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H I G H L I G H T S

• A novel α-MnO2 with featured mor-
phology was synthesized by phase
transitions from δ-MnO2.

• The two kinds of MnO2 show different
catalytic activity for the 4-NP de-
gradation in the presence of PMS.

• Mechanisms were proposed to explain
the different catalytic performance of
the two types of MnO2.
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A B S T R A C T

In this study, a novel α-MnO2 (OMS-2) material with long and uniform nanofibers was synthesized by mor-
phological and phase transitions from δ-MnO2 (OL-1) under a hydrothermal reaction. We systematically in-
vestigated the catalytic performances of OMS-2 and OL-1 for the activation of PMS (peroxymonosulfate) to
degrade 4-nitrophenol (4-NP) in water. According to the results from Brunauer Emmett Teller (BET), thermo
gravimetric analyzer (TGA), H2-temperature programmed reduction (H2-TPR), cyclic voltammetry, X-ray pho-
toelectron spectroscopy (XPS), and density-functional theory (DFT) calculation, OMS-2 has a larger BET area,
more active sites, better adsorption ability, a faster electron transfer rate, and more multiple valence states of Mn
than OL-1. These results also well illustrate OMS-2 has much better catalytic performance than OL-1. The results
of the electron paramagnetic resonance (EPR) and the radical quantification experiments confirmed that sulfate
radicals (SO4

%−) and hydroxyl radicals (%OH) were the main oxidants and OMS-2 has better radical generation
capability than OL-1. The LC-MS results indicated that there were two routes for the degradation of 4-NP and the
degradation mechanism of 4-NP in the OMS-2/PMS system was similar to that in the OL-1/PMS system. Finally,
we proposed the PMS activation mechanism, the formation mechanism of radicals, and the degradation me-
chanism of 4-NP based on the two different kinds of MnO2 with different morphologies.
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1. Introduction

With the rapid development of urbanization and industrialization,
organic contaminants, discharged from industrial refineries have be-
come an urgent environmental issue. For example, 4-nitrophenol (4-
NP) is toxic, non-biodegradable and highly persistent in the environ-
ment, so it has been considered to be priority toxic pollutant by U.S.
Environmental Protection Agency (EPA) [1,2]. Advanced oxidation
processes (AOPs) have been considered as effective technologies to
degrade organic compounds in aqueous media because they can gen-
erate highly reactive species, such as %OH and SO4

%− radicals, that
quickly oxidize a broad range of organic pollutants [3,4,5] Recently,
sulfate radicals have received increasing interest in both research and
applications for the remediation of organic pollutants in groundwater
and wastewater, because SO4

%− is more powerful, selective and ef-
fective for the degradation of persistent organic pollutants than %OH
[6,7], Furthermore, peroxymonosulfate (PMS) and peroxydisulfate
(PDS), as the origin of SO4

%−, are relatively stable, easily stored and
transported, environmental friendly, and cost effective [8,9]. In gen-
eral, SO4

%− can be produced from PMS or PDS activated by alkaline
[10,11], nanocarbons [12], UV [13], heat [14], microwave [15], elec-
trosorption [16], and transition metal ions or oxides [17,18]. Many
studies have demonstrated that metal oxides or supported metal oxides
are good and effective heterogeneous catalysts for activating PMS or
PDS to generate sulfate radicals due to easily recycle these catalysts
[19,20,21]. Many researchers reported that Co-based materials are ef-
fective as PMS activators but that they have the drawback of dissolution
of highly toxic cobalt ions during the degradation of organic pollutants
[22,23,24,25]. One appealing alternative transition metal is Mn be-
cause Mn is eco-friendly and abundant in soils, and it has various forms
with a various oxidation states, such as MnO2, Mn2O3 and Mn3O4.

To date, Mn-based catalysts for the activation of PMS, especially
manganese oxides, have been extensively reported, including α-, β- and
γ-MnO2 [26], Mn2O3 [27], and MnFe2O4 [6]. For example, Wang et al.
reported that α-, β-, and γ-MnO2 show different catalytic abilities for
phenol degradation in the activation of PMS because the three kinds of
MnO2 could have different oxygen liabilities and MnO6 edges, which
are important in the activation of oxone for sulfate radical production
[26]. Wang et al. investigated the effect of the different morphologies of
Mn2O3 (cubic, octahedral and truncated octahedral-Mn2O3) and one-
dimensional α-MnO2 (nanorods, nanotubes and nanowires) on PMS
activation during the degradation of organic pollutants [27,28]. The
results showed that an active surface facet or metal stable facet is
crucial to the generation of SO4

%− radicals for Mn2O3 and one-di-
mensional α-MnO2 with different morphologies. Ren et al. found that
the different catalytic performances of MFe2O4 (M = Co, Cu, Mn, and
Zn) for PMS activation are mainly attributed to the different re-
ducibility of MFe2O4 [6].

Based on the previous reports, we found that different researchers
have different explanations for the mechanism of PMS activation by
manganese oxides, especially MnO2 with different crystalline forms.
Thus, further investigation is needed to determine: (i) why different
crystalline phases of MnO2 show different catalytic performance for
PMS activation; (ii) how to activate PMS to produce SO4

%− or %OH
radicals by MnO2 with different crystalline phases; and (iii) how SO4

%−

or %OH radicals degrade organic pollutants.
In the present work, we synthesized a novel α-MnO2 material

(hereafter named as OMS-2) with long and uniform nanofibers via
morphological and phase transitions from δ-MnO2 (hereafter named as
OL-1) nanoparticles using a hydrothermal method in the presence of
graphene oxide (GO). In addition, we systematically investigated the
PMS activation mechanism by the as-prepared OMS-2 and OL-1 to ex-
plain the fundamental reasons for the different catalytic properties of
the two different MnO2 phases for the activation of PMS and to de-
termine the formation mechanism of different radicals from PMS acti-
vation and p-nitrophenol degradation pathways using more advanced

measurements, such as EPR, XPS, LC-MS, Raman, H2-TPR, and cyclic
voltammetry.

2. Experimental section

2.1. Syntheses

The chemicals used for the preparation were all analytical grade
reagents and were used without further purification. The detailed in-
formation of the chemicals is shown in the Supporting Information
(Text S1).

2.1.1. Synthesis of OL-1 nanoparticles
OL-1 nanoparticles were prepared by the reported method in the

literature [29,30,31]. Typically, the mixed solution of ethanol (20 mL),
water (20 mL) and KOH (16.8 g) was added into a beaker. After stirring
for 5 min, solution A was obtained. Then, 4.74 g KMnO4 was dissolved
into 250 mL beaker with 50 mL deionized water, stirred adequately to get
solution B. Next, solution A was slowly added into the solution B to turn
into uniform mixture and then gray precipitation was formed after 2 h.
Finally, the obtained precipitation was washed several times with pur-
ified water, and dried in a vacuum-drying oven at 80 °C to obtain OL-1.

2.1.2. Synthesis of OMS-2 nanofibers
OMS-2 nanofibers were synthesized through hydrothermal reaction.

Firstly, 0.25 g OL-1 and 88 mL deionized water were mixed together by
stirring for 5 min. Then, 10 mL graphene oxide was added into the
above solution and stirred for 5 min. The obtained solution was trans-
ferred into 120 mL Teflon reactor, and kept for 24 h at 200 °C. The
obtained solid was filtered by vacuum filtration and washed for several
times. Finally, the product of OMS-2 was dried at 60 °C overnight.

2.2. Characterizations

The crystalline phases of the samples were investigated by X-ray
diffraction (Bruker D8 ADVANCE) using graphite monochromatized Cu-
Ka (λ= 1.5406 Å) radiation. The XRD data for indexing and the cell-
parameter calculations were collected in a scanning mode with a
scanning speed of 2°/min in the 2θ range of 10 to 70°.
Ultraviolet–visible (UV–vis) diffuse reflection spectra were measured
using a UV–vis U-3900H spectrophotometer. The morphologies of the
samples were investigated by scanning electron microscopy (SEM, FEI,
Holland), transmission electron microscopy (JEM-2010HR) and high-
resolution TEM (HRTEM) images. Brunauer-Emmett-Teller (BET)
measurements were performed on an ASAP 2020 (accelerated surface
area and porosimetry system 2020) at 77 K using dinitrogen. Zeta-po-
tential analysis was conducted on a Malvern Zetasizer NanoZS 90 in-
strument. A ContrAA 700 (AAS, Analytik Jena, Germany) high-resolu-
tion continuum source atomic absorption spectrometer was used for the
identification of the Mn ions released in the solution after catalytic
reaction, and the wavelength was set at 279.48 nm. X-ray photoelectron
spectroscopy (XPS) was obtained using a VG 250 Escalab spectrometer
equipped with an Al anode (Al-Kα = 1486.7 eV) as an X-ray source.
Raman spectra were investigated by InVia-Reflex (Renishaw, England).
Electron paramagnetic resonance (EPR) spectroscopy graphs were ob-
tained from a Bruker X-band A200 (Bruker, Germany). Hydrogen
temperature-programmed reduction (H2-TPR) experiments were per-
formed on a Micromeritics Autochem II 2920. Cyclic voltammetry was
performed using a Chenhua CHI630D (China) with a standard three
electrode system. The detailed descriptions of the H2-TPR, EPR, and CV
experiments are available in the Supporting Information (Text S2).

2.3. DFT theoretical calculation

Density functional theory (DFT) calculation was employed to si-
mulate the activation of PMS on MnO2 surfaces. All the DFT
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calculations are carried out by using CASTEP module in Material Studio
software package [32]. The electronic structure was calculated using
the Generalized Gradient Approximation (GGA) of Perdew, Burke and
Ernzerhof with Hubbard U corrections (PBE + U) with U value of 0
[33]. The PBE + U exchange–correlation functional has been demon-
strated to give a good description of defect properties in other oxides
including CeO2 and TiO2. 2 × 3 α-MnO2 (2 1 1) and 2 × 2 δ-MnO2
(0 0 6) surface super cells with a vacuum width of 24 Å are chosen in
the simulation based on experimental lattice parameters [34,35]. α-
MnO2 (2 1 1) surface is terminated by 4 and 5 coordinated Mn atoms,
while δ-MnO2 (0 0 6) surface is terminated by fully coordinated O
atoms [36]. The k-point is set to 4 × 4 × 4 when optimizing structures
and top two layers of atoms are allowed to relax. An energy cut off of
570 eV is used. For PMS absorption on MnO2 surfaces, adsorption en-
ergy is determined via the following equation: Ead = EPMS/

MnO2 − (EPMS + EMnO2). The EPMS/MnO2, EPMS, and EMnO2 are total en-
ergies of the PMS/MnO2 system, the isolate PMS molecule and MnO2

surface in the same slab, respectively. To investigate the minimum
energy pathway for PMS molecule activation on MnO2 surfaces, linear
synchronous transit/quadratic synchronous transit (LST/QST) tools in
CASTEP module are used, which have been well validated to determine
the structure of the transition state and the minimum energy reaction
pathway [37].

2.4. Experimental procedures of 4-NP degradation

All experiments were carried out in 500 mL glass beaker at room
temperature (25 ± 1 °C). Firstly, 0.0250 g solid 4-NP was dissolved
into a 1 L volumetric flask. Then, 0.4 g/L catalyst was dispersed into
25 ppm 4-NP in the 500 mL glass beakers with constant magnetic stir-
ring for 10 min. 3 mL solution was withdrawn as the initial solution.
Finally, 4 g/L PMS (KHSO5·0.5KHSO4·0.5K2SO4, 47% KHSO5 basis) was
added into the glass beakers to begin reaction. Magnetic stirring was
applied during the reaction at a rotary speed of 550 rpm at room
temperature (25 ± 1 °C). The solution was sampled after pre-de-
termined time intervals by plastic syringe, and then it was filtrated by a
cellulose acetate membrane of 0.45 μm pore size for analysis using
UV–Vis spectroscopy (3900H, HITACHI, Japan) at λ= 317 nm. For
recycle tests of catalysts, the used solid material was obtained by va-
cuum filtration and washed with ultrapure water for several times after
each run. And then the washed catalyst was dried in an oven at 80 °C for
12 h. The total organic carbon (TOC) was measured by a Shimadzu TOC
(TOC-L CSH CN200). The intermediates were detected by LC-MS
(Thermo, Finnigan, LCQ-Deca xp) equipped with an electrospray ioni-
zation (ESI) source and high performance liquid chromatography
(HPLC, SHIMADZU, Japan) with a UV detector at λ of 254 nm. The
column of HPLC was an XB-C18 with a mobile phase of 0.3% CH3COOH
and 100% acetonitrile with flow rate of 0.5:0.5 mL/min. To evaluate
the contribution of these radicals to the degradation, four sets of
quenching experiments were performed by adding into a certain
amount of ethanol, tert-butanol, sodium azide, and benzoquinone (BQ)
as radical quenching reagents, respectively. To ensure the reliability of
the experimental results, the catalytic experiments are repeated three
times, and the final concentration of 4-NP shown in the figures is the
mean value of triplicate results.

2.5. Quantification of sulfate radicals and hydroxyl radicals

In the OMS-2/PMS and OL-1/PMS systems, nitrobenzene (NB) and
benzoic acid (BA) were used simultaneously as probe compounds to
indicate the variations in the formation rates of %OH and SO4

%− with
different reaction times, respectively. All the experiments were carried
out in a 1 L glass beaker with constant magnetic stirring in a 25 ± 1 °C
water bath kettle. The concentration of NB was analyzed using a SHI-
MADZU (Japan) HPLC with a UV detector at λ of 263 nm and 227 nm.
The column was an XB-C18 with a mobile phase of 60% CH3OH and

40% ultrapure water, and the pH was changed to 3.0 by phosphoric
acid.

3. Results and discussion

3.1. Materials characterizations

α-MnO2 is normally prepared via a hydrothermal, reflux or other
chemical method, using permanganates as reactants. For the first time,
we synthesized the novel α-MnO2 nanofibers (OMS-2) via phase tran-
sition from δ-MnO2 nanoparticles using a hydrothermal reaction with
the addition of GO. GO could be oxidized to carbon dioxide during the
reaction process, which provides a certain pressure and pH required for
the phase transition reaction. pH value of the solution is about 9.83
before reaction, whereas the pH value is about 8.09 after reaction. The
result confirm the role of GO in the reaction process. The XRD patterns
of the as-prepared OMS-2 and OL-1 are shown in Fig. 1. OMS-2 shows
broad peaks at 2θ of 12.7°, 18.0°, 25.6°, 28.7°, 37.5°, 42.1°, 49.8°, 56.1°
and 60.1°, which can be well indexed to (1 1 0), (2 0 0), (2 2 0), (3 1 0),
(2 1 1), (3 0 1), (4 1 1), (6 0 0) and (5 2 1) planes of α-MnO2, respec-
tively (JCPDS No. 29-1020) [7]. The diffraction peaks of OMS-2 are
sharp and intense, indicating their good crystalline nature [38]. For OL-
1, peaks at 12.2°, 24.6°, 36.8°, and 66.3° are also observed, corre-
sponding to the crystal planes of the layered birnessite-type MnO2 (δ-
MnO2) of (0 0 3), (0 0 6), (1 0 1) and (1 1 3), respectively (JCPDS No.
52-0556) [39]. Different from the good crystalline of OMS-2, the OL-1
shows amorphous feature [40]. And there are no any impurities peaks
observed in OMS-2, which confirms the high purity of the product. For
OL-1, the signal-to-noise ratio is low due to its amorphous feature. What
is more, there is nearly no change for the OMS-2 after catalytic reaction,
which indicates the good stability of OMS-2. By contrast, there is a little
change in OL-1 after catalytic reaction because of its slightly structural
instability. Noteworthily, the peaks of GO or reduced graphene oxides
(rGO) were not found in the XRD patterns of OMS-2. As a comparison,
when GO was not added in the reaction, OMS-2 cannot be prepared but
only mixed compounds of α-MnO2 nanoparticles and little amount of δ-
MnO2 nanoparticles are obtained (Fig. S1 in SI). GO could act as a
structure-directing agent during the synthesis of OMS-2 as described in
the literature [41].

Fig. 1. XRD patterns of the OMS-2 and OL-1 before and after 80 min catalytic
reaction.
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The morphology of the as-prepared OMS-2 and OL-1 are shown in
Fig. 2. As shown in Fig. S2a and 2b, the OMS-2 shows very long (about
5 μm), uniform and compact nanofiber morphology with the diameter
of ∼10 nm, while the OL-1 shows nanoparticles with diameters of
100–350 nm (Fig. S2c and S2d in SI). Fig. 2c clearly shows the lattice
fringe with a lattice spacing of 0.298 nm between adjacent planes,
which corresponds to the distance between the (3 1 0) planes of OMS-2,
demonstrating that OMS-2 exhibits high-quality single-crystalline fea-
ture. And the OL-1 sample shows no ordered lattice planes, which
confirms its nearly amorphous structure (Fig. 2f). After 80 min catalytic
reaction, the morphology of the OL-1 became a little smaller than that
before reaction, which could be due to the drastically catalytic reaction,
whereas the OMS-2 nearly became unchanged (Fig. S2 in SI). And there
is no GO or rGO found in the TEM or HRTEM of OMS-2. In addition, the
BET specific surface area of OL-1 (35.1 m2/g) was smaller than that of
OMS-2 (43.4 m2/g) (Table S1 in SI). The larger BET value of OMS-2
than OL-1 can be explained that OMS-2 shows tunnel structure with
many pores but OL-1 shows layered structure. And the larger BET value
of OMS-2 than OL-1 could make a contribution to the better activity of
OMS-2 for PMS activation than that of OL-1.

To verify the absence of GO or rGO in the as-synthesized OMS-2, we
analyzed Raman spectra of OMS-2 and OL-1. The Raman spectra of
OMS-2 and OL-1 confirm the presence of α-MnO2 and δ-MnO2 bands
and the absence of GO and rGO in OMS-2 (Fig. S3 in SI). Combined with
the above XRD and TEM results, we can conclude that the as-synthe-
sized OMS-2 consists of pure α-MnO2 nanofibers. Therefore, GO should
act as a structure-directing and morphology-controlling agent during
the synthesis of OMS-2, similar to that reported in the literature [42].

3.2. Activities of the catalysts.

Fig. 3a describes the degradation of 4-NP in the PMS solution alone
and in the PMS solution coupled with the as-prepared OMS-2 and OL-1.
4-NP directly oxidized by OMS-2 and OL-1 is approximately 10.95%
and 8.82% after 80 min without addition of PMS, respectively, which is
similar to the reports in the literatures [43,44,45]. As shown in Fig. S4
in SI, the point of zero charge (pHpzc) of OL-1 and OMS-2 is 2.69 and
5.38, respectively, while the pHpzc of 4-NP is 2.83. And the pH of 4-NP
solution is 2.23 during the catalytic reaction, indicating that there are

no electrostatic interactions between 4-NP and the catalysts (OMS-2
and OL-1). Meanwhile, results of high performance liquid chromato-
graphy (HPLC) shown in Fig. S5 show that new small peak appeared in
both OMS-2 system OL-1 system without addition of PMS, indicating
that the direct oxidation of 4-NP by OMS-2 and OL-1 are involved in the
process of 4-NP degradation. The HPLC results also confirm the de-
gradation of 4-NP is mainly attributed to the direct oxidation by OMS-2
and OL-1 but no the adsorption of 4-NP on catalysts when PMS was not
added. And 4-NP cannot be decomposed in PMS solution alone. As a
comparison, more than 97% 4-NP was degraded within 40 min in OMS-
2/PMS system, while only 31.11% 4-NP was removed within 80 min in
OL-1/PMS system (Figs. 3a and S6 in SI). The total organic carbon
(TOC) result (Fig. S7 in SI) also show that 4-NP can be nearly com-
pletely degraded to CO2 and water in the OMS-2/PMS system after 80-
min reaction. The above results suggest that the manganese catalysts
were essential for activating PMS and OMS-2 shows much higher cat-
alytic performance than OL-1. The stability of OMS-2 during catalytic
reactions for 4-NP degradation was further examined by recycling ex-
periments (Fig. S8 in SI). No significant change in the catalytic activity
was observed after four cycles, indicating that the OMS-2 was very
stable during catalysis reaction.

On the basis of the 4-NP degradation rate in the OMS-2/system and
OL-1/system, a general pseudo first order kinetics for 4-NP degradation
was applied by the below equation:

= k tln C
C obs

0

where C is 4-NP concentration at time (t) and C0 is the 4-NP con-
centration at initial time (t0). kobs is the first order reaction rate con-
stant of 4-NP removal.

As shown in Fig. S9, the degradation process was well-fitted by first-
order kinetic model with a regression coefficient of 0.998 and 0.988 for
OMS-2 and OL-1, respectively. The apparent rate constant of 4-NP de-
gradation obtained by OMS-2/PMS and OL-1/PMS was evaluated to be
0.086 and 0.004 min−1, respectively. The K (0.086 min−1) of the OMS-
2 shows 21.5 times as that of OL-1 (0.004 min−1). The pseudo constants
obtained were normalized by specific surface area per volume under
catalyst loading of 0.4 g·L−1. After normalization, the constant of the
OMS-2 (0.0050 L·m−2·min−1) is 17.39 times as that of OL-1

Fig. 2. SEM images of the as-prepared OMS-2 (a) and OL-1 (d), respectively. TEM images of OMS-2 (b) and OL-1 (e), respectively. HRTEM images of OMS-2 (c) and
OL-1 (f), respectively.

Z.-G. Zhou, et al. Chemical Engineering Journal 374 (2019) 170–180

173



(0.0003 L·m−2·min−1), indicating the active sites on the OMS-2 surface
are more reactive than that on the OL-1 [42].

3.3. Effects of the catalyst loading, PMS loading, reaction temperature.

To investigate the effect of the OMS-2 dosage and PMS concentra-
tion on the degradation of 4-NP, different catalyst dosages and PMS
concentrations were used. As shown in Fig. 3b, with the increase of
OMS-2 dosage, 4-NP degradation was greatly enhanced, suggesting that
the increase in the catalyst dosage provides more catalytic sites for PMS
activation. The reaction data could be fitted by a first-order kinetic
model. The rate constants increased from 0.022 min−1 to 0.140 min−1

with an increasing catalyst dose. Considering the cost, the optimal
OMS-2 dosage is 0.4 g/L. For the PMS concentration, 4-NP degradation
increases with an increase in the concentration of PMS but it becomes
worse when the concentration is larger than 6 g/L (Fig. 3c). The PMS
concentration is known to be directly related to the number of radicals
generated (i.e., SO4

%− and %OH), leading to 4-NP degradation. Thus,
when the PMS concentration is above 6 g/L, scavenging of SO4

%− ra-
dicals would occur as expressed by the following Eqs. (1)–(3) [23,24]:

HSO5
− + SO4

%− → SO5
%− + H+ + SO4

2− (1)
%OH + SO4

%− → HSO5
− (2)

SO4
%− + SO4

%− → S2O8
2− (3)

According to some research reports, SO5
%− is less reactive than

SO4
%− [46,47]. Hence an increased concentration of PMS would result

in a decrease of the degradation efficiency of 4-NP, indicating the ex-
istence of an optimum oxidant concentration in the oxidation process.
The optimal concentration of PMS is 4 g/L.

Fig. 3d shows that a general trend in the 4-NP degradation rate with
the OMS-2/PMS and OL-1/PMS systems increase with the increase of
temperature. The correlation between the rate constant and reaction
temperature was fitted well by the Arrhenius equation. Activation en-
ergy (Ea) and prefactor (A) could calculate from following equation:

=k A E
R T

ln( ) ln( ) 1a

where K is rate constant of a chemical reaction; T is the temperature in
kelvin; Ea is the activation energy; A is the prefactor; R is the universal
gas constant.

According to the above equation, the rate constant (K) of chemical
reaction in the OMS-2/PMS system are 0.094 min−1, 0.131 min−1,
0.195 min−1 at 25, 35, 45 °C, respectively, indicating the PMS activa-
tion by the OMS-2 is the endothermic process. In addition, one linear
line based on 1/T at varying ln(k) indicates high regression coefficients
of 0.989 and 0.999 for the OMS-2 and OL-1 systems, respectively. And
the K of chemical reaction in the OL-1/PMS system are 0.005 min−1,
0.013 min−1, 0.032 min−1 at 25, 35, 45 °C, respectively, showing the
PMS activation by OL-1 is the endothermic process as well.
Accordingly, the activation energy (Ea) of the OMS-2 was calculated to
be 28.53 kJ/mol, which is much smaller than the Ea (75.91 kJ/mol) of
OL-1 and that of the reported α-MnO2 (50.3 kJ/mol) in the literature
[20]. The results confirm that OMS-2 possesses much better catalytic
performance for PMS activation and then leads to much better de-
gradation efficiency of 4-NP than OL-1.

3.4. DFT calculations

To understand the mechanism of the crystalline structure-dependent
reactivity of MnO2 on PMS activation, we carefully investigated the
process of PMS adsorption over α-MnO2 nanofibers (OMS-2) and δ-
MnO2 (OL-1) by DFT calculation. As evidenced by XRD characteriza-
tion, (2 1 1) and (0 0 6) are the main facets for α-MnO2 (OMS-2) and δ-
MnO2 (OL-1), respectively. The α-MnO2 crystalline phase has the space-
group symmetry I4/m (87) with a body-centered tetragonal lattice,
[37,48], and the relaxed (2 1 1) facet shows long nanofiber mor-
phology. And δ-MnO2 crystal has the space-group symmetry P63/mmc
(1 9 4) with a hexagonal lattice and the relaxed (0 0 6) facet shows
layered morphology. For PMS adsorption, all possible adsorption sites
and orientation of PMS were considered. Fig. S10 shows the relaxed

Fig. 3. 4-NP degradation in the different
PMS oxidation systems (a); Effects of
OMS-2 dosage (b), PMS concentration
(c) on 4-NP degradation in the OMS-2/
PMS catalytic system; Linear line based
on 1/T at varying ln(k) (d). Reaction
conditions: [4-nitrophenol]0 = 25 mg/L,
catalyst loading = 0.4 g/L, PMS con-
centration = 4.0 g/L, temperature: 25 °C
(a); PMS concentration = 4 g/L,
T = 25 °C (b); catalyst loading = 0.4 g/
L, T = 25 °C (c); PMS concentra-
tion = 4 g/L, catalyst loading = 0.4 g/L
(d).
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atomic structures of a PMS molecule adsorption on α-MnO2 (2 1 1)
(panel a) and δ-MnO2 (0 0 6) surfaces (panel b), respectively. For ad-
sorption on the (2 1 1) of α-MnO2 surface, it shows that the PMS is lying
on the α-MnO2 (2 1 1) surface with the S, O atoms on the SO4 side
bonding with O and Mn atoms on the surface. The two bond lengths are
2.122 and 1.566 Å, respectively. For the adsorption of PMS on the δ-
MnO2 (0 0 6) surface, the PMS molecule lies down and no chemical
bond is observed. Table S2 provides the adsorption energy of PMS (Eads)
on the two different surfaces, charge transfer Q between PMS and
surface, and the bond length lO−O between the OH group and SO4

group. As shown in Table S2, the adsorption on α-MnO2 (2 1 1) surface
is strong with Ead being −2.95 eV, while the value of Ead is just
−1.34 eV for δ-MnO2 (0 0 6) surface. This is also consistent with the
formation of covalent bonds between PMS and α-MnO2 (2 1 1) surface
as shown in Fig. S10a. Comparing the two surfaces, the adsorption of
PMS on α-MnO2 (2 1 1) is stronger, and it has longer lO−O, resulting in
that PMS receives more electrons. Therefore, the PMS on the α-MnO2

(2 1 1) is more active and expected to be easier to generate SO4
%−

radicals. The energy profile for the PMS decomposition mechanism is

shown in Fig. S11. Normally, it is considered that reaction can spon-
taneously happen at room temperature when the reaction energy bar-
rier is lower than 0.9 eV [49]. The activation energy barrier (0.4 eV) of
PMS on α-MnO2 (2 1 1) surface is very low and PMS molecules are easy
to be activated at ambient conditions. As for δ-MnO2 (0 0 6), the ad-
sorption energy and lO−O show that PMS decomposition is not easy to
happen, so the activation route is not calculated here. Thus, it could be
concluded that the PMS molecules can be easily activated by OMS-2
(the (2 1 1) of α-MnO2) and generating %OH and SO4

%− radicals, while
it is comparatively difficult for the case of OL-1 (the (0 0 6) of δ-MnO2)
surface at ambient condition.

3.5. Identification of radicals

EPR spectra technology was then employed to investigate the ra-
dicals generated in OMS-2/PMS and OL-1/PMS systems, and DMPO was
used as the spin-trapping agent. As shown in Fig. 4a, the DMPO-SO4

%−

signal was observed in the OMS-2/PMS and OL-1/PMS systems. The
obvious DMPO-%OH signal was also detected as %OH can be generated

Fig. 4. (a) EPR spectra of various catalytic processes (reaction conditions: [catalyst] = 0.04 g/L, [PMS] = 4.0 g/L, [DMPO] = 35.16 mM, pH = 2.23, T = 25 °C).
Catalytic degradation of 4-NP in the OMS-2/PMS system (b) and in the OL-1/PMS system (c) with the addition of the scavenger MeOH or TBA (reaction conditions:
[4-NP] = 25 mg/L, [catalyst] = 0.40 g/L, [PMS] = 4.0 g/L, T = 25 °C). Catalytic degradation of 4-NP in the OMS-2/PMS system and in the OL-1/PMS system with
the addition of NaN3 (d) or BQ (e) (reaction conditions: [4-NP] = 25 mg/L, [catalyst] = 0.40 g/L, [PMS] = 4.0 g/L, T = 25 °C).
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by the reaction between Mn(II or III) and PMS or the reaction between
SO4

%− and H2O [50]. While, no DMPO-SO4
%− and DMPO-%OH signals

were observed in the PMS system alone. The results confirmed that %OH
and SO4

%− radicals are generated in the OMS-2/PMS and OL-1/PMS
systems. The intensities of the DMPO-%OH and DMPO-SO4

%− signals in
the OMS-2/PMS system are much higher than those in the OL-1/PMS
system, suggesting that the amount of active %OH and SO4

%− radicals
are much larger in the OMS-2/PMS system than in the OL-1/PMS
system, resulting in more efficient degradation of 4-NP in the OMS-2/
PMS system than in the OL-1/PMS system [51]. And the above results
are agreement to the DFT analysis.

In order to estimate the relative contribution of %OH and SO4
%−

radicals to the NB degradation, the radical trapping experiments were
subsequently conducted in the OMS-2/PMS and OL-1/PMS systems
after the addition of different scavengers. TBA was used as the radical
scavenger for %OH but not for SO4

%− radicals because of its much
higher reactivity with %OH (kHO% = 3.8–7.6 × 108 M−1·s−1) than with
SO4

%− (kSO4%− = 4–9.1 × 105 M−1·s−1) [52]. MeOH is typically used
to scavenge both %OH (kHO% = 1.2–2.8 × 109 M−1·s−1) and SO4

%−

(kSO4%− = 1.6–7.8 × 107 M−1·s−1) due to its high reactivity [22,53].
As shown in Fig. 4b, when MeOH was added to the OMS-2/PMS system,
the degradation rate of 4-NP decreased from 97.0% to 24.6%, while the
degradation rate of 4-NP declined from 97.0% to 84.4% after the ad-
dition of TBA. For the OL-1/PMS system, the removal rate of 4-NP
decreased from 31.11% to 3.20% with the addition of MeOH, whereas
the removal rate of 4-NP decreased from 31.11% to 19.60% when TBA
was added (Fig. 4c). In addition, in order to verify whether non-radicals
other than %OH and SO4

% also play a role in the degradation of 4NP,
such as singlet oxygen (1O2) and superoxide radical anion (O2

%−) that
have been reported [54]. The radical scavengers of sodium azide (NaN3,
2.5 mM) and Benzoquinone (BQ, 1 mM) were used to probe 1O2 and
O2

%−, respectively. As shown in Fig. 4(d) and (e), the addition of
2.5 mM NaN3 or 1 mM BQ show a little impact on 4-NP degradation,
suggesting that both 1O2 and O2

%− have a little contribution for the

degradation of 4-NP, which is similar to the previous reports in the
literatures [54]. The above results reveal that %OH and SO4

%− act as the
main reactive species, while 1O2 and O2

%− just have a little effect on
the degradation of 4-NP. And SO4

%− take much more important role
than %OH in the process of the catalytic degradation of 4-NP in the
OMS-2/PMS system and the OL-1/PMS system.

3.6. Analyses of TGA, CV, H2-TPR and XPS

To further understand the difference in the catalytic performance of
OMS-2 and OL-1, TGA analysis, CV, and H2-TPR were then used to
probe morphology, electron transfer activity and surface phase of OMS-
2 and OL-1, respectively. The TGA curves of OMS-2 and OL-1 are dis-
played in Fig. 5a, which shows different weight loss and differential
thermal analysis profiles. For OMS-2, the distinct weight loss that oc-
curred at 360 °C could be attributed to the dehydration of the OMS-2
surface [55]. When the temperature is between 400 and 647 °C, the
peak can be assigned to the consumption of surface-absorbed oxygen
and the reduction of MnO2 to Mn2O3. The peak in the range of 647 and
800 °C corresponds to the transformation of Mn2O3 into Mn3O4 [28].
For OL-1, there is one distinct peak between 400 and 600 °C that re-
presents the consumption of surface-absorbed oxygen and the reduction
of MnO2 to Mn2O3. The processes of dehydration, oxygen potential loss
and manganite transformation all appeared in OMS-2 and OL-1 but
OMS-2 possesses two transformations in the Mn state, while OL-1 only
shows one Mn state transformation. The results indicate that OMS-2
possessed more multiple valence states of Mn than OL-1.

Fig. 5b shows a continuous CV curve for three scans. The oxidation
peak and reduction peak of OMS-2 were located at 0.399 V (vs. SCE)
and 0.208 V (vs. SCE), respectively. The oxidation peak and reduction
peak of OL-1 were located at 0.379 V (vs. SCE) and 0.229 V (vs. SCE),
respectively. The oxidation peak of OMS-2 was higher than that of OL-
1, and the reduction peak of OMS-2 was lower than that of OL-1,
leading to a wider redox potential of 0.191 V (vs. SCE) for OMS-2 than

Fig. 5. TGA profiles (a), cyclic voltammetry (b) and H2-TPR (c) of OMS-2 and OL-1. The redox potentials of OMS-2 and OL-1 were evaluated by cyclic voltammetry
(CV).
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that of OL-1 (0.150 V (vs. SCE)). The capacity of the reduction potential
could be related to the chemical activity and the capacity of electrons’
transfer of the metal ions in the process of reduction and oxidation [6].
The results indicate a faster electron transfer rate in OMS-2 than in OL-
1, which results in much better catalytic performance of OMS-2 as
compared to OL-1 [56].

Fig. 5c shows the temperature-programmed reduction diagrams of
OMS-2 and OL-1. The peak area of OMS-2 is much larger than that of
OL-1, indicating that the H2 consumption of OMS-2 was considerably
higher than that of OL-1. In addition, the peaks of OMS-2 at 328 and
425 °C correspond to the reduction of MnO2 to MnO with Mn2O3 and
Mn3O4 as intermediates, while the peak of OL-1 at 296 °C is attributed
to the consumption of semi-stable surface-absorbed oxygen [57]. The
results indicate that OMS-2 has a much larger number of active sites
than OL-1, which could be an important reason for OMS-2 showing a
better catalytic activity for the activation of PMS than OL-1.

In order to further investigate the PMS activation on OL-1/PMS and
OMS-2/PMS surfaces, High-resolution X-ray photoelectron spectroscopy
(HRXPS) was used to monitor the chemical state changes of Mn species
on OL-1/PMS surface before and after the catalytic reaction. Before the
catalytic process, three peaks at 641.76, 642.34 and 643.31 eV are as-
cribed to Mn(II), Mn(III) and Mn(IV) in OMS-2, respectively (Fig. 6a).
The relative contributions to the overall Mn intensity are 18.36%,
26.15% and 55.49% for the Mn(II), Mn(III) and Mn(IV), respectively.
After an 80-min catalytic reaction, their relative contributions to the
overall Mn intensity were 12.61%, 25.77% and 61.62%, respectively.
The results indicate that the transformation of the valence states of Mn
(III)/Mn(II) and Mn(IV)/Mn(III) occurred on the surface of OMS-2 during
the process of PMS activation, which is similar to the results indicating
that PMS was activated by MFe2O4 (M = Co, Cu, Mn, and Zn) reported in
the literature [6,58]. For OL-1, only two peaks at 642.08 and 642.98 eV
are attributed to Mn(III) and Mn(IV), respectively. The relative con-
tributions of Mn(III) and Mn(IV) to the overall Mn intensity changed
from 41.62% and 58.38% to 35.48% and 64.52%, respectively, after the
80-min catalytic reaction (Fig. 6b). The results demonstrate that there are
only Mn3+ and Mn4+ in OL-1, which is consistent with the case reported
in the literature [59,60]. Different from the OMS-2/PMS system, only
one transformation of the Mn(III)/Mn(IV) valence states exists on the OL-
1 surface during the process of PMS activation.

The O 1s spectra of OMS-2 includes two individual peaks located at
529.87 and 531.76 eV (Fig. 6c), which are assigned to the surface lattice
oxygen of metal oxides (O2−, denoted as Olatt) and adsorbed oxygen or
surface hydroxyl species (denoted as Oads), respectively. After the 80-min
catalytic reaction, the relative content of Olatt and Oads to the overall O
intensity transformed from 66.05% and 33.95% to 76.52% and 23.48%
in OMS-2, respectively. The decrease in the concentration of Oads could
be transformed to surface lattice oxygen to improve the mutual contact
between pollutants and catalyst and then promote the PMS activation.
For OL-1, the relative contents of Olatt and Oads transformed from 58.37%
and 41.63% to 60.30% and 39.70%, respectively, indicating that both
Olatt and Oads are involved in the catalytic reaction (Fig. 6d).

To investigate whether manganese oxides with a single Mn valence
state have catalytic performance for PMS activation, some control ex-
periments were done. As shown in Fig. S13a in the Supporting
Information, 4-NP can hardly be degraded in the presence of the
commercial MnO2, and only 19.60% 4-NP was degraded in the com-
mercial MnO2/PMS system, much worse than those in the OMS-2/PMS
and OL-1/PMS systems, which indicates that the commercial MnO2 has
a much inferior reactivity for PMS activation than OMS-2 and OL-1. In
addition, the XPS spectra of the commercial MnO2 was unchanged after
the 80-min catalytic reaction (Fig. S13b in SI), indicating that there is
only Mn4+ in the commercial MnO2 and that the valence state of Mn
did not change during the catalytic process (detailed information is
available in Text S3 in SI). Therefore, the above results indicate that the
multiple Mn valence states in the manganese oxides are a key factor for
the efficient activation of PMS that leads to the removal of 4-NP.

3.7. The mechanism of PMS activation by OMS-2 and OL-1

According to the above results, the mechanism of PMS activation by
OMS-2 and OL-1 is proposed in Scheme 1. DFT calculation suggested
that PMS on the α-MnO2 (2 1 1) is more active and expected to be easier
to get SO4

%− radicals than on δ-MnO2 (0 0 6) facets, resulting in that
OMS-2 shows much higher catalytic performance than OL-1. In addi-
tion, the metal ions (Mn2+ and/or Mn3+) on the surfaces of OMS-2 and
OL-1 could act as active sites for reduction of PMS to generate SO4

%−

and %OH radicals. First, HSO5
− was adsorbed on the surface of OMS-2

and OL-1. Then, Mn2+ and Mn3+ in OMS-2 serve as active sites to

Fig. 6. XPS spectra of Mn 2p and O 1s for OMS-2 and OL-1 before and after the oxidation process.
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provide redox electrons for the reduction of PMS, and the oxidation of
Mn(II)/Mn(III) and Mn(III)/Mn(IV) occurred accordingly (Eqs. (4)–(7))
[22,39]. Additionally, the Mn3+ on OL-1 surface serve as active sites to
transfer redox electrons during the oxidation of Mn(III)/Mn(IV) (Eqs.
(5) and (7)). Accordingly, to maintain charge balance on the OMS-2 and
OL-1 surfaces, a small amount of adsorbed oxygen is reduced to O2− by
the donated electrons generated in Eqs. (4)–(7) [6]. Finally, the re-
duction reactions on the surface of OMS-2 (Eqs. (9)–(10)) and OL-1 (Eq.
(9)) resulted in the recovery of the original state of the catalyst as well
as the further generation of SO5

%−. In addition, small amount of O2
%−

and 1O2 were produced during the reaction according to quenching
experiment results. The 1O2 generation could be resulted from the di-
rect oxidation or recombination of O2

%− over manganese dioxide
[54,61,62]. Therefore, a superoxide-based reaction pathway toward
1O2 evolution on OMS-2 or OL-1 was proposed as displayed in Eqs.
(11)–(14). A metastable manganese intermediate (MnIV-O-O-SO3) was
first formed at the surface of OMS-2 or OL-1, and then O2

%− was
generated by reacting with S2O8

2− along with the breakage of MnIV-O.
Afterward, 1O2 was generated from a direct oxidation of O2

%− by MnIV,
which is thermodynamically favored (E0(MnIV/MnIII) = 0.95 eV and
E0(O2

%−/1O2) = −0.34 eV) or a recombination of two superoxide ra-
dicals [54]. The above results suggest that the crystalline structure of
MnO2 and transformations of Mn(II)/Mn(III), Mn(III)/Mn(IV) and Oads/
Olatt on the MnO2 surface were the main factors involved in de-
termining the high catalytic performance of MnO2 for the activation of
PMS. Then, the SO4

%−, %OH, O2
%− and 1O2 formed from the chain

reaction will react with 4-NP, leading to the degradation and miner-
alization of 4-NP. We employed liquid chromatography-mass spectro-
metry (LC-MS) to detect the intermediates to figure out degradation
pathway of 4NP. The degradation intermediates, including p-benzo-
quinone, hydroquinone, p-dihydroxybenzenes, 1, 2, 3-tribenzoquinone
and some low molecular organic acids (such as malonic acid, pyruvic
acid and oxalic acid), were detected during the reaction (Figs. S14 and
S15 in SI). The detailed information and mass spectra of these inter-
mediates were provided in the supporting information. On the basis of
these intermediates, we proposed a possible degradation pathway of
4NP (Fig. S16 in SI).

^M(II) + HSO5
− → ^M(III) + SO4

2− + %OH (4)

^M(III) + HSO5
− → ^M(IV) + SO4

2− + %OH (5)

^M(II) + HSO5
− → ^M(III) + SO4

%− + OH− (6)

^M(III) + HSO5
− → ^M(IV) + SO4

%− + OH− (7)

2%OH + 2HSO5
− → O2 + 2SO4

%− + 2H2O (8)

^M(IV) + HSO5
− → ^M(III) + SO5

%− + H+ (9)

^M(III) + HSO5
− → ^M(II) + SO5

%−− + H+ (10)

SO4
%− + SO4

%− → S2O8
2− (11)

2[^M(IV)-O-O-SO3]II + 4H2O + S2O8
2− → 2[^M(IV)-OH]II + 4

SO4
2− + O2

%− + 8H+ (12)

2[^M(IV)-O-O-SO3]II + O2
%− + OH− → [^M(IV)-

OH]II + SO4
2− + 1O2 (13)

2 O2
%− + 2H2O → 1O2 + H2O2 + 2 OH− (14)

4. Conclusions

This study reported that PMS was activated by two different crys-
tallites of MnO2 with featured morphologies and explained why the two
kinds of MnO2 shows markedly different catalytic performances for the
degradation of 4-NP in the presence of PMS for the first time. The ex-
perimental results show that 4-NP can be quickly and thoroughly de-
graded in the OMS-2/PMS system but only 31.11% 4-NP was degraded
in the OL-1/PMS system after an 80-min reaction. Analyses of TGA, CV,
H2-TPR, and XPS indicate that OMS-2 possesses more active sites, a
faster electron transfer rate and more multiple valence states of Mn than
OL-1, leading to much better catalytic performance for OMS-2 than OL-
1. The results of the EPR and radical quantification demonstrate that
SO4

%− and %OH are the main active radicals for 4-NP degradation in the
OMS-2/PMS system and OL-1/PMS system, and the formation rate of
SO4

%− and %OH in OMS-2/PMS is much faster than that in the OL-1/
PMS system. DFT calculation also confirms that the adsorption of PMS
on OMS-2 is stronger than that on OL-1, and the PMS on OMS-2 is easier
to be activated to get %SO4

− radicals than the PMS on OL-1. Based on

Scheme 1. The mechanism diagram of PMS activation by OMS-2 and OL-1.
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the above results, we put forward the mechanism of PMS activation and
the formation mechanism of radicals over OMS-2 and OL-1, which ex-
plains the difference in the catalytic performance of OMS-2 and OL-1.
This study has important implications for the potential application of
AOPs based on sulfate radicals in water treatment.
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Appendix A. Supplementary data

Electronic Supplementary Information (ESI) available: XRD of OMS-
2 and OL-1 before and after the reaction; SEM and TEM images of OMS-
2 and OL-1 before and after the reaction; BET of OMS-2 and OL-1;
physical parameters for OMS-2 and OL-1 obtained from N2 sorption
measurements; recycling performance of OMS-2; degradation of 4-NP
by PMS under different dosages of Cl−; Raman spectra of OMS-2 and
OL-1; zeta-potential measurements of OMS-2 and OL-1; UV-vis spectra
of OMS-2 and OL-1; XPS spectra of OMS-2 and OL-1 before and after the
reaction; plot of ln(C/C0) versus reaction time; 4-NP degradation in the
various catalytic systems; XPS spectra of Mn 2p and Mn 3s before and
after the reaction in the commercial MnO2; mass spectra of 4-NP de-
gradation in the OMS-2/PMS and OL-1/PMS systems; 4-NP degradation
pathway in the OMS-2/PMS and OL-1/PMS systems

Supplementary data to this article can be found online at https://
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