the spectra of the residual liquids of the 
degradation of CA reaction, with the three catalysts, are presented in 
Fig. 6, after 240 min of reaction. From these results, Fe2Mn2 appears to 
be the catalyst with the best performance through CA degradation using 
PMS as oxidant. For this reason, this catalyst is employed to evaluate its 
activity in the PS activation in subsequent experiments. (See Fig. 7.) 

3.2.3. Degradation experiences using PS as an oxidizer and Fe2Mn2 as 
catalyst 

In the case of BA with PS and Fe2Mn2 (Fig. 4, Suppl. Material), an 
increase in the characteristic bands is observed as the reaction proceeds, 
showing a similar behavior than the reported activity for PMS-mediated 
degradation (Fig. 4). 

The degradation spectra of C are observed in Fig. 8. The 275 nm band 
decreased as the reaction proceeds, reaching a constant profile after 240 
min. During the reaction, a band around 385 nm of variable intensity 
appears together with the development of brownish color in the reaction 
liquid. After a short period, it disappears. These observations are 
consistent with those reported by Mijangos et al. [40] and Lin et al. [41] 
on phenol oxidation by AOP-based reactions. The color development 
could be attributed to a mixture of intermediate compounds including p- 
benzoquinone (yellow), o-benzoquinone (red), and hydroquinone 
(colorless). This effect may also have occurred when using PMS, but it 
was not clearly observed because of its faster kinetics under these con-
ditions (Fig. 3). 

For CA (Fig. 8) degradation reaction, the band around 279 nm di-
minishes but is still present after 240 min of reaction, indicating that in 
these conditions the degradation of CA is less efficient than the 

Fig. 1. XRD patterns of the prepared catalysts.  

Table 1 
Measured metallic content of the catalysts.  

Catalyst Metallic content (w%) 

Fe Mn 

Fe2Mn0 1.08 – 
Fe2Mn2 1.71 1.06 
Fe0Mn2 – 0.95  
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degradation with PMS. 
Based on the spectral profiles, it can be inferred that a similar low 

degradation rate of BA was achieved using either PS or PMS at compa-
rable reaction times. Moreover, both oxidants are highly active towards 
C degradation. However, the CA/PMS combination showed the best 
results in terms of degradation, regardless of the tested catalyst. 

The difference between the results working with PS compared to 
PMS could be due to the structural differences between both anions; 
while the PS activation proceeds through a homolytic cleavage of a 
peroxide bond in its symmetric structure, the asymmetry of the PMS 
allows greater easiness in the breaking of the bond, therefore it would 
present a greater reactivity towards the formation of SO4

•-, with a 
consequent increase the efficiency in the degradation [42]. 

3.2.4. Radical inhibitors 
In order to identify the main radical contributions for the degrada-

tion of CA, the reaction kinetics were repeated in the presence of radical 
trapping agents (EtOH and TBOH) employing the Fe2Mn2 catalyst (Fig. 5 
Suppl. Material). It can be seen that the degradation of CA was inhibited 
by the presence of alcohols in both cases, although when TBOH, a se-
lective OH● radical scavenger, was added the decrease of the 279 nm 
band intensity was more marked. On the other hand, when the reaction 
was carried out in the presence of EtOH, that has relatively comparable 
reaction kinetics with OH● and SO4

●- radicals, the CA UV–Vis profile 

does not show significant changes after 3 h of reaction. 
These facts would indicate not only that the reaction occurs by 

radical pathways, but also that both SO4
●- and OH● radicals (that may be 

generated from SO4
●-) would be the main responsible species in the 

transformation of the substrate. 

3.2.5. Leaching of metal species 
Leaching of metal ions is a major problem for heterogeneous cata-

lysts in liquid phase reaction. However, manganese oxides and iron 
oxides are quite environmentally friendly catalysts considering the 
lower potential toxicity of the leaching ions. For that reason, the 
leaching of Fe and Mn ions into the pollutant solutions during the re-
action was evaluated. The Fe leaching from Fe2Mn0 catalyst was ca. 
7.0–7.8% and only 1.4–1.7% was measured from Fe2Mn2. On the other 
hand, ca. 22.4–27.0% of Mn leaching for both the monometallic and 
bimetallic catalysts was achieved. 

3.3. Mineralization and reusability tests 

The evaluation of the reusability of catalysts is essential because the 
long-term stability is a significant factor for effective catalysts and is 
crucial for its practical application. Three sequential experiments were 
carried out to evaluate the reusability of the catalysts. TOC was 
measured after each run to determine the catalytic efficiency in each 

Fig. 2. XPS spectra of the three catalysts. a) Fe 2p in Fe2Mn0, b) Mn 2p in Fe0Mn2, c) Fe 2p in Fe2Mn2 and c) Mn 2p in Fe2Mn2.  
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cycle with respect to the mineralization of organic contaminants. Fig. 9 
shows the % mineralization for each reusability test for CA degradation 
using PMS, and mono- and bimetallic catalysts. 

As can be seen, when Fe2Mn2 is used as catalyst, TOC removal 
reached >90% in the three cycles of use. However, when monometallic 

catalysts were tested, the % mineralization decreased after each reuti-
lization cycle. This trend is more pronounced in the case of Fe catalyst 
(from 70% in the first use to 7% in the third use) than in the Mn catalyst 
(from 85% to 65%). 

The best efficiency found for the bimetallic material could be 
attributed to a synergistic effect between Fe and Mn species, which 

Fig. 3. UV–Vis spectrum: BA degradation with PMS and different catalysts. a) 
Fe2Mn0 b) Fe2Mn2 C) Fe0Mn2. 

Fig. 4. UV–Vis spectrum: C degradation with PMS and different catalysts. a) 
Fe2Mn0 b) Fe2Mn2 C) Fe0Mn2. 
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would improve the catalytic activity even after several cycles of use, 
with respect to monometallic catalysts. 

To further understand this behavior and possible synergistic effects 
of Fe and Mn in the oxidant activation mechanism, XPS was used to 
evaluate the chemical composition of active species for the fresh (Fig. 2- 

Fig. 5. UV–Vis spectrum: CA degradation with PMS and different catalysts. a) 
Fe2Mn0 b) Fe2Mn2 C) Fe0Mn2. 

Fig. 6. UV–Vis spectrum: CA degradation with PMS and Fe–Mn catalysts at 
240 min of reaction. 

Fig. 7. UV–Vis spectrum: C degradation with PS and Fe2Mn2.  

Fig. 8. UV–Vis spectrum: CA degradation with PS and Fe2Mn2.  
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c,d) and used Fe2Mn2 catalyst (Fig. 10). 
After the catalytic reaction, the deconvoluted Fe 2p3/2 spectrum 

showed a change in the relative intensities of peaks attributable to Fe(II) 
and Fe(III), which could be attributed to a major transformation from Fe 
(II) to Fe(III). In the case of Mn, the Mn 2p 3/2 signals displayed a main 
peak at 641.0 eV, attributable to Mn(III) species, with a clear decrease in 
the intensity of those attributable to Mn(II) and Mn(IV). Thus, the 
slightly shift of values and the change in the relative intensities of the 
metal signals after the reaction with PMS and CA could be indicative of 
the participation of Fe(II)/Fe(III) and Mn(II)/Mn(III)/Mn(IV) redox cy-
cles in the oxidant activation process. Moreover, the existence of surface 
trivalent Mn after the reaction would justify its high catalytic stability 
after several cycles of use in reaction, since oxidic Mn(III) species were 
found to be the most efficient for PMS activation, compared with Mn(II) 
and Mn(IV) oxides [43]. 

3.3.1. Possible activation mechanism 
In recent years, several works have been published related to the 

synergistic effect in bimetallic catalysts, in particular, for catalysts based 
on Fe and Mn. Chen et al. [44] prepared a Fe–Mn catalyst supported on 
biochar and used it in the degradation of the acid red 88 dye employing 
PS as an oxidizing agent. With the same oxidant, Dong et al. [18] 
evaluated the degradation of bisphenol A with mixed oxides such as 
Fe3O4-α-MnO2. In turn, Hao et al. [19] successfully degraded the azo dye 
Orange G with PS using catalysts based on biochar modified with Fe and 
Mn oxides. In these three cases, the XPS spectroscopy of the catalysts 
revealed the existence of Fe(II) and Fe(III) species, as well as Mn(II), in 
coincidence with the metallic species present in the materials reported 
in this article. 

The mechanism proposed by these authors could apply to our PS 
activation reaction: 

Fe(III)+Mn(II)→Fe(II)+Mn(III) (3)  

Fe(II)+ S2O8
2− →Fe(III)+ SO4

•− + SO4
2− (4)  

Mn(II)+ S2O8
2− →Mn (III)+ SO4

•− + SO4
2− (5)  

Mn(III)+ S2O8
2− →Mn(IV)+ SO4

•− + SO4
2− (6)  

Fe(III)+ S2O8
2− →Fe(II)+ S2O8

•− (Eq.7)

Mn(IV)+ S2O8
2− →Mn(III)+ S2O8

•− (8)  

SO4
•− +H2O→SO4

2− +OH • +H+ (9) 

Initially, the PS is activated by the action of Fe(II) and Mn(II) to 
generate the radicals SO4

●-, and oxidized Mn(III) species (eq. 4) could 
contribute to the generation of new radicals. The species Fe (III) and Mn 
(IV) are produced simultaneously through electronic transfer. Subse-
quently, the Fe and Mn species with higher oxidation states would be 
converted back to Fe (II) and Mn (III) via PS. All these reactions 
constitute a Fe/Mn transformation cycle. At the same time, some of the 
SO4

●- radicals could react with water to generate OH● radicals. 
In the case of PMS, a large number of results were reported regarding 

the use of Fe–Mn bimetallic catalysts. To cite a few examples, Pang 
et al. [45] proposed a mechanism for the oxidative degradation of p- 
nitrophenol with this oxidant assisted by microwave and catalysed by 
MnFe2O4. Huang et al. [36] analyzed the degradation of bisphenol A 
using Mn–Fe nanospheres as a catalyst. Also, Yang et al. used ferro-
manganese oxides with different Fe / Mn ratios in the oxidative degra-
dation of tetracycline with PMS [1]. According to the analysis of the 
results obtained by XPS for our system and based on what has been 
reported by different authors, the following activation mechanism can 
be proposed: 

Fe(III)+Mn(II)→Fe(II)+Mn(III) (10) 

Fig. 9. Percentage of mineralization of CA with PMS and the catalyst series.  

Fig. 10. XPS spectra of used Fe2Mn2. a) Fe 2p, b) Mn 2p.  

C.M. Loffredo et al.                                                                                                                                                                                                                            



Catalysis Communications 174 (2023) 106578

8

Mn (II)+HSO−
5 →SO4

•− +Mn (III)+OH− (11)  

Fe (III)+HSO−
5 →SO5

•− +Fe (II)+H+ (12)  

Fe (II)+HSO−
5 →SO4

•− +Fe (III)+OH− (13)  

Mn (III)+HSO−
5 →SO4

•− +Mn (IV)+OH− (14)  

Mn (IV)+HSO−
5 →SO5

•− +Mn (III)+H+ (15)  

Mn (III)+HSO−
5 →SO4

•− +Mn (II)+H+ (16)  

2SO5
•− →2SO4

•− +O2 (17)  

SO4
•− +H2O→SO4

2− +OH • +H+ (18) 

On the catalyst surface, the reduced Fe and Mn species activate PMS 
generating SO4

●- radicals, while the highest valence states of these metals 
are reduced by HSO5

− to complete the redox cycle. The SO5
●- radicals can 

react with each other to give the SO4
●- radical a more active species for 

oxidation. As in the case of PS, the SO4
●- radical can react with water to 

generate OH● radicals. 
The synergy between Fe and Mn in the activation of oxidants is an 

area that has not been completely explored and from which many al-
ternatives to explain the mechanism arise. In agreement with that re-
ported by Pang et al. [45], in this work a high degree of phenolic 
compounds degradation was achieved using the Mn/Fe combination, 
suggesting that the effect between the metals exists even when Fe(II) is 
absent, playing Fe(III) species a key role in synergism with Mn, probably 
due to the electrons transfer among multiple oxidation states of Fe- Mn, 
thus enhancing the generation of reactive oxygen species. 

4. Conclusion 

Mono and bimetallic Fe–Mn catalysts supported on Z were synthe-
sized and characterized. These catalysts were found to be stable and 
active in the degradation by AOP of potentially contaminating com-
pounds that may be present in OMW. The Fe2Mn2 catalyst exhibited the 
best performance in up to 3 cycles of use, with levels of mineralization 
>90%. This efficiency is a product of both the metal content and the 
synergistic effect between Mn and Fe. The electron transfer between the 
Fe–Mn species on the support enables the generation of radicals and the 
regeneration of the catalyst active sites. This transfer is thermodynam-
ically feasible and is an example of the synergy between both metals, 
since the change in the oxidation states of Fe and Mn allows the gen-
eration of a major number of active species for the degradation of the 
pollutants. The degradation of pollutants by SO4

●- radicals, electrophilic 
species, is influenced by their chemical structure and the presence of 
functional groups. 
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