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A B S T R A C T   

MnFe2O4 solid nanospheres (MSN) were synthesized by a solvothermal method. The sample was then used as 
catalyst to activate potassium peroxymonosulfate (PMS) for the generation of sulfate (SO4

.–) and hydroxyl (HO.) 
radicals to degrade and mineralize para-nitrophenol (PNP) in water. The aim of this work was to study the in-
fluence of operational variables on the activity of the MSN catalyst to degrade and mineralize PNP, the PMS 
consumption kinetics, the leaching of metal ions, and the removal of nitrogen. Results showed that 100% of PNP 
(0.1 mM) was removed in MSN/PMS system by degradation within 7 h at a dosage of 4 mM of PMS, 0.5 g L− 1 of 
MSN, 40 ◦C, and pH0 5.8. The reusability of the MSN catalyst was also studied, and a PNP degradation pathway 
was proposed. The PNP degradation followed a pseudo-first-order kinetic model and the activation energy ob-
tained was 37.1 kJ/mol. Under the above standard reaction conditions, the catalyst showed a good performance 
after five catalytic runs, with a degradation efficiency that exceeded 98%, and removed around 70% of total 
organic carbon in each run. The excellent reusability and long-term stability was verified by the characterization 
of fresh and used catalysts. The sole degradation products were maleic and fumaric acids and nitrate and nitrite 
ions.   

1. Introduction 

PNP and other nitrophenols are widely used in the fabrication of 
dyes, pharmaceuticals, pesticides, and explosives and can appear in 
wastewaters from these and other industries. Nitrophenols, including 
PNP, are listed as priority pollutants by the US Environmental Protection 
Agency (EPA) due to their elevated environmental toxicity, highly 
persistence, and both potential carcinogenic and mutagenic effects [1, 
2]. Despite its high stability to resist chemical and biological oxidation, 
the anaerobic degradation of PNP can produce nitroso and aromatic 
amines, which cannot be regarded as environmentally safe end products. 
Because of its stability and high solubility (11.6 g L− 1 at 20 ◦C), PNP can 
persist a very long time in the soil and ground water and pose a signif-
icant environmental risk [3]. High levels of PNP have been found in 
watercourses; for example, a concentration of 60 μg L− 1 was reported in 
drinking water [4]. Due to the environmental and human health impacts 

associated with phenols, the World Health Organization [5] has estab-
lished a threshold of 1 μg L− 1 of phenolic compounds in drinking water. 

Advanced oxidation processes (AOPs) are highly versatile methods to 
degrade and mineralize persistent organic pollutants in water through 
the formation of active radical species with high oxidation capacity. HO. 

radicals, among the most frequently utilized, have a standard reduction 
potential of 1.8–2.7 V at neutral pH [6], while SO4

.– radicals have a 
higher potential of 2.5–3.1 V [3] and a greater selectivity, leading to an 
increase in their utilization over recent years [7,8]. Both radicals can be 
generated by potassium peroxymonosulfate (PMS) through the action of 
ultraviolet light, heat, or catalysts containing transition metals, most 
frequently Mn, Fe, Co, and/or Cu [8,9]. Mixed oxides such as spinel 
ferrites are widely used as catalysts for PMS activation [8,10–12]. 

Ferrites are mixed oxides with a cubic spinel structure and AFe2O4 
stoichiometry, in which A is a divalent cation. Both metal ions can be 
distributed in tetrahedral A sites and octahedral B sites, and most ferrites 
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are mixed spinels [13]. The physicochemical characteristics of ferrites 
strongly depend on their morphology, size, crystalline structure, 
oxidation state, the coordination of the two metal ions, and their mag-
netic properties. These characteristics are closely related to the method 
and processing conditions of their synthesis, which allows ferrites to be 
prepared at nanometer scale, modifying the original properties of the 
bulk counterpart [14]. Manganese ferrite, MnFe2O4, has attracted 
considerable attention as a catalyst, because both Mn and Fe can be 
present in different oxidation states; therefore, electrons and energy can 
be readily transferred between them, facilitating redox processes on the 
nanoparticle surface [15]. Furthermore, manganese ferrite is para-
magnetic, permitting its ready removal from solutions with an external 
magnet. 

Over the past few years, there has been little research on PNP 
removal using PMS activation by manganese ferrite. To the best of our 
knowledge, there is only one study in the recent literature [1] that use 
also the PMS/MnFe2O4 system for PNP degradation under varied con-
ditions but microwave-assisted. This increased the degradation effi-
ciency but also the energetic operational cost, and so its real application 
should be considered. 

Manganese ferrite solid nanospheres were synthesized in this work 
by a solvothermal method [14] and were characterized to determine 
their surface area, surface morphology, average diameter, structure, 
surface metal oxidation state and their distribution, and magnetic 
properties. The objectives of this study were to determine the influence 
of different operational variables on MSN catalytic activity in PNP 
degradation and mineralization, to test the reusability of the MSN 
catalyst after five reaction runs, and to propose a PNP degradation 
pathway. 

2. Materials and methods 

2.1. Materials 

The following chemicals were used in this study: p-nitrophenol, iron 
(III) nitrate nonahydrate, manganese (II) nitrate tetrahydrate, sodium 
acetate, ethylene glycol, ethylenediamine, ethanol absolute, potassium 
peroxymonosulfate, tert-butyl alcohol (TBA), and methanol. All chem-
icals were analytical grade reagents supplied by Sigma-Aldrich. 

2.2. Synthesis of MnFe2O4 solid nanospheres 

MSN was synthesized by a solvothermal method [14]. In brief, Fe 
(NO3)3⋅9H2O (9.30 mmol) and Mn(NO3)2⋅4H2O (4.65 mmol) were dis-
solved in 50 mL of ethylene glycol, and 30 mL of ethylenediamine and 
7.5 g of sodium acetate were then added to the solution. After magnetic 
stirring for 30 min, the resulting homogeneous mixture was placed in a 
Teflon-lined stainless-steel autoclave (125 mL capacity), sealed, and 
maintained at 160 ◦C for 8 h before cooling to room temperature. The 
final brown product was centrifuged for 20 min at 12,000 rpm, washed 
several times with a 2/1 ethanol/distilled water solution, and finally 
dried at 60 ◦C overnight. 

2.3. Catalyst characterization 

The surface morphology and size of the synthesized catalyst was 
studied by scanning electron microscopy (SEM) with a Carl Zeiss SMT 
microscope and by transmission electron microscopy (TEM) with a JEM- 
1010 microscope. The sample composition was determined by energy- 
dispersive X-ray spectroscopy (EDX) and elemental mapping analysis. 
The BET surface area (SBET) was calculated from the N2 adsorption 
isotherm at − 196 ◦C (Autosorb 1 from Quantachrome). The pHPZC was 
determined from potentiometric titrations, as previously reported [16]. 

X-ray photoelectron spectroscopy (XPS) was performed using the 
Escalab 200R system (VG Scientific Co.) equipped with hemispherical 
electron analyzer and MgKα X-ray source with radiation energy of 

1253.6 eV. The internal standard peak to determine binding energies 
(BEs) was the C1s peak at 284.6 eV, used to obtain the number of com-
ponents, position of peaks, and peak areas. 

The structure and crystallinity of MSN were analyzed by X-ray 
diffraction (XRD) collected on an X-ray Empyrean diffractometer with 
PIXcel-3D detector (PAN analytical, The Netherlands), as described 
elsewhere [17]. The Rietveld refinement method was applied to identify 
and quantify the phases present in MSN [18,19], using High Score Plus 
software [20] and the Crystallography Open Database [21]. The average 
crystallite size was calculated from XRD findings using the Scherrer 
equation. 

The magnetization (M) of MSN versus the magnetic field applied (H) 
at room temperature was measured with a SQUID magnetometer 
(Quantum Design model MPMS-XL). The saturation magnetization, MS, 
remnant magnetization, MR, and coercivity, HC, of the bulk samples 
were obtained from the M-H curve. 

2.4. PNP catalytic degradation experiments 

Batch experiments were conducted using conical flasks that con-
tained specified amounts of catalyst dispersed in 24.5 mL of a PNP un-
buffered solution. These were thermostated at the appropriate 
temperature and subjected to ultrasonic treatment for 10 min before the 
addition of 0.5 mL of a given concentration of PMS solution, followed by 
mechanical agitation at 300 rpm. The power and frequency of ultrasonic 
operation were 150 W and 40 kHz, respectively. Under these conditions 
there is not possibility of cavitation effect as shown by others authors 
[22,23]. Each kinetic point for PNP degradation was obtained from a 
different flask. Samples were filtered using 0.45 µm nitrocellulose 
membranes and then quenched by methanol (10 mL MeOH + 10 mL 
solution) to prevent further reaction. A blank test without catalyst was 
run simultaneously. Data were gathered on the following operational 
variables: reaction temperature (heating at 25, 40, or 55 ◦C), MSN 
dosage (0.25, 0.5, and 1 g L− 1), PMS (2, 4, and 8 mM) and PNP con-
centrations (0.05, 0.1, and 0.2 mM), peroxide type, and initial solution 
pH (2, 4, 5.8 and 9). To evaluate the effect of peroxide type on PNP 
degradation, potassium peroxodisulfate (PDS) and H2O2 were also used 
as oxidants, both at a concentration of 4 mM and at solution pH. In the 
case of H2O2 the reaction was also carried out at pH 3 (H2O2*). Except 
for the PNP solution pH (5.8), the initial pH values were adjusted with 
0.1 M NaOH or 0.1 M HCl. All experiments were carried out in triplicate, 
with a reproducibility of ±4%. 

The Mn and Fe ions leached from the catalyst during PNP degrada-
tion experiments can act as homogeneous catalysts. This contribution 
was investigated by performing the homogeneous process using the 
amounts of metal ions leached in each reaction at the time needed for 
100% PNP degradation. The homogeneous reaction was carried out by 
dissolving the manganese and iron ions in the form of nitrates in PNP 
solution, as described above with the MSN catalyst and for the different 
experimental conditions. 

PNP concentration in each solution was periodically determined 
using a Thermo-Fisher HPLC with UV photodiode detector (UV8000) at 
a wavelength of 318 nm. PNP degradation products were analyzed using 
an ultra-pressure liquid chromatograph (Waters, Acquity H-Class model, 
USA) coupled to a quadrupole time-of-flight mass spectrometer (Waters, 
Xevo TQ-S model, USA) equipped with a positive electrospray ionization 
system. The only N species found in solution after complete PNP 
degradation were NO2

– and NO3
–, which were determined as described 

elsewhere [24]. The PMS concentration in solution was measured by a 
colorimetric method at 450 nm [25]. Total organic carbon (TOC) was 
measured with a SHIMADZU TOC-VCSH analyzer. For TOC measure-
ments, the filtered solutions were quenched with NaNO2 solution (10 mL 
solution + 10 mL 3 M NaNO2) [26]. Mn and Fe ions leached from the 
catalyst were determined by inductively coupled plasma mass spec-
trometry (ICP-MS, model Agilent 7900). 

Finally, quenching experiments were performed using two 
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scavenging agents, methanol and TBA, in order to determine the radical 
species (SO4

. and/or HO. radicals) during PNP degradation. For this 
purpose, experiments using 0.1 mM of PNP, 0.5 g L− 1 MSN, and 4 mM of 
PMS were performed in the presence of each scavenger at two different 
molar ratio of 100:1 and 250:1 (scavenger:PMS). 

3. Results and discussion 

3.1. Catalyst characterization 

The fresh MSN catalyst has a SBET value of 138 m2/g (Fig. S1 in 
Supplementary Data), and pHPZC of 8.0 (Fig. S2). SEM and TEM scans 
(Fig. 1a and b, respectively) show that MSN is composed of solid 
nanospherical particles with an average size of 75 nm. EDX mappings 
(Fig. 1c–e) reveal that Mn, Fe and O elements were evenly distributed 
throughout MSN. The corresponding EDX spectrum (Fig. 1f) displays the 
atomic content of each element, with an Mn/Fe atomic ratio, from K 
line, close to 1:2, coinciding with the theoretical value of spinel 
MnFe2O4. 

XPS profiles of the fresh and used MSN catalyst are depicted in Fig 
S3, and the results are compiled in Table 1. In the case of the fresh 
catalyst, Fe 2p profile for the catalyst contains two main peaks corre-
sponding to 2p3/2 and 2p1/2, while Fe 2p3/2 also shows the contribution 
of two peaks at BEs of 710.1 and 711.4 eV, attributed to Fe(III) cations 
on octahedral (B) and tetrahedral (A) sites, respectively [27,28]. Mn2p 
profile also contains two asymmetric peaks attributed to the 2p3/2 and 
2p1/2 signals, and the 2p3/2 peak is deconvoluted into two peaks at 640.6 

Fig. 1. (a) TEM micrograph of MSN. (b) SEM micrograph of MSN and corresponding mapping pictures of (c), O; (d), Mn; (e), Fe; and (f), EDX spectrum.  

Table 1 
Binding energy (eV) of the main XPS peaks (percentage in parentheses) of the 
fresh and used MSN catalyst. Fe, Mn, and O atomic percentages and Mn/Fe 
atomic ratio.  

Catalyst Fe 2p3/2 

eV 
Feat 

% 
Mn 2p3/ 

2 eV 
Mnat 

% 
Mn/ 
Fe 

O1s eV Oat 

% 

Fresh 
MSN 

710.1 
(32)  

19.2 640.6 
(65)  

9.5  0.49 529.7 
(71)  

71.3  

711.4 
(68)   

641.7 
(35)     

531.4 
(29)   

Used 
MSN 

710.1 
(36)  

16.4 640.7 
(59)  

9.4  0.57     

711.5 
(64)   

642.2 
(41)         
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and 641.7 eV, attributed to Mn(II) and Mn(III), respectively [29,30]. 
The (Mn/Fe)at surface ratio (Table 1) of the MSN fresh catalyst is very 
close to 0.5, the theoretical value of the manganese ferrite spinel. 
Deconvolution of the O1s peak (not given) results in two peaks at 529.7 
and 531.4 eV (Table 1), attributed to surface lattice oxygen and surface 
‒OH groups, respectively [29,31,32]. 

Fig. S4 depicts the XRD patterns of the fresh and used catalyst. The 
fresh catalyst displays a cubic jacobsite structure (JCPDS card no. 10- 
0319), with a lattice parameter of 0.83931 nm and crystalline size of 
10.2 nm [1]. MS, M, and HC values obtained from the M-H curve (Fig. S5) 
were 54.3 emu g− 1, 2.4 emu g− 1, and 0.03 KOe, respectively, for the 
fresh MSN catalyst, with a MR/MS ratio of 0.044. According to these 
values, it can be considered a superparamagnetic material [17]. 

3.2. PMS activation by the MSN catalyst 

PMS is an unsymmetrical peroxide activated by homolytic cleavage 
of its ‒O‒O‒ bond, generating SO4

.– and HO. radicals after reduction by a 
transition metal (M). In addition, the oxidized M can be reduced with 
PMS via the reaction (3) regenerating the catalytic sites, and generating 
peroxymonosulfate radicals (SO5

.–) [6,10,12]. Eqs. (1)–(4) represent the 
main reactions forming the above radicals, where M = Mn or Fe.  

≡ M(II) + HSO5
–→ ≡ M(III) + SO4

.– + OH–                                        (1)  

SO4
.– + OH– → SO4

2– + HO.                                                              (2)  

≡ M(III) + HSO5
– → ≡ M(II) + SO5

.− + H+ (3)  

2 SO5
.– → 2 SO4

.– + O2                                                                    (4) 

SO4
.– and HO. radicals would be the main responsible for the 

degradation and mineralization of organic pollutants in water, given the 
low oxidation capacity of the SO5

.– radical [10,12]. To elucidate the 
possible reaction mechanism, inhibition experiments were performed in 
the presence of TBA (HO. radical scavenger) and MeOH (SO4

.– and HO. 

radical inhibitor) in order to determine the presence of SO4
.– and HO·· 

radicals in the PNP degradation reaction catalyzed by MSN using PMS as 
oxidant [15,33]. MeOH was taken as both SO4

.– and HO. radicals 
quencher and TBA as only HO. quencher because MeOH can react at 
high rates with SO4

.– (kSO4
.– = 1.6–7.7 × 107 M− 1 s− 1) and HO. 

(kHO. = 1.2–2.8 × 109 M− 1 s− 1) [1], but TBA only has high rate con-
stant with HO. (kHO. = 3.8–7.6 × 108 M− 1 s− 1), whereas the reactivity 
SO4

.– with is notably slower (kSO4
.– = 4.0– 9.1 × 105 M− 1 s− 1) [10].  

Fig. 2a shows that the PNP degradation kinetics is strongly inhibited in 
the presence of both scavengers and that this inhibition is greater at 

higher concentrations of the quenching agents. These curves were fitted 
by a pseudo-first-order kinetic model (Eq. 5). 

−
d[PNP]

dt
= kd([PNP]0 − [PNP]) (5)  

where kd is the pseudo-first-order rate constant. The results of Fig. 2b 
show the reduction in kd in the presence of each scavenger agent and at 
both concentrations. According to these findings, both SO4

.– and HO. 

radicals are present in the system under study and contribute to PNP 
degradation and mineralization. 

3.3. Optimization of PNP degradation using MSN as catalyst 

Optimization of the operational variables of PNP degradation with 
the MSN catalyst is important to determine the best conditions for this 
reaction. The following variables were considered: reaction tempera-
ture, MSN dosage, PMS and PNP concentrations, peroxide type, and 
initial pH. 

3.3.1. Effect of reaction temperature 
Temperature has a major influence on catalyst activity and is highly 

effective to activate PMS, according to Eq. (6) [34].  

HSO5
– + heat → SO4

.– + HO.                                                            (6) 

The catalytic activity of MSN in PNP degradation with PMS was 
studied between 25 and 55 ºC. The PNP degradation and PMS decom-
position kinetics are depicted in Figs. 3a and S6a, respectively. PNP 
degradation increases at higher temperatures, following a pseudo-first- 
order kinetics, and there is a four-fold increase in degradation rate 
constant, kd, between 25 and 55 ◦C (Fig. 3a). PMS activation is therefore 
easier at higher temperatures, promoting SO4

.– and HO. generation and 
confirming the key role of temperature in PMS activation [34,35]. Ac-
cording to Arrhenius Eq. (7), the activation energy for PNP degradation 
in the MSN/PMS system is 37.1 ± 3.1 kJ/mol (Fig. S7), a lower value 
than previously reported [14]; therefore, PNP degradation is easier in 
this system.  

ln kd = lnA – Ea/RT                                                                        (7) 

We calculated the synergistic factor (S) of temperature with MSN/ 
PMS system for PNP degradation according to Eq. (8): 

S =
kd(MSN/PMS)xºC

kd(PMS)xºC + kd(MSN/PMS)25ºC
(8) 

Fig. 2. Effect of radical scavengers on (a) PNP degradation kinetics, and (b) PNP degradation rate constant. Experimental conditions: catalyst = 0.5 g L− 1; [PNP]0 
= 0.1 mM; [PMS]0 = 4 mM; T = 40 ºC; pH0 = 5.8. 
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where x is 40 or 55 ◦C. S value greater than 1 indicated a synergistic 
effect in the combined process. The kd values obtained were 3.4 × 10− 3, 
8.6 × 10− 3 and 13.7 × 10− 3 min− 1 for MSN/PMS system at 25, 40 and 
55 ◦C, respectively. The corresponding kd values for the PMS system 
were 1 × 10− 4 and 5.4 × 10− 4 min− 1 at 40 and 55 ◦C, respectively. The 
contribution of PMS alone at 25 ◦C was found to be negligible over the 
reaction time. According to these values, the synergistic factors for PNP 

degradation with MSN/PMS system at 40 ◦C and 55 ◦C were 2.5 and 3.5, 
respectively, indicating significant synergistic effect between the tem-
perature and MSN catalyst in the activation of PMS. 

The amount of Mn and Fe ions leached (Fig. 4a) decreases at higher 
reaction temperatures because less time is needed to reach 100% 
degradation (from 24 to 4 h). PNP degradation by the leached ions 
(homogeneous reaction) ranges between 0% and 6%, suggesting that 
heterogeneous catalytic reactions are predominant in the MSN/PMS 

Fig. 3. Effect of operational variables on PNP degradation kinetics and degradation rate constant, kd: (a), temperature; (b), MSN dosage; (c), PMS concentration; (d), 
PNP concentration; (e), peroxide type; and (f), initial pH. 
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Fig. 4. Effect of operational variables on Mn and Fe ions leached and N removed at 100% PNP degradation: (a), temperature; (b), MSN dosage; (c), PMS con-
centration; (d), PNP concentration; (e), peroxide type; and (f), initial pH. 
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system. 
The only degradation products found in solution after complete PNP 

degradation are maleic and fumaric acids, and the only nitrogen species 
are NO3

– and, to a much lesser extent, NO2
–. The amount of N removed, 

calculated from these values (Eq. 9), increases at temperatures above 
40 ◦C, as can be observed in Fig. 4a. Similar degradation products were 
detected when studying the effect of the other operational variables. 

Nremoved(%) =
([PNP] −

[
NO−

×

])

[PNP]
× 100 (9)  

where 
[
NO−

x
]
=

[
NO−

3
]
+ [NO−

2 ]. 
The working temperature of 40 ◦C was selected to examine the ef-

fects of other operational variables on PNP degradation kinetics in order 
to avoid the elevated energy input and peroxide consumption required 
at higher temperatures. 

3.3.2. Effect of MSN dosage 
Figs. 3b and S6b depict the PNP degradation and PMS consumption 

kinetics, respectively, at catalyst doses of 0, 0.25, 0.5, and 1 g L− 1. At 
18 h, only 14.3% of PNP is degraded in the absence of the catalyst, 
whereas 100% of PNP is degraded with 0.25 g of catalyst. 100% PNP 
degradation is achieved at 7 h with a dose of 0.5 g L− 1 and at 5 h with 
1.0 g L− 1. The number of catalytic active sites for PMS activation in-
creases at higher MSN doses, generating more active radicals and 
increasing the degradation rate constant [10,35] from 3.9 × 10− 3 to 
13.1 × 10− 3 min− 1 (Fig. 3b). However, when MSN dosage increased 
from 0.5 to 1 g L− 1 the degradation efficiency of PNP did not increase 
significantly. Similar results were found before [1] for PNP degradation 
with the microwave-assisted MnFe2O4/PMS system. The leaching of Mn 
and Fe ions is higher and the removal of N is lower as MSN doses in-
creases (Fig. 4b). The dose of 0.5 g L− 1 was selected for subsequent 
experiments. 

3.3.3. Effect of PMS concentration 
Figs. 3c and S6c depict the effect of PMS concentration on PNP 

degradation and PMS consumption kinetics, respectively. The PNP 
degradation rate is increased at higher PMS concentrations due to the 
generation of more SO4

.– and HO. radicals. The time to total PNP 
degradation reduces from 24 to 7 h with a rise in PMS concentration 
from 2 to 4 mM, with an approximately three-fold increase in the kd 
value (Fig. 3c). However, a further increase of PMS concentration to 
8 mM produces only a slight improvement in the time to total PNP 
degradation from 7 to 4 h, with a 1.5-fold increase in the kd value. This is 
because of the limited number of available active sites on the catalyst 
surface, which become saturated at higher PMS concentrations [7,35]. 

There is an increase in leached Mn and Fe ions and a major decrease 
in N removal when the PMS concentration rises from 2 to 4 mM 
(Fig. 4c). However, despite the increased number of leached ions, the 
percentage of PNP that they homogeneously degrade decreases from 9% 
to 0%. According to these findings, catalytic PNP removal is more 
effective by heterogeneous versus homogeneous catalysis. A PMS con-
centration of 4 mM was selected for subsequent experiments. 

3.3.4. Effect of PNP concentration 
Fig. 3d and S6d show the effect of PNP concentration on PNP 

degradation and PMS consumption kinetics, respectively. An increase in 
PNP concentration from 0.05 to 0.2 mM lengthens the time needed to 
reach 100% PNP degradation and reduces the kd value (Fig. 3d), 
attributable to the increased number of PNP molecules competing for 
the same number of active radical species [26]. The amounts of Mn and 
Fe ions leached increase at higher PNP concentrations (Fig. 4d), espe-
cially when it rises from 0.1 to 0.2 mM. As noted above, a very low 
percentage of PNP (0–6%) is homogeneously versus heterogeneously 
degraded by the MSN catalyst. The amount of N removed is considerably 
reduced at higher PNP concentrations. A PNP concentration of 0.1 mM 

was selected for subsequent experiments. 

3.3.5. Effect of peroxide type 
The peroxides PMS, PDS, and H2O2 are frequently used in AOPs and 

were employed in the present study as oxidant agents for PNP degra-
dation and mineralization with the MSN catalyst under the same 
experimental conditions. Fig. 3e depicts the PNP degradation kinetics, 
showing that less than 6% of PNP is degraded by each peroxide in the 
absence of MSN and that the kd value decreases in the following order: 
PMS > H2O2* >> PDS > H2O2. The solution is buffered at pH 3 for H2O2 
(H2O2*) and unbuffered for the other two peroxides and for H2O2 (so-
lution pH 5.8). The kd value is almost two-fold higher in the PMS/MSN 
versus H2O2*/MSN system, although a comparable amount of PNP is 
degraded at 7 h of reaction, being 100% in the former and 93% in the 
latter. In addition, the percentage decomposition of PMS (33%) is 
around half that of H2O2* (70%), indicating that PMS is more efficient to 
degrade PNP in comparison to H2O2*. Another advantage of PMS over 
H2O2* is that much lower amounts of Mn and Fe ions are leached, 
especially Mn ions (Fig. 4e). This is attributable to the acidic pH 3 used 
with H2O2. The PDS/MSN and H2O2/MSN systems show fairly similar kd 
and PNP degradation values at 7 h of reaction. A higher amount of Mn 
ions and a lower amount of Fe ions are leached in the H2O2/MSN system 
than in the PMS/MSN system. Finally, the highest amount of N removed 
is with H2O2* and the lowest with PDS as peroxides. 

The percentage of PNP homogeneously degraded by the leached ions 
at 7 h of reaction ranges between 2% (H2O2) and 6% (PDS). Despite the 
larger amounts of Mn and Fe leached with the H2O2*/MSN system, only 
5% of PNP is homogeneously degraded. 

PMS shows high activity with the majority of transition metal ions at 
a wide range of pH values [36], indicating higher activation potential 
with PMS than with PDS and H2O2, likely due to its unsymmetrical 
structure. In addition, PMS can be activated by Fe and Mn ions to 
generate SO4

.– and SO5
.– radicals, whereas PDS only generates SO4

.– radi-
cals under the same conditions [7,34]. The low degradation efficiency 
obtained with H2O2 at pH 7 is attributed, on one hand to that its acti-
vation occurs at acidic pH and to the other to the redox potential, lower 
in HO. than in SO4

.–. From this study, it can be concluded that PMS owing 
to its unsymmetrical structure is easier to be activated than PDS or H2O2 
on MSN catalyst, which is similar to the results reported in the literature 
[1]. 

3.3.6. Effect of initial pH 
Fig. 3f and S6e depict PNP degradation and PMS consumption ki-

netics, respectively. PNP is completely degraded at 7 h of reaction time 
when the initial pH is 5.8, i.e., the pH of the PNP solution. However, the 
time to 100% PNP degradation lengthens when the initial pH is reduced 
to pH 2 or increased to pH 9. These variations are reflected in the kd 
value (Fig. 3f), which is highest at pH 5.8 and shows a major reduction at 
pH 9 and a gradual decrease at pH < 5.8. In all cases, the final pH is 
around 2.6 due to the formation of maleic and fumaric acids during PNP 
degradation, as indicated above. 

Results obtained for kd as a function of pH reveal the major impor-
tance of this operational variable in PMS activation, through its influ-
ence on the catalyst surface charge and on the dissociation of PMS and 
PNP. Given that the pHPZC of MSN is 8.0, its surface is positively charged 
at pH values below 8 and negatively charged at higher values. PMS has a 
pKa2 value of 9.4 [9] and is mainly present as HSO5

– at acid and neutral 
pH values, whereas 55.7% of PMS is also present as SO5

2– at pH 9 [7,9, 
37]. Hence, electrostatic attractive interactions between PMS and MSN 
at initial pH values between 2 and 5.8 would facilitate contact between 
HSO5

– and the MSN surface, promoting the formation of SO4
.– and HO. 

radicals in accordance with Eqs. (1)–(4). However, an excessive pres-
ence of H+ would scavenge SO4

.– and HO. radicals according to Eqs. (10) 
and (11) [7,38], explaining the gradual rise in kd value with the increase 
from pH 2 to pH 5.8. 
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SO4
.– + H+ + e– → HSO4

–                                                               (10)  

HO. + H+ + e– → H2O                                                                  (11) 

At pH 9, the MSN surface is negatively charged, generating electro-
static repulsive interactions with HSO5

– and SO5
2– species, thereby 

diminishing the PNP degradation rate constant. Furthermore, an in-
crease in pH reduces the activity of HO. radicals and has a lesser impact 
on the activity of SO4

.– radicals [9]. Finally, PNP has a pKa of 7.2 and is 
negatively charged at pH 9; therefore, it is also electrostatically repelled 
by the MSN surface and by the SO4

.– and HO. radicals. These observations 
further explain the low kd value obtained at pH 9. 

In the case of the microwave-assisted MnFe2O4/PMS system [1] 
there was not any appreciable change between pH 5 and 9 in the 
removal efficiency of PNP. 

The lowest amounts of Mn and Fe ions are leached at pH 4 and 5.8, 
respectively, and the highest percentage N removal is at pH 4 (Fig. 4f). 
Homogeneous PNP degradation by the leached ions is around 50% at 
pHs 2 and 9, 0% at pH 4, and 5.8% at pH 5.8. These data indicate the 
major role of the solution pH in homogeneously catalyzed PNP 

degradation. 

3.3.7. Reusability of the MSN catalyst 
The reusability of the MSN catalyst was studied after its use in PNP 

degradation under the following experimental conditions: 0.5 g L− 1 

MSN, 0.1 mM [PNP]0, 4 mM [PMS]0, 40 ◦C, and pH0 5.8. After the re-
action, the used MSN in suspension was collected by vacuum filtration, 
washed several times with distilled water, dried overnight in an oven at 
383 K and then reutilized as catalyst. This process was repeated five 
times under the same experimental conditions. 

Fig. 5a depicts the PNP degradation kinetics as a function of catalytic 
run number, showing practically no change in the kd value for PNP 
degradation (Fig. 5b) or in the percentage PMS decomposition (Fig. 5c) 
over the five runs. Around 70% of TOC is removed in each run, and the 
only organic products detected are maleic and fumaric acids (see also 
Subsection 3.3.1). Hence, the pathway of PNP oxidation by SO4

.– and HO. 

radicals would involve the formation of hydroquinone and para-ben-
zoquinone, which would produce maleic and fumaric acids by ring 
opening and, finally, CO2 and H2O [2]. The nitrate and nitrite ions 
would derive from the nitro group. This possible degradation pathway of 

Fig. 5. (a) PNP degradation kinetics as a function of the catalytic run number; (b) degradation rate constant during each catalytic run; (c) PMS decomposed during 
each catalytic run; and (d) Mn and Fe ions leached from the catalyst during each catalytic run. Experimental conditions: catalyst = 0.5 g L− 1; [PNP]0 = 0.1 mM; 
[PMS]0 = 4 mM: T = 40 ◦C; pH0 = 5.8. 
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PNP in MSN/PMS system can be described as shown in Fig. 6. 
The amount of Mn ion leached from the catalyst gradually decreases 

with each catalytic run, whereas the amount of leached Fe is much 
higher, showing a major decrease between the first to the second run and 
then remaining practically unchanged in subsequent runs (Fig. 5d). 
After the five consecutive runs, 152 μg L− 1 of Mn and 954 μg L− 1 of Fe 
are leached, representing a loss of only 0.12% of the Mn and 0.37% of 
the Fe leached from the fresh catalyst. The Secondary Maximum 
Contaminant Level (SMCL) standards in drinking water are 0.3 mg L− 1 

and 0.05 mg L− 1 for iron and manganese, respectively [39]. According 
to our results, the amounts of Fe and Mn leached are less than these 
standards. 

After five runs, the SBET value of the used catalyst is not changed 
(138 m2/g). Fig. S1 depicts Fe and Mn core-level XPS spectra of the fresh 
and used catalysts, and the results are compiled in Table 1. The fresh and 
used catalysts show peaks at similar BEs. A slight increase in Fe (III) at B 
sites and in the percentage Mn(III) is observed in the used versus fresh 
catalyst. The Mn/Fe atomic ratio is higher in the used catalyst, attrib-
utable to the greater leaching of Fe than of Mn during the catalytic re-
action. The same XRD pattern of jacobsite is observed in both used and 
fresh catalysts (Fig. S4). After five runs, MS, MR, and HC values (from 
Fig. S3) of the used MSN catalyst are 51.6 emu g− 1, 2.8 emu g− 1, and 
0.04 KOe, respectively. In comparison to the fresh MSN catalyst, the MS 
value is around 5% lower in the used catalyst and the MR value is around 
16% higher. 

Taken together, these findings indicate that the MSN surface is not 
poisoned by any reaction or degradation products and confirm the good 
reusability and stability of the MSN catalyst when PMS is used as 
oxidant. 

4. Conclusions 

Manganese ferrite solid nanospheres were obtained by a sol-
vothermal method, and their physico-chemical surface characteristics 
were determined. They were used as catalyst for the degradation and 
mineralization of PNP. PMS served as oxidant and was activated by the 
catalyst to generate SO4

.– and HO. radicals, whose formation was enabled 
by redox cycles between oxidation states (II) and (III) of Fe and Mn. The 
effects of reaction temperature, MSN dosage, PMS and PNP concentra-
tions, peroxide type, and initial pH on the activity of the catalyst, PMS 
consumed, metal ions leaching and N removed were analyzed. SO4

.– and 

HO. radicals are inhibited at high acidic pHs. A very low percentage of 
PNP is homogeneously degraded by Mn and Fe leached from MSN in 
comparison to the percentage that is heterogeneously degraded, except 
at initial pHs of 2 or 9, when it reaches 60%. Under standard reaction 
conditions of 0.5 g L− 1 of MSN, 0.1 mM [PNP]0, 4 mM [PMS]0, 40 ◦C, 
and pH0 5.8, the catalyst can be used in at least five catalytic runs with 
no significant loss of catalytic performance, achieving 70% TOC removal 
in each run. The sole degradation products detected after complete PNP 
degradation are maleic and fumaric acids, deriving from the oxidation of 
PNP to p-benzoquinone and its ring opening, as well as nitrate ions and, 
to a much lesser extent, nitrite ions. 
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acquisition. Miguel Á. Álvarez: Investigation. Carlos Moreno-Castilla: 
Conceptualization, Methodology, Supervision, Visualization, Writing - 
original draft, Writing - review & editing, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

LM thanks the Asociación Universitaria Iberoamericana de Post-
grado (AUIP) and University of Jaén for supporting her PhD studies. 
Authors from University of Jaén (MVLR and MAA) and CMC acknowl-
edge financial support from the Junta de Andalucía, Spain, RNM-366 
and RNM-172 research groups, respectively. CMC acknowledges finan-
cial support from the Spanish Project ref. RTI2018-099224-B-I00 from 
ERDF/Ministry of Science, Innovation and Universities-State Research 
Agency. 

MnFe 2O 4

M(II)           M(III)

M(III)            M(II)

HSO 5
-

HSO 5
-

HO •

SO 5
•-

SO 4
•-

SO 4
•-

p-nitrophenol Hydroquinone p-benzoquinone

Ring 
opening

Maleic acid Fumaric acid

CO 2 + H 2O

+ NO 2
- + NO 3

-

OH -

+

+
H+

+

Fig. 6. Proposed degradation pathway of PNP in MSN/PMS system.  

L. Mateus et al.                                                                                                                                                                                                                                  



Journal of Environmental Chemical Engineering 9 (2021) 105192

10

Appendix A. Supplementary data 

N2 adsorption-desorption isotherms at − 196 ◦C on MSN sample. 
Variation of surface charge of MSN catalyst as a function of solution pH 
at 25 ◦C. XPS profiles of fresh and used MSN catalyst. XRD patterns of 
fresh and used MSN catalyst. Magnetization versus applied magnetic 
field of fresh and used MSN catalyst. Effect of operational variables on 
PMS decomposition during PNP degradation. Arrhenius plot of PNP 
degradation between 25 and 55 ◦C on MSN catalyst. 

Appendix B. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jece.2021.105192. 
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