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In this study, Mn catalysts have been designed based on manganese oxide octahedral molecular sieve
(OMS-2) supports to optimize the catalytic activity in the degradation of organic pollutants. Herein, two
different synthetic strategies: Pre-incorporation vs.wet-impregnation have been employed to synthesize
[PW]-OMS-2 and [PW]/OMS-2. For [PW]-OMS-2, energy dispersive X-ray spectroscopy (EDX) confirmed
that dispersed granular phosphotungstic acid attached and located at the surface of OMS-2, meanwhile
some W atoms have been doped into frameworks of OMS-2. However, for [PW]/OMS-2, the W atoms
cannot enter the OMS-2 frameworks. A correlation has been established between the different synthetic
strategies and catalytic activities. The [PW]-OMS-2 is the most highly effective and stable over than
[PW]/OMS-2 and OMS-2 itself for the organic pollutants removal. This may be caused not only by the
synergetic effect of [PW] and OMS-2, but also by doping W into frameworks of OMS-2. Therefore, this
work provides a new environmentally-friendly and heterogeneous PMS activator and it may be put into
practice to degrade organic pollutants.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Over the last few decades, the wantonly emission of organic
dyes, such as rhodamine B (RhB), reactive red 2 (RR2), acid orange 7
(AO7), and reactive blue 19 (RB19), by the textile industry in
municipal wastewater effluents and natural aquatic systems have
particularly become globally environmental and public health
problems due to their complex structure, stability and non-
biodegradation [1]. Most of organic dyes induce mutagenic,
carcinogenic or teratogenic effects in the human body, even a
low concentration [2]. It is highly necessary to explore environ-
mentally friendly, low-cost and effective methodologies for the
removal of organic dyes in wastewater [3]. There have been many
studies reporting on the removal of synthetic dyes from
wastewater, including via adsorption, flocculation, biological
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degradation, photo-Fenton, membrane separation, Fenton-like
and electrochemical degradation [4]. Among them, peroxymono-
sulfate (HSO5

�, PMS) based advanced oxidation processes (AOPs)
have attracted increasing attention in the rapid degradation of
organic dyes in aqueous media. Sulfate radical (SO4

��), derived
from the activation of PMS, has a higher redox potential
(Eo = 2.5–3.1 V vs. 1.8–2.7 V), greater activity, a longer half-life
(t1/2 = 30–40ms vs. 20 ns) and higher mineralization ability toward
organic dyes, compared to hydroxyl radical (

�
OH) [5]. In fact, a

variety of heterogeneous catalysts including Co�, Fe� Ag�, Cu�,
and Ru-based materials have been developed for effectively
activating PMS in the degradation of organic dyes [6].

Since Wang’s group first reported the Co3O4/MnO2 catalyst in
PMS based-AOP for effectively degrading phenol in 2012 [7],
increasing interests have been paid to the exploration of
manganese oxide octahedron molecular sieve OMS-2, a composi-
tion of KMn8O16with a 0.46 nm� 0.46 nm tunnels, for activation of
PMS on the removal of organic pollutants, due to itsmixed valences
of Mn2+, Mn3+ and Mn4+, low toxicity, highly porous structure, low
cost and environmental friendliness [8]. In order to improve
catalytic activity, OMS-2 has been usually doped with transition
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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metal ions, including Co2+, Fe3+, Cr3+, Ce3+, Cu2+, V5+ and Mo6+, by
reflux, ball milling, hydrothermal method and impregnation [9]. It
is clear that metal dopants in the tunnel structure or framework of
OMS-2 could increase more defects and simultaneously create
more active sites [10]. Among these transitionmetal ions, tungsten
ion has been found to be a very important promoter to improve the
catalytic activity and stabilize the active phase. Because tungsten
ion (W6+: 0.60 Å) has mostly same ionic radius as Mn ion (Mn3+:
0.645 Å, Mn4+: 0.53 Å) in edge-shared MnO6 octahedra [11–13]. In
2020, our group first reported [PW]-OMS-2 nanocomposites,
comprised of phosphotungstic acid [PW] and OMS-2, as an
efficient reusable heterogeneous catalyst for the remarkably
enhanced catalytic oxidative dehydrogenation of N-heterocycles
[14]. As a part of our current studies on the development in the
synthesis and application of OMS-2-based nanocomposites [15],
herein, we are employing two different synthetic strategies: Pre-
incorporation vs. wet-impregnation to synthesize [PW]-OMS-2
and [PW]/OMS-2 for optimizing the catalytic activity in the
degradation of organic pollutants, such as RhB, RR2, A07 and RB19,
for the first time. Among them, [PW]-OMS-2 has been synthesized
from potassium permanganate, manganese sulfate and sodium
phosphotungstate via the pre-incorporation method, while [PW]/
OMS-2 catalyst is obtained by wet-impregnation of OMS-2 in
phosphotungstic acid solution, summarized in Figs. S1 and S2
(Supporting information). The [PW]-OMS-2 is found to be themost
highly effective and stable over than [PW]/OMS-2 and OMS-2 itself
for the degradation of organic pollutants, in contrast with our
previous Cu catalysts, where Cu-OMS-2 (pre-incorporation)
shows less catalytic activity for reduction and click reaction, and
no catalytic activity for homocoupling in comparison with
CuOx/OMS-2 (wet-impregnation) [15b]. Moreover, as-synthesized
[PW]-OMS-2 has been successfully recycled at least 5 times
without any significant activity loss in the degradation of diverse
organic pollutants via PMS activation.

Based on our previous work, [PW]-OMS-2 I–V had been
synthesized from potassium permanganate, manganese sulfate
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Fig. 1. TEM of (a) OMS-2, (b) [PW]-OMS-2 I, (c) [PW]-OMS-2 II, (d
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and different amounts of sodium phosphotungstate (sodium
phosphotungstate/KMnO4 ratios of 1mol%, 2mol%, 3mol%,
4mol% and 5mol%) through the pre-incorporation method
(Fig. S1). We confirmed that Na3O40PW12�xH2O was transformed
into Na2WO4�2H2O and H3[P(W3O10)4]�xH2O in heated solution
[14]. The transmission electron microscope (TEM) images show
that the low doping of sodium phosphotungstate (1mol% and
2mol%) does not change the structure and morphology of OMS-2,
[PW]-OMS-2 I and II mostly remained the typical and uniform
nanorod morphology as the OMS-2 (Figs. 1a–c). When the doping
amount over than 2mol%, the nanorod-like structure (such as
[PW]-OMS-2 III, IV and V) became shorter and thicker (Figs. 1d–f).
These catalysts had also been fully characterized by Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), Bru-
nauer Emmett Teller (BET), X-ray diffraction (XRD), scanning
electron microscope (SEM), Transmission Electron Microscope
(TEM), X-ray Photoelectron Spectroscopy (XPS), H2-temperature
programmed reduction (H2-TPR), raman spectra and electron
paramagnetic resonance spectra (EPR). Due to the doping of
sodium phosphotungstate, [PW]-OMS-2 had newly-generated
mixed crystal phases, an enhanced surface area and labile lattice
oxygen [14]. In this work, their compared catalytic efficiency in the
degradation of RhB in the presence of PMS has been investigated in
Fig. 2. The degradation reaction was conducted with 50mg/L RhB
and 0.25 g/L PMS in the presence of 0.25 g/L OMS-2 or [PW]-OMS-2
I–V at 25 �C, respectively. RhB has been degraded totally in 6min
by [PW]-OMS-2 II and 45min by OMS-2, respectively. It is clear
that [PW]-OMS-2 II shows the highest degradation efficiency over
than OMS-2 and other ones, consisting with our previous case of
aerobic oxidative dehydrogenation of N-heterocycles [14]. Herein,
for confirming localization of [PW] in the OMS-2, high-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive X-ray spectrometer (EDX)
mappings of [PW]-OMS-2 II has been measured. In Figs. 3a-f, the
elements of O, P, K, Mn and W have been observed, indicating that
the phosphotungstic acid and OMS-2 coexist in the [PW]-OMS-2 II
) [PW]-OMS-2 III, (e) [PW]-OMS-2 IV and (f) [PW]-OMS-2 V.
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Fig. 2. (a) Degradation of RhB over OMS-2, [PW]-OMS-2 I-V catalysts. (b) Degradation of RhB over OMS-2, [PW]-OMS-2 II and [PW]/OMS-2; Influences of (c) the amount of
PMS, (d) [PW]-OMS-2 II concentration, (e) initial RhB concentration and (f) reaction temperature on RhB degradation; [PW]-OMS-2 II catalyzed degradation of (g) RR2, (h)
AO7 and (i) RB19 via PMS activation. Reaction conditions: (a-d, f, g-i): 0.25 g/L of cat, 50mg/L of dyes, 0.25 g/L of PMS, [28_TD$DIFF]25 �C. (e) 0.126 g/L of [PW]-OMS-2 II, 0.126 g/L of PMS, [28_TD$DIFF]
25 �C.
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nanocomposite. The disappearance of Na element in the EDX map
sum spectrum proves that it was washed away (Fig. S3 in
Supporting information). Taking a cue from the STEM pictures of
nanorods (Fig. 3g) and granular particles (Fig. 3h), respectively,
the EDX spectrum of P and W confirmed that the grannular
particle is H3[P(W3O10)4]�xH2O, which is decomposed from
Na3PO4�12WO3�xH2O (Fig. 3h and Fig. S4 in Supporting informa-
tion), the unit cell size of phosphotungstic acid is
12 Å� 12 Å� 12 Å [16], so it cannot enter OMS-2 (4.6 Å� 4.6 Å).
Whereas Fig. 3g and Fig. S5 (Supporting information) also verified
only W, provided by Na2WO4�2H2O, has been doped into
frameworks of OMS-2. It is confirmed that dispersed granular
phosphotungstic acid attached and located at the surface of
OMS-2, meanwhile someWatomswere doped into frameworks of
OMS-2. Furthermore, [PW]/OMS-2 catalyst was obtained by wet-
impregnation of OMS-2 in phosphotungstic acid solution, with the
same proportion of [PW]/KMnO4 as for the former catalyst
(Fig. S1). It is also conceivable that [PW] only attached and located
at the surface of OMS-2, the W atoms cannot enter the OMS-2
frameworks. The SEM of [PW]/OMS-2 confirmed the predictable
results (Fig. S6 in Supporting information). Obviously, the wet-
impregnation method destroyed the uniform nanorod-like struc-
ture of OMS-2. Then the catalysts of [PW]-OMS-2 II, [PW]/OMS-2
and OMS-2 have been investigated for the degradation of RhB
(Fig. 2b). [PW]-OMS-2 II exhibits highest efficiency for RhB
degradation with a removal of 100% after 6min in the presence of
PMS at 25 �C. Whereas [PW]/OMS-2 and OMS-2 needs 26min and
2515
45min, respectively. On the other hand, self-degradation of RhB is
veryweak (10%) under neutral conditions in the absence of catalyst
(Fig. 2b). The order of catalytic activity follows: [PW]-OMS-2 II >
[PW]/OMS-2 > OMS-2. The comparative experiment confirms that
significant catalytic performance of [PW]-OMS-2 II is taken into
account not only by the synergetic effect of [PW] and OMS-2, but
also by doping W into frameworks of OMS-2. Compared to wet-
impregnation, the pre-incorporation of [PW] and OMS-2 creates
newmixed crystal phases, significantly enhanced surface area and
more labile lattice oxygen. In addition, the comparision of PMS and
H2O2 in the degradation of RhB shows that PMS is more efficient
than that of H2O2 (Fig. S7 in Supporting information). Hence, [PW]-
OMS-2 II has been chosen as the optimal catalyst for further
degradation study via PMS activation.

The influences of several parameters including the concen-
trations of PMS, catalyst and initial RhB, and reaction temperature
on RhB degradation are investigated in Figs. 2c–f. Fig. S8
(Supporting information) exhibits that the adsorption of RhB on
the surface of [PW]-OMS-2 II is veryweak (20%) over 60min. These
results suggest that the adsorption capacity of [PW]-OMS-2 II is
negligible. An increase in PMS concentration from 0.062 g/L to
0.5 g/L has a distinct positive effect on the degradation of RhB
(Fig. 2c). The slope of the logarithmic plot of RhB degradation
versus concentration of PMS is 0.67, suggesting that the RhB
degradation is the first order in PMS concentration. In similar, the
slope of the logarithmic plot of RhB degradation versus catalyst
concentration also exhibits that the reaction is first order in
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Fig. 3. (a) HAADF-STEM image, (b) O, (c) P, (d) K, (e) Mn and (f) W EDX compositional mapping of [PW]-OMS-2 II. HAADF-STEM-images of selected area of nanorod (g) and
granualr particles (h).
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catalyst concentration (Fig. 2d). The influences of initial RhB
concentration from 30mg/L to 80mg/L on the RhB degradation
was recorded in the Fig. 2e. The degradation efficiency of RhB were
negatively correlated with initial RhB concentration. It is also the
first order in the initial RhB concentration. Moreover, increasing
reaction temperature is beneficial to enhance the ability of [PW]-
OMS-2 II for activating PMS to generate reactive species (Fig. 2f).
Based on the Arrhenius equation, the activation energy is
calculated to be 12.38 kJ/mol, which is lower than that of OMS-2
(16.80 kJ/mol), indicating again that [PW]-doped OMS-2 is more
superior on RhB degradation. In addition, the effect of pH on RhB
degradation catalyzed by [PW]-OMS-2 II shows that pH appears
more favorable at acidic pH (Fig. S9 in Supporting information).

To further explore the potential application of [PW]-OMS-2 II
catalyst, different organic dyes such as the the azo RR2 (Fig. 2g),
AO7 (Fig. 2h) and the disodium salt RB19 (Fig. 2i) have been
investigated under standard conditions. These results show that
RR2, AO7 and RB19 has been degraded completely in 35min,
12min and 15min, respectively. According to the relevant
2516
published literature [5], the involved radicals in the current
systemare SO4

��,
�
OH,1O2 andO2

��. To understand the contribution
of the individual radicals, free radical quenching experiments were
undertaken in the Fig. 4a. EtOH, t-BuOH (TBA), NaN3 and
benzoquinone (BQ) were employed as effective scavengers SO4

��,
�
OH, O2

�� and 1O2 in the RhB degradation, respectively. The result
shown that 1O2 is the main active species in the RhB degradation
process [17,18]. To further confirm the possible reactive oxygen
species generated in the standard RhB degradationprocess, a series
of EPR experiments using 5,5-dimethyl-1-pyrrolidine N-oxide
(DMPO) and 2,2,6,6-tetramethyl-4-piperidone (TEMP) as the spin-
trapping agents have been performed. In the Fig. 4b, the signals of
DMPO-

�
OH, DMPO-SO4

�� and DMPO-O2
�� characterized by four

peaks are observed. Furthermore, a high-intensity triple signal
peak of TEMP-1O2 is observed on EPR spectra, confirming the
emergence of 1O2 in the reaction system. EPR spectra shown
that the existence of SO4

��,
�
OH, 1O2 and O2

��, in contrast with
OMS-2/PMS degradation process for which only SO4

�� and
�
OH are

generated [7,15]. In this study, the 1O2 played the most dominant



[(Fig._4)TD$FIG]

Fig. 4. (a) Inhibiter effect of EtOH, TBA, NaN3 and BQ for degradation of RhB over [PW]-OMS-2 II with PMS. Reaction conditions: 0.25 g/L of [PW]-OMS-2 II, 0.25 g/L of PMS,
50mg/L of RhB, [28_TD$DIFF]25 �C. (b) EPR spectrum for different systemwith DMPO or TEMP. Reaction conditions: 0.25 g/L of [PW]-OMS-2 II, 0.25 g/L of PMS, 5mmol/L of DMPO or TEMP, [28_TD$DIFF]
25 �C.
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role in the degradation, it may be caused not only by the synergetic
effect of [PW] and OMS-2, but also by dopingW into frameworks of
OMS-2.

To evaluate the stability and reusability of [PW]-OMS-2 II in
heterogeneous reaction system, the degradation of RhB has been
successfully recycled 5 times with the used catalyst (Fig. S10 in
Supporting information). The degradation efficiency of RhB for the
1st round to the 5th round decreased very slightly. Besides, the 5th

used catalyst has been characterized by TEM and XRD. Fig. S11
(Supporting information) exhibits that themorphology of 5th used
[PW]-OMS-2 II remains typical and uniform nanorod morphology
as the fresh catalyst (the JCPDS No. 80-0382). Taken together, this
demonstrates that [PW]-OMS-2 II is very stable.

In summary, two different synthetic strategies: pre-incorpo-
ration vs. wet-impregnation have been employed to synthesize
[PW]-OMS-2 and [PW]/OMS-2 for the efficient degradation of
organic pollutants (such as rhodamine B, reactive red 2, acid
orange 7, and reactive blue 19) for the first time. The [PW]-OMS-2 II
catalyst had been synthesized from potassium permanganate,
manganese sulfate and sodium phosphotungstate through the pre-
incorporation method, while [PW]/OMS-2 catalyst was obtained
by wet-impregnation of OMS-2 in phosphotungstic acid solution.
The [PW]-OMS-2 II is found to be the most highly effective and
stable over than [PW]/OMS-2 and OMS-2 itself for the degradation
of organic pollutants, in contrast with our previous Cu catalysts.
Based on the Arrhenius equation, the activation energy of
[PW]-OMS-2 II is calculated to be 12.38 kJ/mol, which is lower
than that of OMS-2 (16.80 kJ/mol). The free radical quenching
experiments and EPR spectra confirm that the existence of
SO4

��,
�
OH, 1O2 and O2

�� in the [PW]-OMS-2 II/PMS system, in
contrast with OMS-2/PMS degradation process for which only
SO4

�� and
�
OH are generated [7,15]. In this study, the 1O2 played the

most dominant role in the degradation, it may be caused not only by
the synergetic effect of [PW] and OMS-2, but also by doping W into
frameworks of OMS-2. In addition, as-synthesized [PW]-OMS-2 IIhas
been successfully recycled at least 5 times without any significant
activity loss in thedegradationofdiverseorganicpollutantsviaPMS
activation. This work provides an environmentally friendly and
heterogeneous catalyst for the wastewater remediation.
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