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n significantly improves the
organic pollutant removal rate of low-grade
manganese ore in a peroxymonosulfate system†

Yi Chen,a Ping Yin,b Shuai Dong,a Shiyue Wei,a Jinchuan Gu *a and Wanglai Cen c

Low-cost, eco-friendly and effective catalysts are essential for activating peroxymonosulfate (PMS) to purify

water. Hence, we investigated using thermal activation natural low-grade manganese ore (CNMO) as an

effective catalyst to activate PMS for the removal of Acid Orange 7 (AO7), a harmful azo dye. CNMO

exhibited a more effective activation ability than either the pure component substances alone or natural

manganese ore (NMO), owing to its increased charge transfer, pore size and acidic sites. The activation

mechanism of PMS was elucidated, and the degradation of AO7 was noted to have been caused by

singlet oxygen (1O2), and increased electron transfer. Moreover, the outstanding degradation of AO7 in

actual water indicated that the CNMO/PMS system was highly resistant to surrounding organic and

inorganic compounds, and the CNMO exhibited extraordinarily high stability and recyclability. Thus, this

study provides not only a new choice of PMS activator that offers low cost, and excellent and stable

performance, but also a novel direction for the efficient utilization of low-grade manganese ore.
Introduction

Recently, advanced oxidation processes (AOPs) based on perox-
ymonosulfate (PMS, HSO5

�) have attracted extensive attention
due to their fast reaction speed, strong oxidation ability and
effectiveness in the removal of organic matter from water. The
AOP system based on PMS can produce reactive oxygen species
(ROS) such as sulfate radicals (SO4c

�), hydroxyl radicals (cOH)
and even singlet oxygen (1O2).1–3 Among these, 1O2 has a mild
oxidation capacity (2.2 V) and strong anti-interference perfor-
mance in relation to some inorganic anions, and can effectively
degrade or transform pollutants.2,4,5 Current PMS activation
methods include transitionmetals, heat, and ultraviolet (UV) and
ultrasonic activation.6–9 Due to the higher energy consumption of
ultrasonic, UV and heat activation processes, however, transition
metal activation, which is also more economical, has become the
preferred activation method. Previous studies have shown cobalt
to be the most effective transition metal catalyst for PMS acti-
vation,10–12 but it is expensive and potentially carcinogenic.
Therefore, the development of low-cost, eco-friendly and effective
non-cobalt-based catalysts is essential.
ivil Engineering and Architecture and

10039, PR China. E-mail: gu6471@163.

.Ltd, Chengdu, 610039, PR China

or Flue Gas Desulfurization, Sichuan

mation (ESI) available. See

the Royal Society of Chemistry
Among transition metals, iron and manganese have been
extensively investigated and applied due to their low toxicity,
low cost and environmental friendliness. However, the catalytic
activity levels of mono-metallic iron and manganese are weaker
than that of a cobalt-based catalyst. In order to enhance the
catalytic activity of iron and manganese, numerous multicom-
ponent recombination catalysts have been synthesized by
researchers, such as MnFe2O4,13 Fe2O3/MnO2,2 Fe3O4/MnO2,6,14

b-FeOOH/MnO2,15 and MnFe2O4/d-MnO2.16 The activation
performance of these iron/manganese bimetallic catalysts for
PMS have been shown to be signicantly enhanced compared to
mono-metallic catalysts. However, the synthesis of these cata-
lysts is complicated, costly and not eco-friendly. Moreover, the
properties of some catalysts are unstable, which limits their
practical application. Solutions to the abovementioned prob-
lems are key to the achievement of large-scale industrial
applications of iron and manganese bimetallic catalysts.

The study of low-grade manganese ore applications in
industrial production is made even more signicant by the
steady depletion of high-grade manganese ore.17 The utilization
of low-grade manganese ore is currently being improved in
some countries via beneciation,18,19 however, the beneciation
process is complicated, requiring the use of many reagents, and
the enrichment rate is limited. Therefore, the development of
a method to efficiently improve the utilization of low-grade
manganese ore is also considered urgent.

Natural manganese ore (NMO) is generally accompanied by
iron,1,17 and its properties are stable, making this combination
a readily available catalyst for the activation of PMS to degrade
organic matter, thereby not only improving the utilization of
RSC Adv., 2022, 12, 20735–20745 | 20735
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low-grade manganese ore, but also realizing the simultaneous,
double-effect catalysis of iron and manganese bimetals.
Therefore, natural low-grade manganese ore is considered
a simple, environmentally friendly and low-cost catalyst, which
is expected to achieve large-scale applications in the improve-
ment of water pollution.

Herein, we proposed and developed a system of organic
matter degradation using thermally activated NMO to activate
PMS, which was shown to be highly efficient. The catalyst was
systematically characterized and its high activity was analyzed.
In addition, the effects of essential experimental parameters in
the degradation of the azo dye Acid Orange 7 (AO7) via a catalyst
based on the PMS system were discussed, and the pathway and
action mechanism of AO7 degradation were examined via the
study of both the products and ROS.

Experimental
Chemicals and reagents

Ethyl alcohol (EtOH), tert-butyl alcohol (TBA), dichloromethane
(CH2Cl2), nitric acid (HNO3), sodium hydroxide (NaOH),
hydrochloric acid (HCl, 37%), sulfuric acid (H2SO4) and meth-
ylene blue (MB) were purchased from Chengdu Kelong Chem-
icals Co., Ltd. Potassium iodide (IK), benzoquinone (BQ), direct
turquoise blue (DTB) and malachite green (MG) were obtained
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Metanil
Yellow (MY), furfuryl alcohol (FFA), L-histamine (L-his), 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-
piperidone (TEMP) were purchased from Shanghai Macklin
Biochemical Co., Ltd. Potassium peroxymonosulfate (PMS,
KHSO5$0.5KHSO4$0.5K2SO4) and AO7 were obtained from
Shanghai Yuanye Bio-Technology Co., Ltd.

Thermal activation of manganese ore catalysts

The NMO, obtained from Gabon, was calcined at a rate of
10 �C min�1 to 200–800 �C for 0.5–3 h under air. The NMO
calcined at 500 �C for 0.5 h is denoted herein as CNMO.

Characterization

TheNMO loss and the loss rate of the sample at temperature were
analyzed using a thermogravimetric analyzer (HS-TGA-101,
HESON, CN) at 10 �C min�1 in an air atmosphere. X-ray diffrac-
tion (XRD; Rigaku SmartLab) was used in the analysis of the
catalysts' crystalline phases. The specic surface areas (SBET) of
catalysts were measured at 77 K using a JW-BK122W gas sorption
analyzer (Beijing JWGB Sci. & Tech. Co., Ltd). Field emission
scanning electron microscopy (SEM; Inspect F50, FEI Company)
was employed to estimate themorphology of the catalysts. Fourier
transform infrared spectroscopy (FTIR; PerkinElmer Frontier) was
used to examine the surface properties of samples with a scan-
ning range of 4000–400 cm�1. NH3-temperature programmed
desorption (NH3-TPD) and CO2-temperature programmed reduc-
tion (CO2-TPD) experiments were measured using a dynamic
sorption analyzer (TP-5080, Xianquan Industrial and Trading Co.,
Ltd). Tafel scans were obtained using an electrochemical work-
station (CHI 660E, CH Instruments Inc). X-ray photoelectron
20736 | RSC Adv., 2022, 12, 20735–20745
spectroscopy (XPS) was used to analyze the elemental composi-
tion of the catalysts' surface (Axis Ultra DLD, Kratos Analytical
Ltd). The electron spin resonance (ESR) spectra of ROS were
detected using an ESR spectrometer (EMXplus, Bruker).

Experiment procedure

Stock solutions (1 g L�1) of AO7 were prepared and then diluted
to 100–20 mg L�1. Batch experiments were conducted in
a thermostatic oscillator at 25 �C, with 0.1 M H2SO4 and 0.1 M
NaOH used to adjust the initial pH of the solution. A specied
dose of catalyst (0.5–2.5 g L�1) was then added to the target AO7
solution, aer which physical adsorption was conducted via
continuous shaking (200 rpm) for 60 min to achieve a dynamic
equilibrium of AO7 on the catalyst surface. Immediately there-
aer, the optimal amount of PMS (0.08–0.46 mM) was added to
the reaction system. At 5 min intervals, 4 mL samples were
removed from the solution, ltered through a PTFE syringe
lter disc (0.22 mm), and then measured immediately using
a UV spectrophotometer (l ¼ 484 nm, UV-2400).

Analytical method

The intermediates of AO7 were identied during the treatment
process using a gas chromatograph mass spectrometer (GCMS-
QP2020NX, Shimadzu) equipped with a DB-5MS (30 m � 0.25
mm, 0.25 mm) chromatographic column. The GC was run at
40 �C for 2 min in the programming mode of the initial set
temperature. Thereaer, the temperature was increased to
100 �C (15 �C min�1), then increased to 200 �C (5 �C min�1), at
which it was maintained for 2 min before being nally
increased to 280 �C (20 �C min�1) for 10 min.

The degradation of AO7 followed pseudo-rst-order kinetics.
The kinetic rate constants (kobs, min�1) of the AO7 degradation
were further analyzed, using the following kinetics equation:20

ln
Ct

C0

¼ �kobst (1)

where t is the reaction time (min), and Ct and C0 are the
concentrations of AO7 at t time and in the solution aer 60 min
physical adsorption treatment (mg L�1), respectively.

The degradation activation energy (Ea) of AO7 in the system
was calculated using the Arrhenius equation (eqn (2)):21

ln kobs ¼ ln A� Ea

RT
(2)

where A is the prefactor, and R is the universal gas constant
(8.314 J mol�1 K�1).

Residual PMS was determined by iodimetry, in which
0.50 mL of the reacted AO7 solution was added to 4.00 mL KI
(0.5 mM) solution and shaken well for 30 minutes to ensure
a complete reaction (eqn (3) and (4)).22,23 Finally, the absorption
value of the reaction solution was measured at lmax ¼ 352 nm.

2I� + HSO5
� + 2H+ / HSO4

� + I2 + H2O (3)

I2 + I� / I3
� (4)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Density functional theory (DFT) calculation

All calculations were performed using the Vienna Ab initio
Simulation Package (VASP Soware GmbH), based on density
functional theory (DFT).24–26 The Perdew–Burke–Ernzerhof
(PBE) with generalized gradient approximation (GGA) was
implemented for the electron exchange–correlation interac-
tions.27 The cut-off energy of plane waves was set at 450 eV
within the framework of the projector-augmented wave (PAW)
method. The Brillouin zone was sampled with 3 � 3 � 1 k-
points mesh via the Monkhorst–Pack method. The accuracy of
geometry optimization convergence was 0.05 eV Å�1 and 1 �
10�5 eV. The vacuum layer was set as 15 Å. The spin polarized
DFT with Hubbard U method (DFT + U) was employed to
correct the strong on-site Coulomb repulsion among the
localized 3d electrons of the Fe and Mn ([U � J]Fe ¼ 4.0 eV,
[U � J]Mn ¼ 5.5 eV).28–30

The adsorption energies (Eads) of PMS on Fe3O4 and d-MnO2

surfaces were calculated using the following formula:

Eads ¼ Etotal � (Ecata + EPMS) (5)

where Etotal, Ecata and EPMS represent the total energy of the
catalyst with the adsorbed PMS, the catalyst and isolated PMS
molecule, respectively.
Results and discussion
Optimization of calcination temperature

Thermogravimetric analysis (TGA) was performed on the NMO to
clarify the weight loss and loss speed of NMO with temperature
in an air atmosphere (Fig. 1(a)). The rst weight loss stage in the
range of 50–100 �C was small, corresponding to the evaporation
of adsorbed H2O on the surface of the NMO. The second weight
loss stage started at 200 �C and ended at 300 �C, with the largest
derivative thermogravimetric (DTG) peak at 240 �C, which could
be attributed to the loss of interlayer water. The third stage, at
400–500 �C, was assigned to the removal of the structural
hydroxyl.31 Weight loss at temperatures of 500–800 �C corre-
sponded to the thermal decomposition of MnO2, which occurs
when temperatures increase, as ascertained via eqn (6) (ref. 32
and 33) as follows:

2MnO2 ��!530 �C
Mn2O3 þ 1=2O2 (6)

To further study the effect of thermal activation temperature
on the crystal structure of NMO, XRD was utilized to charac-
terize the NMO calcined at different temperatures, the results of
which are shown in Fig. 1(b). The crystal composition of NMO is
comprised mainly of d-MnO2 (JCPDS no. 80-1098), SiO2 (JCPDS
no. 46-1045) and Fe3O4 (JCPDS no. 89-0688). In this study, with
the increase of thermal activation temperature, the diffraction
peaks of d-MnO2 were found to weaken gradually. When the
temperature reached 600 �C, the characteristic peaks of d-MnO2

disappeared and new diffraction peaks were detected at 23.13�,
32.95�, 38.23�, 49.35�, 55.19� and 65.81�, all belonging to Mn2O3

(JCPDS no. 41-1442), while the characteristic peaks increased
© 2022 The Author(s). Published by the Royal Society of Chemistry
signicantly with the increased temperature. At this stage, the d-
MnO2 decomposed (eqn (6)) and was converted to Mn2O3, thus
validating the TG analysis.

The effects of the catalyst thermal activation temperature on
PMS activation were subsequently investigated through the
degradation of AO7. As observed in Fig. 1(c), the AO7 removal
efficiency increased when thermal activation temperatures were
in the range of 200–500 �C. At 500 �C, AO7 removal efficiency
and kobs attained the maximum values of 98.11% and
0.1227min�1 (Fig. S1(a)†) in 40min, respectively. This may have
been due to the temperature at that stage, which triggered the
activities of the manganese dioxide or ferric oxide. However,
when the thermal activation temperature rose higher than
500 �C, the AO7 removal efficiency began to decrease accord-
ingly. This could be attributed to the reduction of catalytic
activity due to the gradual disappearance of d-MnO2, or to the
amorphous state SiO2 evolved from the crystal structure at high
temperature, which may cover some of the active components.
Furthermore, the effect of thermal activation time on PMS
catalytic activation were also examined, with the results indi-
cating that thermal activation time exerted no signicant
difference (Fig. S1(b)†).
Characteristics of CNMO

Morphology and structure. The morphologies of NMO
(Fig. S2(a–d)†), CNMO and used CNMO were observed via SEM
(Fig. 2(a–d)). The NMO and CNMO displayed equally polymer-
ized d-MnO2 lamellar structures, however, it was found that the
structure of CNMO aer thermal activation was comparatively
looser than that of NMO. This was attributed to the conversion
of d-MnO2 in the NMO into Mn2O3 and the subsequent release
of O2, which resulted in porosity. Element mapping of CNMO
(Fig. 2(e)) revealed that CNMO surface elements were evenly
distributed and its manganese content was 24%, the highest
metal component, while the content of iron was approximately
12%. Moreover, the morphology of the CNMO aer the catalytic
reaction was not obviously changed, indicating that the struc-
ture of CNMO is stable.

The SBET and total pores volume (Vtot) of the CNMO
increased to 6.08 m2 g�1 and 0.027 cm3 g�1 (Table 1), respec-
tively, aer thermal activation due to the release of O2 by the
NMO. This is benecial because the AO7 will more easily enter
the CNMO pore and enables full contact with the surface active
site. At the thermal activation temperature of 500 �C, the SBET
reached its maximum (Fig. S2(e) and Table S1†). The N2

adsorption–desorption isotherm of the used CNMO aer cata-
lytic reaction was similar to that of the CNMO, indicating that
the catalytic reaction exerted little effect on pore size or
structure.

FTIR of CNMO. The surface characteristics of the catalysts
were examined via FTIR, the results of which are presented in
Fig. 3(a).

The absorption peak of the FTIR spectra between 3700 cm�1

and 3200 cm�1 were assigned to the stretching vibration of O–
H, attributed to inner surface hydroxyl groups.34–36 The band at
1627 cm�1 arose from the bending vibrations of H2O,36 the
RSC Adv., 2022, 12, 20735–20745 | 20737
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Fig. 1 (a) TG and DTG curves for NMO; (b) XRD patterns of NMO activated at different temperatures and using CNMO; (c) effect of catalyst
calcination temperature on AO7 removal efficiency (conditions: C0 ¼ 20 mg L�1,MCNMO ¼ 0.9 g L�1,MPMS ¼ 0.15 mM, pH ¼ 6.6, T ¼ 25 �C); and
(d) N2 adsorption–desorption isotherms of NMO, CNMO and used CNMO.
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bands around 465–467 cm�1 were ascribed to Mn–O stretching
vibration,36,37 while the peaks at 1373–1375 cm�1 were attrib-
uted to the bending vibrations of hydroxyl groups attached with
Fig. 2 (a and b) SEM images for CNMO; (c and d) used CNMO; and (e) e

20738 | RSC Adv., 2022, 12, 20735–20745
the Mn atoms (Mn–OH),38,39 which is consistent with the peaks
of pure d-MnO2 (Fig. S3†). Aer the catalytic reaction, the peak
of CNMO at 467 cm�1 migrated to 448 cm�1, indicating the
lement mapping of CNMO.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02970g


Table 1 Textural properties of NMO and used CNMOa

Samples SBET m2 g�1 Vtot cm
3 g�1 Dp nm

NMO 31.04 0.052 6.646
CNMO 37.12 0.079 7.962
Used CNMO 45.48 0.082 6.868

a SBET: BET surface area; Vtot: total pores volume; Dp: average pore size.
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involvement of Mn–O. The characteristic absorption band of
pure Fe3O4 (Fig. S3†) at 530 cm

�1 was assigned to Fe–O bending
vibrations,40–42 while the band at 907 cm�1 was due to the O–H
stretching vibrations.36,43 Both bands were observed in both the
NMO and the CNMO, while the band of the used CNMO, at
around 530 cm�1, shied to 525 cm�1 and both the bands in the
used CNMO became signicantly weaker, indicating that both
Fe–O and O–H had participated in the reaction.

Temperature programmed desorption (TPD) of CNMO. CO2-
TPD and NH3-TPD were performed to further investigate the
surface acidity and alkalinity of the CNMO. The CO2-TPD
(Fig. 3(b)) showed three desorption peaks appearing at 108.9 �C,
563.4 �C and 794.6 �C, indicating three types of basic sites on
the surface of CNMO, namely weak basic sites (100–250 �C),
medium basic sites (250–470 �C) and strong basic sites (>470
�C).44 Of these, the desorption peak at 563.4 �C was found to be
the strongest, indicating that the surface of the CNMO was
peaks at 162.7–239.1 �C, 295.8 �C and 545.7–601.3 �C (Fig. 3(c))
corresponded to the weak acidic, medium acidic and strong
Fig. 3 (a) FTIR spectra of NMO, CNMO and used CNMO; (b) CO2-TPD,

© 2022 The Author(s). Published by the Royal Society of Chemistry
acidic sites on the surface, respectively. The desorption peak
signal was strongest at the strong acidic sites, and its peak area
was signicantly larger than that of the CNMO at 563.4 �C
during CO2-TPD. In addition, the proportion of strong acidic
sites was signicantly higher than that of strong basic sites.
Compared with the NH3-TPD of CNMO (Fig. 3(c)) and NMO
(Fig. S4(b)†), the weak/medium/strong acid content increased,
with the total acid amounts increasing by 0.074 mmol g�1

(Table S2†). It has been previously reported that acidic sites
have electrophilic properties and can bind easily with nucleo-
philic substances such as HSO5

�, thereby providing better
adsorption and activation sites for PMS.45 In this study, the acid
content on the surface of the CNMO was signicantly higher
than both its basic content and that of the NMO, making it
conducive to the decomposition of PMS.

Tafel proles of CNMO. The free corrosion potential of NMO
and CNMO were investigated via Tafel polarization proles to
characterize their electron transfer activity, which exerts
a considerable inuence on the activation of PMS. As shown in
Fig. 3(d), the corrosion potential of the CNMO increased from
�0.073 V to �0.122 V aer calcination, suggesting that the
electron transfer rate of CNMO was more effectively enhanced
than that of the NMO.23,46

XPS of CNMO. XPS wide-scan spectra of the CNMO and the
used CNMO (Fig. 4(a)) showed that CNMO consists mainly of O,
Mn, Fe, Si and Al. Signicant peaks of these elements could still
be detected in the used CNMO, indicating that the loss of these
elements during the catalytic process was very small. To better
(c) NH3-TPD and (d) Tafel polarization profiles of CNMO.

RSC Adv., 2022, 12, 20735–20745 | 20739
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Fig. 4 (a) XPS wide-scan spectra of the CNMO and the used CNMO; high-resolution XPS spectra and fitting peaks of (b) Mn 2p and (c) Fe 2p.
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understand the state changes of the elements (especially Fe and
Mn) in CNMO both before and aer the reaction, high-
resolution XPS scanning of these two specic elements was
performed. As presented in Fig. 4(b), the Mn 2p3/2 spectra peaks
located at 641.1 eV, 642.6 eV and 644.5 eV corresponded to
Mn2+, Mn3+ andMn4+, respectively.47 Aer the catalytic reaction,
Mn4+ content increased 15.40%, while Mn2+ and Mn3+

decreased by 1.52% and 13.89%, respectively. The Fe 2p spectra
(Fig. 4(c)) show peaks located at 710.9 eV and 712.6 eV, attrib-
uted to Fe 2+ and Fe3+, respectively.48–50 Aer catalyzation, 2.78%
of Fe3+ was converted to Fe2+. The above changes in the Mn and
Fe species on the CNMO surface indicate the involvement of
Mn2+/Mn3+/Mn4+ and Fe2+/Fe3+ in the redox cycle of the PMS
activation process.

Control experiments

To further demonstrate the excellent activation ability of the
CNMO on PMS and to explore its activation mechanism, a series
of control experiments were conducted using NMO, Mn2O3 and
the pure substances contained in CNMO. As illustrated in
Fig. 5(a and b) and S5,† the rate of AO7 removal by CNMO/PMS
(98.11%) was signicantly higher than that by NMO/PMS
(78.27%). Moreover, the PMS residues in the CNMO/PMS
system were obviously lower than those in the NMO/PMS
system, indicating that the activation ability of CNMO aer
calcining to PMS was signicantly improved. These changes are
not only dependent on the increased pore volume (or specic
surface area) of CNMO, but also on the enhanced surface acid
content and electron transfer rate. XRD analysis showed that
20740 | RSC Adv., 2022, 12, 20735–20745
the CNMO contained mainly d-MnO2, SiO2 and Fe3O4. Hence,
the corresponding pure substances were used to activate PMS
and degrade AO7. The results showed that d-MnO2 had a strong
activation effect on the PMS, while Fe3O4, and SiO2 had no
active effect on the PMS, suggesting that d-MnO2 and Fe3O4

were the main active components in the CNMO. Interestingly,
as shown in Fig. 5(b), the activation effect of d-MnO2 on PMS
was stronger than that of CNMO. However, the removal rate of
AO7 by CNMO/PMS (98.11%) wasmuch higher (2.28 times) than
that of the d-MnO2/PMS (34.28%). This may be due to the charge
transfer between Fe and Mn in CNMO, which facilitated the
generation of other effective ROS.

Practical application

The degradation of different contaminants in the CNMO/PMS
system was also explored in this work, and the results are
shown in Fig. 5(c). In addition to AO7 (C.I. 15510, azo dye),
CNMO/PMS was also shown to effectively eliminate other azo
dyes, including MB (C.I. 52015), DTB (C.I. 24400), MG (C.I.
42000) and MY (C.I. 13065). The rate of DTB degradation
reached 91.37% at 5 minutes, and almost all of the MB could be
removed in 40 minutes. These results indicate the excellent
degradation performance of the CNMO/PMS system on azo dye
contaminants.

As shown in Fig. S6,† the pHzpc of the CNMO was 9.28,
indicating that the CNMO surface was positively charged at pH
< 9.28 and negatively charged at pH > 9.28. The dissociation
coefficient of the AO7 was pKa ¼ 10.68,51 indicating that AO7
dissociates and has a negative charge at pH > 10.68.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Degradation of (a) AO7 and (b) PMS residues in various systems; (c) degradation of different pollutants in the CNMO/PMS system; the
influence of (d) inorganic anions HCO3

� and (e) Cl� on the degradation of AO7 in the CNMO/PMS system; (f) AO7 removal in actual water
(conditions: C0 ¼ 20 mg L�1, MCNMO ¼ 0.9 g L�1, MPMS ¼ 0.15 mM, pH ¼ 6.6, T ¼ 25 �C).
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Consequently, the negatively charged catalyst was not able to
effectively adsorb the dissociated AO7 at pH > 10.68 due to
electrostatic repulsion. This is also the reason why the AO7
adsorption capacity on the CNMO surface decreases under
strong alkaline conditions (Fig. S7†).

Since the presence of various inorganic anions in water
could affect the degradation of AO7, it was necessary to study
the effects of typical inorganic anions (HCO3

� and Cl�) on AO7
degradation (Fig. 5(d and e)). The catalytic activity of CNMO was
seen to decline signicantly in the presence of 5–30 mM of
HCO3

�. According to the Arrhenius equation, during the
degradation process, CO3

� could react with free radicals (cOH
and SO4c

�) to generate HCO3c and CO3c
�, which are weaker

oxidants than cOH and SO4c
�.52 In addition, the HCO3

� reacted
with HSO5

� (eqn (7))53,54 and partly consumed it. The reaction
rates remained almost unchanged in the presence of Cl�,
indicating that 5–30 mM of Cl� had a negligible inhibitory
effect.

HSO5
� + HCO3

� / HSO4
� + HCO4

� (7)

Furthermore, AO7 degradation in actual water (tap water,
lake water and river water) was explored. The tap water and lake
water were collected from Xihua University, Chengdu, China,
while river water was drawn from the Tuojiang River in
Chengdu, which is the Sichuan branch of the upper reaches of
the Yangtze River. As shown in Fig. 5(f) and S7(e),† the kobs of
AO7 in the three kinds of background waters all decreased, but
the removal rate could still reach more than 94% aer 40
minutes of reaction. AO7 was found to degrade most rapidly in
tap water, but more slowly in lake and river water, due to the
relatively high total organic carbon (TOC, Table S3†) in river and
© 2022 The Author(s). Published by the Royal Society of Chemistry
lake water. This suggests the existence of greater quantities of
organic matter, which would compete with AO7 for ROS and
reduce the rate of AO7 removal. Overall, this effect was found to
have only a negligible effect on the complete removal of AO7,
showing the good practical application prospect of the CNMO/
PMS system.
Catalyst stability

In practical application, the stability and recyclability of a cata-
lyst must be considered. The XRD pattern (Fig. 1(b)) showed
that the same typical diffraction peaks as CNMO could still be
observed on the used CNMO, indicating that its crystal structure
was stable. SEM, BET and FTIR results also conrmed the
stability of CNMO, with the change in the CNMO skeleton
structure aer catalytic reaction almost negligible.

The catalytic activity evolution of CNMO was detected via
a continuous recycling operation. As shown in Fig. 6(b) and
S8(a)†, the removal rate and kobs value of AO7 by CNMO grad-
ually decreased with the increase in recycling times, however,
the removal rate was still 89.5% aer four cycles. Mn and Fe
leaching concentrations in each recycling process were detected
(Fig. S9†), and the results showed only a small amount of
manganese leaching (<0.25 mg L�1) and almost no iron leach-
ing. The leaching of a small number of active metals may have
been the main reason for the reduction of CNMO catalytic rate.
In general, the CNMO exhibited strong stability.
CNMP mechanism discussion

Discussion of DFT calculations. To gain further insight into
the catalytic mechanism of the CNMO/PMS system, the main
catalytic components d-MnO2 and Fe3O4 in the CNMO were
RSC Adv., 2022, 12, 20735–20745 | 20741
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Fig. 6 (a) Consecutive runs to probe the evolution of catalytic activity for the CNMO; (b and c) degradation efficiency of AO7 in the CNMO/PMS
system under different quenching conditions; (d) EPR spectra of various catalytic processes using DMPO (* DMPO–OH, � DMPO–SO4

�, A
DMPO–O2

�) and TEMP ( TEMP–1O2) as the trapping agents; (e) LSV curves of different systems (conditions: C0 ¼ 100 mg L�1, MCNMO ¼ 1.5 g
L�1, MPMS ¼ 0.31 mM, pH ¼ 6.6, T ¼ 25 �C).
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selected for DFT calculation. When PMS was adsorbed on the
catalyst surface, different orientations and adsorption sites may
have generated various products and energy transduction.
Hence, various adsorption possibilities were calculated and
considered, with the adsorption model with a relatively stable
structure and lowest adsorption energy selected for analysis
(Fig. 7). The optimal adsorption model of PMS + d-MnO2 was
denoted as PMO, while PMS + Fe3O4 was denoted as PFO.
According to the calculation results, the value of DEads between
crystal d-MnO2 (0 0 1) and PMS (�0.232 eV), Fe3O4 (1 1 1) and
PMS (�9.491 eV) was negative, indicating that the adsorption
process was a stable exothermic chemical process.55
Fig. 7 (a) A series of results for DFT calculations, including adsorption m
difference distribution (CDD) of different PMS adsorption models blue
charge accumulation.

20742 | RSC Adv., 2022, 12, 20735–20745
The obtained charge difference distribution (CDD) further
conrmed the electron transfer between catalyst and PMS. The
PMS and catalyst surface atoms in PMO and PFO were wrapped
in blue and yellow electron clouds, indicating that charge
transfer had occurred between the catalyst and PMS. This was
also observed in the O surface of the d-MnO2 in the PMO, in
which it was found that the O atom close to the PMS was
covered with yellow electron clouds, indicating that the O atom
had obtained electrons. Elsewhere on the surface of d-MnO2,
more O and Mn atoms covered in blue electron clouds were
observed, indicating the consumption of electrons. In addition,
there were more blue and yellow electron clouds on the surface
odels (top view, side view) and adsorption energy (Eads); (b) the charge
region represents charge consumption and yellow region represents

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the O and Fe atoms near the PMS on the surface of Fe3O4,
indicating more charge transfers.

Based on the above DFT calculations and analysis results, it
was evident that there were charge transfers between the main
components of CNMO (d-MnO2 and Fe3O4) and the PMS.

Radical scavenging. Radical quenching experiments were
conducted to clarify the reactive mechanism in the CNMO/PMS
system. EtOH was used as an effective quenching agent for both
cOH (1.2–2.8 � 109 mol�1 s�1) and SO4c

� (1.6–7.7 � 107 mol�1

s�1),52 while TBA was considered to be the scavenger of cOH
only, due to signicant differences in the reaction rates with
cOH (k (TBA, cOH) ¼ (3.8–7.6) � 108 M�1 s�1) and SO4c

� (k (TBA,
SO4c

�) ¼ (4.0–9.1) � 105 M�1 s�1).23,56 As shown in Fig. 6(b), the
EtOH and TBA in which the concentration was under 1 M
exerted similar effects on AO7 degradation with CNMO as the
PMS-activation catalyst.

While the EtOH and TBA inhibitory effect on AO7 degrada-
tion with the increase of quencher concentration became more
obvious, the overall inhibitory effect was small, suggesting that
cOH and SO4c

� play a certain role in the catalytic process, but
are not the main factors involved therein. In addition, the TBA
inhibitory effect was more signicant than EtOH at the
concentration of 1 M, thus excluding the direct effect of SO4c

�

on the AO7 removal process.
The BQ were selected to detect the existence of O2c

� (k2 (BQ,
O2c

�) ¼ 0.9–1.0 � 109 M�1 s�1), while L-His and FFA were
selected as scavengers for 1O2 ((k2 (FFA, 1O2) ¼ 1.2 � 108 M�1

s�1), (k2 (L-his, 1O2) ¼ 3.2 � 107 M�1 s�1)).57–59 Fig. 6(c) shows
that L-his and FFA could signicantly inhibit AO7 degradation,
especially L-his, in which the inhibition rate reached 82.1%.
These results indicate that 1O2 was the main reactive species in
the AO7 degradation. The BQ inhibition on AO7 degradation
was not obvious, suggesting either that the effect of O2c

� was
negligible, or that BQ activated PMS and accelerated its
decomposition, resulting in the production of the main reactive
species 1O2.60

ESR experiments were conducted to further conrm the exist
of ROS in the catalytic system. As shown in Fig. 6(d), the signals
of DMPO–OH, DMPO–SO4

�, DMPO–O2
� and TEMP–1O2 were

detected in the CNMO/PMS system, however, the signals in the
PMS-only system were not clear. In other words, the ROS
produced by PMS self-decomposition was far less than that of
the PMS activated with the CNMO, suggesting that CNMO is
a key factor in promoting the ROS generation of PMS. By
comparison, it was found that the signal intensity of DMPO-
SO4

� was extremely faint, indicating that the existing quantity
of SO4c

� in the CNMO/PMS system was very small, which may
be attributed to the transformation of SO4c

� into other
substances (eqn (8)–(11)).61 This also shows that SO4c

� is not the
reactive species to decompose AO7, which is consistent with the
results presented in Fig. 6(b). The DMPO–OH, DMPO–O2

� and,
particularly, TEMP–1O2 showed high signal intensity. According
to previous studies, O2c

� can be converted to 1O2 (eqn (15)–
(17)),2,15,23 which could improve the rate of AO7 degradation.

The results of the quenching experiments and EPR showed
that 1O2 was the main reactive species for AO7 degradation in
the CNMO/PMS system, followed by cOH.
© 2022 The Author(s). Published by the Royal Society of Chemistry
[CNMO]0 + HSO5
� / [CNMO]I + OH� + SO4c

� (8)

[CNMO]0 + HSO5
� / [CNMO]I + cOH + SO4

2� (9)

SO4c
� + H2O / H+ + cOH + SO4

2� (10)

SO4c
� + HSO5

� / HSO4
� + SO5c

� (11)

cOH + cOH / H2O2 (12)

H2O2 + cOH / H2O + HO2c (13)

HO2c / H+ + O2c
� (14)

O2c
� + cOH / 1O2 + OH� (15)

O2c
� + 2H2O / 1O2 + H2O2 +2OH� (16)

2O2c
� + 2H+ / 1O2 + H2O2 (17)

Catalytic mechanism. Further to the abovementioned nd-
ings, it was proposed that the degradation mechanism of AO7 in
CNMO/PMS system is related to 1O2 and electron transfer. The
low valence metals reacted with PMS to produce high valence
metals to form SO4c

� (eqn (18)), and the high valence metals
could also activate PMS to produce low valence metals and SO5c

�

(eqn (19)).1 The electron transfer between CNMO and PMS in this
process was also veried via the DFT study. Thus, low and high
valence metals were activated by PMS and converted to each
other to form a cyclic system. The SO4c

� could be converted into
cOH and SO5c

� through the reactions of eqn (10) and (11), thus
increasing the content of cOH and SO5c

� in the system. Simul-
taneously, cOH and SO5c

� could generate 1O2 (eqn (20) and
(21)),11,58 which is the main active species for AO7 degradation,
via the quenching experiment and EPR verication.

It can be seen from the above analysis that the rate of AO7
degradation is dependent on the cycle efficiency of Mn 4Mn+1.
Therefore, electron transfer is the key factor affecting 1O2

generation and AO7 degradation. In fact, electron transfer also
occurs between different valence states of iron and manganese
(eqn (22) and (23)),1,6,21,62 as conrmed by the linear sweep
voltammetry (LSV) results presented in Fig. 6(e). Current
change was detected in the system in which only CNMO was
present. Moreover, the current intensity of the CNMO/PMS
system was signicantly increased aer the addition of PMS
in comparison to the pure CNMO, thus demonstrating the
electron transfer between PMS and CNMO. When AO7 was
introduced into the CNMO/PMS system, the current further
increased, implying a rapid transfer of electrons in the CNMO/
PMS/BPA system.

Thus, a nonradical catalytic mechanism for the oxidative
degradation of AO7 in the CNMO/PMS system is inferred, as
shown in Scheme 1. The PMS adsorbed on the surface of the
CNMO and was activated by the transition metal, the AO7
molecules as the electron donor and the activated PMS as the
electron acceptor, and a direct oxidation–reduction reaction
took place under the action of CNMO to realize the
RSC Adv., 2022, 12, 20735–20745 | 20743
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Scheme 1 Schematic illustration of PMS activation mechanism for
AO7 degradation in CNMO/PMS system.
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degradation of AO7. The results show that CNMO has excel-
lent catalytic performance and could, therefore, serve as an
electron medium to promote the electron transfer of AO7
to PMS, thereby achieving the oxidation–reduction reaction
of AO7.

Mn + HSO5
� / Mn+1 + OH� + SO4c

� (18)

Mn+1 + HSO5
� / Mn + H+ + SO5c

� (19)

2cOH / 1/21O2 + H2O (20)

2SO5c
� + H2O / 2HSO4

� + 1/21O2 (21)

Fe2+ + Mn3+ / Fe3+ + Mn2+ (22)

2Fe2+ + Mn4+ / 2Fe3+ + Mn2+ (23)

M: Fe and Mn

Conclusions

This study demonstrated that the AO7 removal rate of CNMO
based on the PMS system was signicantly improved by thermal
activation, which increased the pore size, acid site and electron
transfer rate of CNMO. It was proposed that 1O2 is the main
reaction species for AO7 degradation in the CNMO/PMS system.
The activation of PMS was achieved through electron transfer
from AO7 and CNMO to surface-adsorbed PMS. The excellent
stability, recyclability and adaptability of the CNMO suggest
that CNMO/PMS could be a promising system for practical
application. Furthermore, the strategy of converting iron-
bearing manganese ore into an efficient catalyst through this
straightforward process shows great potential for the simpli-
cation of technology preparation, while also mitigating envi-
ronmental pollution.
20744 | RSC Adv., 2022, 12, 20735–20745
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