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Abstract

Peroxymonosulfate-based advanced oxidation processes (PMS-AOPs) for in situ

persistent organic pollutant (POP) remediation in aqueous solutions can be a

promising technology. However, this technology is constrained by its high tox-

icity and cost of metal oxide and non-metal catalysts for PMS activation. Here,

we investigated the catalytic performance of a widely available natural min-

eral, manganese ore (MO), for PMS activation. A series of natural MO samples

in an aqueous solution were prepared via the Fenton-like reaction. The sam-

ples' crystalline structure, surface morphology, textural properties, and other

surface characteristics of the selected MO were systematically characterized.

The effects of PMS concentration and process parameters on the degradation

performance of four chosen model pollutants, that is, phenol, tetrabromobi-

sphenol A (TBBPA), rhodamine B (RhB), and methylene blue (MB), were eval-

uated. The experimental results showed that natural MO increased catalytic

activity and enhanced the PMS oxidation processes, with 98%, 90%, and 75%

removal efficiencies on phenol, TBBPA, and RhB, respectively, within 1.5 h.

The reduction in the initial pH solution from 10 to 7 and the increase in tem-

perature from 15 to 45�C enhanced the MB degradation rate (decolorization)

by 55 and 46%, respectively, within 2 h. During the PMS activation process,

SO4
•�, •OH, and 1O2 species were generated, but only SO4

•� and •OH radicals
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with strong oxidative potentials contributed to the catalytic degradation. The

dissolved metals from the experiments were found well within the limit of

drinking water standards, verifying that the MO + PMS catalytic system is suit-

able for commercial applications. This work provides insights into the develop-

ment potential and prospects of using natural minerals for PMS activation and

POP degradation, which can accelerate their industrial applications.
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1 | INTRODUCTION

Rapid industrialization and continuous population
growth have become global issues, leading to extensive
environmental pollution, especially water pollution.1,2

Persistent organic pollutants (POPs), contaminants
notoriously known for their long-lasting and toxic
existence in the environment, require urgent treatment
solutions.3–5 A peroxymonosulfate-based advanced
oxidation process (PMS-AOP) is a promising in situ POP
remediation technology in aqueous solutions, given its
high efficiency and broad applicability.6–8 As a commonly
used oxidant, PMS shows excellent potential for POP
degradation, given its low cost, nontoxicity, and chemical
stability. However, PMS activation generally requires the
presence of metal oxides as catalysts to generate sulfate
radicals (SO4

��) at high standard redox potential
(2.5–3.1 V) for effective POP degradation.9,10

Applying metal catalysts that do not naturally exist
requires complex synthetic pre-processing, which thus
increases the cost of industrial applications.11,12

Abundantly available natural mineral catalysts are worth
exploring.13–15 Natural transition metals and their com-
pounds, such as iron (Fe), cobalt (Co), and manganese
(Mn) ores, have demonstrated their excellent potential
for PMS activation and POP degradation.15,16 Natural
ores are attractive for their low cost, abundant availabil-
ity, and comparable performance to synthetic catalysts,17

especially for Earth's 12th most abundant element,
Mn.18,19 Several Mn oxides, that is, Mn monoxide, Mn
dioxide, and Mn trioxide, have displayed high catalytic
performance in PMS-AOP systems and for POP degrada-
tion.20,21 Similarly, natural Mn ore (MO) comprises vari-
ous Mn compounds that may display good catalytic
performance for POP degradation.

Four operating mines and one tailing retreatment
plant in Australia produce millions of tonnages of MO
and generate more than one billion Australian dollars'
worth annually. Two of these four Mn mines are located

in Western Australia, bringing this work unique geo-
graphical and cost advantages for large-scale application.
This work aims to evaluate the catalytic performances of
the widely available natural MOs for PMS activation. The
crystalline structure, surface morphology, textural
properties, and other surface characteristics of the
selected MOs were characterized by powder X-ray
diffraction (XRD), scanning electron microscope coupled
with energy-dispersive spectrometry (SEM-EDS),
Brunauer–Emmett–Teller (BET) specific surface area,
Barrett–Joyner–Halenda (BJH) pore size distribution, and
X-ray photoelectron spectroscopy (XPS). The effects of
PMS concentration and other process parameters on the
degradation performances of four model pollutants, that
is, phenol, tetrabromobisphenol A (TBBPA), rhodamine
B (RhB), and methylene blue (MB), were evaluated,
including their removal efficiencies in relation to the ini-
tial pH value of the solutions and reaction temperatures.
Furthermore, electron paramagnetic resonance (EPR)
and selective radical quenching experiments were
conducted to reveal the catalytic mechanisms in the
PMS-AOP system.

2 | MATERIALS AND METHODS

2.1 | Chemicals and materials

Table 1 shows the composition of the selected MO sam-
ples supplied by Karara Mining Ltd. and OM Manganese
Pty. Ltd., Australia. Two batches of commercially tested
MO powder samples were obtained from the same mine,
and each batch contained four samples. The first four
samples from first batch and the next four samples from
second batch were labeled as MO-1 to MO-8 consecu-
tively. Before the experiments, the MO samples were
ultrasonically cleaned with deionized (DI) water. Then,
we manually sieved the samples to remove non-stone
components such as organic matter and filtered them
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with filter paper. Afterward, we dried the samples in an
oven at 105�C for 12 h and then further sieved them to
obtain 50–60 μm particles for subsequent tests.

Next, we purchased four chosen model pollutants,
that is, phenol (≥99%), TBBPA (≥99%), RhB (≥99%),
and MB (≥99%), and two spin-trapping agents,
that us, 5,5-dimethyl-1-pyrroline (DMPO, ≥99%), and
2,2,6,6-tetramethyl-4-piperidinol (TMP, ≥99%), from
Sigma-Aldrich. A series of diluted model pollutants using
DI water was prepared for pollutant degradation experi-
ments. Given the low solubility of TBBPA under pH 7,
we added NaOH (0.1 M) to the solution to adjust the pH
value to 11 for producing the TBBPA solution.

2.2 | Preliminary MO degradation
experiments

We systematically conducted the preliminary degradation
experiments using the prepared MO-1 to MO-8 catalysts
with and without PMS activation. These preliminary
experiments included eight control (MO only) groups
and eight variable (MO + PMS) groups. They were con-
ducted once only to screen the initial samples, compare
their catalytic performances, and find the representative
MO type for the MO + PMS system. Then, we repeated
the subsequent experiments more than three times to
obtain reliable results. Firstly, a 500-mL beaker as a reac-
tor carrying 200-mL model pollutant (i.e., 20 ppm phe-
nol) was placed in a thermostatic water bath with a
mechanical stirrer to maintain homogenous solution con-
ditions throughout the reaction. Then, we added 1 g L�1

MO and 2 g L�1 PMS to the beaker with the pollutant
solution under controlled conditions (pH 7 and 25�C) to
initiate the oxidation reaction. However, the MO catalyst
was added before PMS for adsorption, and the reaction
timing was recorded from the time of PMS addition.

During the experiment, we collected 1 mL of solution
periodically, filtered with the 0.45 μm polytetrafluor-
oethylene (PTFE) membrane, and mixed immediately
with 0.5 mL of methanol to quench the oxidation.
An ultra-high-performance liquid chromatography
(UHPLC, Thermo Fisher Scientific UltiMate 3000) with a

UV–visible spectrophotometer (JASCO) set at 270 nm
was used to measure the residual phenol concentration.22

We repeated these experiments three times to ensure the
reliability and validity of the degradation experiment.
Then, we evaluated their kinetic reaction rates of the
phenol degradation using Equation (1), where k (min�1)
represents the first-order kinetic reaction rate constant of
the contaminant degradation,23 Ct and Co are the concen-
tration at the reaction time, t, and the initial concentra-
tion of chosen pollutants, respectively.

In Ct=Coð Þ¼�kt ð1Þ

2.3 | Characterization of chosen MO
catalyst

To investigate the morphology and microstructure of the
chosen MO catalyst, we employed the following equip-
ment and procedures: (a) scanning electron microscopy
(SEM, FESEM Zeiss Neon 40EsB) coupled with an
energy-dispersive X-ray spectroscopy (EDS) for probing
the sample's surface morphology; the sample was tested
with carbon glue on the holder to ensure electrical con-
ductivity; the applied SEM and EDS voltages were about
15 and 20 kV, respectively; EDS scanning was conducted
to exclude carbon elements in the complete element
scanning to avoid carbon-containing tape interference;
we also repeated this test several times to obtain reliable
results; (b) powder X-ray diffraction (XRD, Bruker D8
Advance) using Cu-Kα radiation at 40 kV and 30 mA
with the step size and time of 0.02� (2θ) and 0.01 s,
respectively, to determine the sample's crystalline struc-
ture; then, the recorded powder XRD patterns were iden-
tified and intepreted by referring to the standard spectra
(JCPDS-ICDD) in its software; this test was repeated
twice for obtaining reliable results; (c) X-ray photoelec-
tron spectroscopy (XPS, Thermo Escalab 250) using Al-
Kα X-ray radiation for determining surface chemical
composition; the deconvolution of obtained XPS spectra
was carried out using Voigt functions with a 30%
Lorentzian component after baseline subtraction using
the Shirley method; and (d) surface area analyzer
(Micromeritics TriStar II Plus) for measuring the textural
properties by N2 adsorption at �196�C, the sample of
which needs be degassed first by evacuation at 250�C for
12 h; the test was repeated four times for obtaining reli-
able average values by using a new powder sample each
time. We also measured the sample's specific surface area
(SSA) using the Brunauer–Emmett–Teller (BET) model
and pore size distribution (PSD) using the Barrett–
Joyner–Halenda (BJH) model.

TABLE 1 The composition of manganese ore (MO) samples

supplied by the mining companies.

Composition Formula Content (wt.%)

Braunite 4MnO3�3MnO2�SiO2 30%

Psilomelane Ba�Mn�Mn8O16(OH) 30%

Pyrolusite MnO2 30%

Quartz SiO2 10%

YAO ET AL. 3 of 13
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2.4 | Catalytic activity experiments

Based on the aforementioned preliminary results, we per-
formed similar degradation experiments for TBBPA,
RhB, and MB using the chosen MO catalyst to evaluate
the effects of PMS activation under different conditions.
These conditions included adding (a) 0.3 g L�1 PMS only,
(b) 0.5 g L�1 chosen MO catalyst only, and (c) a combina-
tion of MO + PMS under 25�C and pH 11 or 7 for
20 ppm of TBBPA or RhB model pollutants, respectively.
Moreover, we repeated the degradation experiments for
TBBPA using different PMS dosages ranging from 0.1 to
0.3 g L�1 under 25�C and pH 11 and constant MO
(0.5 g L�1). Then, we also evaluated their corresponding
degradation kinetic reaction rates using Equation (1) to
determine the optimal PMS dosage for the subsequent
experiments. On the other hand, we performed the same
degradation experiment using MB as the model pollutant
based on the chosen MO and optimal PMS dosage but
under different initial pH values (i.e., 7, 9, and 10) and
different reaction temperatures (i.e., 15, 25, 35, and
45�C). For measuring TBBPA, RhB, and MB residual con-
centrations, we set the UV–visible spectrophotometer at
464, 554, and 664 nm, respectively.22,24,25 Similarly, we
evaluated their corresponding degradation kinetic reac-
tion rates using Equation (1) to determine the optimal
pH and reaction temperature conditions.

2.5 | Radical quenching experiments

We conducted selective radical quenching experiments to
demonstrate the MO catalytic mechanisms in the PMS-
AOP system. Firstly, we filtered the collected sample
solution (1 mL) using the 0.45 μm PTFE membrane and

mixed it with an indicator immediately for electron
paramagnetic resonance (EPR) analysis every 5 min to
detect the free radicals during the experiments. A Bruker
EMX-E spectrometer was utilized using DMPO and TMP
as spin-trapping agents under 3510 G centerfield, 100 G
sweep width, and 100 GHz modulation frequency testing
conditions. These experiments were conducted similarly
to the degradation experiments but under different condi-
tions. The reaction conditions used for the in situ EPR
tests consisted of (a) catalyst loading (0.5 g L�1), (b) PMS
loading (0.3 g L�1), (c) pH 7.0, (d) 8 mM of DMPO, and
(e) 0.08 mM of TMP.26 At the end of the experiment, we
collected another 10 mL of the sample solution.
We filtered it with the same PTFE membrane filter before
testing it using inductively coupled plasma mass
spectrometry (ICP-MS, PerkinElmer, Elan DRC-e) to
measure the trace metal elements. Lastly, we also
prepared standard solutions to obtain standard concen-
tration curves.

3 | RESULTS AND DISCUSSION

3.1 | Representative MO + PMS system

Figure 1 shows phenol degradation using eight MO sam-
ples (MO-1 to MO-8) with and without PMS oxidation to
determine the representative MO + PMS system for the
subsequent experiments. Firstly, we noticed that all the
samples exhibited phenol degradation but with different
variations. All the samples without PMS (MO-1 to MO-8
only) rapidly reached an adsorption–desorption process
in the first 15 min, with only about 10% of phenol
removal in the absence of PMS. This result can be
ascribed to the limited SSA (12.6 m2 g�1) of the MO

FIGURE 1 Effect of MO catalysts

on phenol degradation with and without

PMS activation.
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catalysts. After adding PMS to the experiments, different
MO + PMS systems achieved 52%–98% phenol degrada-
tion within 90 min (Table 2). Among them, MO-5 + PMS
exhibited the highest phenol degradation (98%), and the
other seven systems presented in the descending order
of MO-2 + PMS < MO-1 + PMS < MO-3 + PMS < MO-4
+ PMS < MO-7 + PMS < MO-6 + PMS < MO-8 + PMS.
These variations can also be ascribed to different batches
of samples collected from the same mine and their differ-
ences in microstructure properties and chemical compo-
sition, which we verified in the subsequent experiments.
On the other hand, several other studies reported that
their advanced oxidation process (AOP) systems revealed
little phenol degradation when only using PMS (without

catalysts).27–30 We thus deduced that both MO and PMS
(MO + PMS) were necessary for achieving significant
phenol degradation in an AOP system. As a result, we
chose the MO-5 + PMS system as the representative AOP
system for the subsequent experiments.

3.2 | Characterization of chosen MO-5
catalyst

Figure 2 displays the SEM with EDS mapping images
to characterize the MO-5 catalyst's surface morphology
and chemical composition. Several fine particles were
observed on the MO sample, suggesting that they were

TABLE 2 The removal efficiencies of MO catalysts for PMS activation on phenol degradation within 90 min.

MO + PMS
experiments

MO-1
+ PMS

MO-2
+ PMS

MO-3
+ PMS

MO-4
+ PMS

MO-5
+ PMS

MO-6
+ PMS

MO-7
+ PMS

MO-8
+ PMS

Removal efficiency (%) 89 90 82 78 98 58 62 52

FIGURE 2 (a–c) SEM images of MO-5 catalyst at different magnifications. EDS mapping images of (d) MI (e) O, (f) Si, (g) Fe, (h) Al,

and (i) Co on the catalyst sample.

YAO ET AL. 5 of 13
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responsible for the sample's magnetism property
(Figure 2a–c). To further verify the sample's magnetic
properties, we used a magnet to test the sample with a
transparent container. We found that the magnet
attracted part of the powder sample. This result can be
ascribed to the different compositions in the sample,
such as iron (Fe), which typically has magnetic proper-
ties. Due to the complex composition of the MO, it
may contain a similar composition of magnetite
(Fe ore).28 Such magnetic properties could benefit cata-
lyst recovery.

Besides, the EDS mapping images show that Mn
appeared to be the most abundant element in the sample
(Figure 2d–i). We also noticed a certain amount of O
(Figure 2e) and Si (Figure 2f) from metallic oxides and
silicon dioxide sources in the sample, matching the com-
positions derived from the natural ore. Since SiO2 can be
commonly found in sand and stone, finding Si and O in
natural ore samples is reasonable. A small amount of Fe
was also detected in the MO sample (Figure 2g). This
result can be ascribed to the Fe ore being the largest ore
resource in Australia and thus often being detected in
other ores.31 Lastly, a minor quantity of Co was detected
(Figure 2i), which may play a significant role in the

catalytic system.32,33 Shukla et al34 reported that Co3O4–
SiO2, potential main constituents of MO, could
completely degrade phenol in 190 min. In short, the main
active ingredients for the MO sample were identified as
MnO2, Fe2O3, CoO, and Co3O4.

Figure 3a displays the powder XRD patterns of the
MO-5 sample for characterizing its crystalline structures.
We noticed characteristic peaks at 2θ of 21�, 27�, 37�, 39�,
51�, 60�, 58�, 76�, and 82� that can be indexed to quartz
crystal planes.35 Moreover, the diffraction peaks at 2θ of
24�, 33�, 36�, 41�, and 55� matched the pyrolusite crystal
planes of MnO2.

36 Lastly, the diffraction peaks at 2θ of
28�, 38�, 43�, 47�, and 57� also matched those of the
hematite Fe2O3.

37 Table 1 reveals that the total Mn con-
tent in the natural MO samples was nearly 30% and con-
sisted of various Mn-containing compounds. Such
characteristics with different Mn species in the natural
MO may result in diverse catalytic efficiency. Hence, we
investigated phenol degradation by adding PMS without
a catalyst and found no oxidation reaction. In contrast,
we discovered phenol degradation when adding different
Mn oxide catalysts and oxidants (PMS) simultaneously.
As a result, Mn2O3 exhibited the most effective PMS acti-
vation and yielded sulfate radicals (SO4

��). Hence,

FIGURE 3 (a) Powder XRD

patterns of MO-5 sample; (b) a full XPS

survey spectra; and deconvoluted

spectra of (c) Mn 2p, (d) Fe 2p, and

(e) Co 2p of MO-5 sample.
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compared to MnO–PMS (90%), Mn3O4–PMS (66.4%), and
MnO2–PMS (61.5%) of phenol removal in 2 h, Mn2O3–
PMS exhibited 100% phenol degradation in 1 h. These
results also verified the Mn oxide catalysts performed in
the following order: Mn2O3 > MnO > Mn3O4 > MnO2,

28

and divalent manganese (Mn2+) was dominant in the
natural MO, as indicated in Table 1.

The XPS survey spectra indicated that various metal
elements, including Co, Fe, Mn, and Al, were present on
the MO surface (Figure 3b). The two peaks from the Mn
2p spectrum located at 643.03 and 654.16 eV demonstrate
the existence of MnO2 (Figure 3c).38–40 Similarly, the two
peaks at 711.33 and 724.59 eV from the Fe 2p spectrum
indicated the presence of Fe2O3 (Figure 3d).41–43 Lastly,
the three peaks at 779.25, 781.12, and 794.72 eV from the
Co 2p spectrum indicated that Co existed as both Co3O4

and CoO on the MO surface (Figure 3e).44–46 Due to the
presence of different chemicals in the samples, the peaks
were superimposed on the XPS images. Although we cor-
rected them in the imaging program, they still differed
slightly from the standard references. Besides that, based
on the BET and BJH analyses, the SSA and average pore
size for the MO-5 sample were 12.6 m2 g�1 and 7.4 mm,

respectively. This result showed a lower SSA than syn-
thetic porous catalysts or nanomaterials, typically in hun-
dreds of SSA.14,34,39 However, as natural minerals, this
lower SSA of MO-5 is acceptable since it exhibited effi-
cient reactions.

3.3 | Effects of PMS on TBBPA and RhB
degradation

Figure 4 shows TBBPA and RhB degradation based on
constant and different PMS concentrations in the pres-
ence and absence of MO (5 g L�1). PMS or MO only
exhibited low TBBPA degradation (10%–20%) under alka-
line conditions (pH 11) (Figure 4a). In contrast, the
TBBPA degradation increased and reached nearly 99%
within 1 h in MO + PMS. Similarly, the RhB degradation
increased from nearly 2%–75% within 1 h in MO + PMS
against MO or PMS only under neutral pH (Figure 4b).
In other words, using MO or PMS alone cannot produce
significant degradation effects.28–30

The influence of PMS dosages, that is, 0.1, 0.2, and
0.3 g L�1, on TBBPA degradation was investigated with

FIGURE 4 Effect of PMS with and without MO catalyst on (a) TBBPA degradation and (b) RhB degradation. (c) Effect of different PMS

concentrations on TBBPA degradation under the specified reaction conditions and (d) their matching first-order kinetic reaction rates.
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0.5 g L�1 of MO under alkaline conditions (Figure 4c). A
positive correlation of TBBPA removal efficiency with
PMS concentration was obtained, that is, 60% (0.1 g L�1),
88% (0.2 g L�1), and 90% (0.3 g L�1) within 1 h. Although
the 0.2 and 0.3 g L�1 PMS systems reached similar
removal efficiency at 1 h, their first-order kinetic reaction
rate constants (k, min�1), as calculated using
Equation (1), exhibited a significant difference, that is,
0.2 g L�1 (k2 = 0.0305 min�1) and 0.3 g L�1

(k3 = 0.0449 min�1) (Figure 4d). In short, the 0.3 g L�1

(k3 = 0.0449 min�1) PMS system showed a higher reac-
tion rate than the 0.2 g L�1 (k2 = 0.0305 min�1) and
0.1 g L�1 (k1 = 0.0251 min�1) PMS systems.

3.4 | Effects of initial pH solution on MB
degradation

Figure 5 shows the effect of the initial pH solution, that
is, 7, 9, and 10, on MB degradation with 0.1 g L�1 for
both MO and PMS. Since site pollution is typically
accompanied by land salinity, the pollutant degradation
performance in an alkaline environment is critical for in
situ remediation application. McAvoy et al47 reported
that the TBBPA solubility in water increased with pH, for
example, 0.148 mg L�1 (pH 5), 1.26 mg L�1 (pH 7), and
2.34 mg L�1 (pH 9). The MB degradation rate increased
with increased initial pH values, that is, 40% (pH 7), 50%
(pH 9), and 95% (pH 10) (Figure 5a). Thus, the kinetic
reaction rates increased with increased pH, that is, pH 7
(k1 = 0.0056 min�1), pH 9 (k2 = 0.0112 min�1), and
pH 10 (k3 = 0.0311 min�1). These results suggested that
more hydrogen ions (lower pH) could consume sulfate
(SO4

��) and hydroxyl (�OH) radicals, reducing the pollut-
ant degradation capacity.48,49

3.5 | Effects of reaction temperature on
MB degradation

Figure 6 shows the influence of different reaction temper-
atures, that is, 15, 25, 35, and 45�C, on MB degradation
with 0.1 g L�1 for both MO and PMS. We tested the deg-
radation with these temperatures since they represented
the variation in different sewage treatments or other
commercial applications. The MB degradation rate
(decolorization) increased with reaction temperatures,
that is, 37% (15�C), 42% (25�C), 62% (35�C), and 83%
(45�C) (Figure 6a). Moreover, the reaction rates increased
with increased temperature, that is, 15�C
(k1 = 0.0045 min�1), 25�C (k2 = 0.0056 min�1), 35�C
(k3 = 0.0099 min�1), and 45�C (k4 = 0.0231 min�1). In
other words, a higher temperature could give rise to an
increase in energy absorption for the O–O breaksup, thus
activating the PMS.

3.6 | Catalytic mechanisms

Based on the previous studies,50–56 the PMS activation by
MO catalyst likely follows Equations (2)–(10):

HSO5
�þ�Fe3þ !�Fe2þþSO5

•�þHþ ð2Þ

HSO5
�þ�Fe2þ ! SO4

•�þOH�þ�Fe3þ ð3Þ

HSO5
�þ�Mn3þ !�Mn2þþSO5

•�þHþ ð4Þ

HSO5
�þ�Mn2þ ! SO4

•�þOH�þ�Mn3þ ð5Þ

SO4
�þ�Co2þ !�Co3þþSO4

2� ð6Þ

FIGURE 5 (a) Effect of initial solution pH on MB degradation and (b) their corresponding first-order kinetic reaction rates.
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HSO5
�þ�Co2þ ! SO4

•�þOH�þ�Co3þ ð7Þ

SO5
•�þSO5

•� ! 2SO4
•�þ 1O2 ð8Þ

SO4
•�þH2O!Hþþ •OHþSO4

2� ð9Þ

Organic pollutantsþ SO4
•�= •OHð Þ

! degraded products CO2þH2OþSO4
2�� � ð10Þ

Figure 7 shows the EPR spectra to detect the presence
of DMPO–sulfate (SO4

��) and DMPO–hydroxyl (�OH)

radicals in the mixture solution to gain insights into the
PMS activation mechanisms. The reaction conditions
used in the in situ EPR tests consist of (a) MO catalyst
loading (0.5 g L�1), (b) PMS loading (0.3 g L�1),
(c) pH 7.0, (d) 8 mM of DMPO, and (e) 0.08 mM of TMP.
For DMPO-SO4

• � and DMPO-•OH signals. At the begin-
ning of the reaction, we noticed a quartet with an inten-
sity ratio of 1:2:2:1 in the MO + PMS system. For the
TMP–1O2 signal, we observed a similar triplet in this
bauxite ore/PMS composite system at the beginning of
the reaction, indicating SO4

�� and �OH radicals and sin-
glet oxygen (1O2) were generated during PMS activation.

FIGURE 7 EPR spectra of PMS

activation with MO for detecting the

presence of DMPO-sulfate (SO4
��) and

DMPO-hydroxyl (�OH) radicals.

FIGURE 6 (a) Effect of different temperatures on MB degradation and (b) their matching first-order kinetic reaction rates.
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These species could oxidize organic pollutants is a typical
system reaction feature.26 Besides, SO4

�� was rapidly con-
sumed during oxidation indicated its participation during
the reaction.

On the other hand, our EPR results also matched the
peaks observed in previous studies based on synthesized
catalysts and accorded well with the aforementioned
mechanisms in Equations (2)–(10).50–56 However, based
on our aforementioned SEM and powder XRD results,
several transition-metal elements and metal oxides were
identified in our natural mineral samples, suggesting that
these metal oxides may also activate PMS to degrade
POPs. In short, the catalytic degradation mechanism of
our natural metal minerals was consistent with that of
synthetic metal catalysts, thus suggesting natural metal
materials can be a suitable replacement for synthetic cat-
alysts. However, due to the complex composition of our
natural mineral samples, the specific mechanism requires
further investigation and clarification in future studies.

3.7 | Water quality evaluation

Table 3 shows the ICP-MS results of the four metal resi-
dues after being degraded by the MO + PMS system with
20 ppm phenol. We adopted the World Health Organiza-
tion (WHO) and European Union (EU) drinking water
standards to compare the results since no single standard
contains all four metal elements. Besides, we used the
lower limits in both standards when the limits existed in
both standards. All four metals met the standard require-
ments, suggesting that metal leaching in the MO + PMS
system is relatively low and that this technology can be
environmentally compatible with its commercial
applications.

Table 4 lists the prices of the main components of the
transition-metal catalysts for conducting a financial feasi-
bility study and demonstrating the comparative advan-
tages of natural ore and synthetic transition-metal
catalysts in large-scale soil in situ remediation. The prices
of chemical products were derived from the price of
metal elements provided by Sigma-Aldrich to represent
the estimated cost of the primary raw materials required
for the laboratory catalyst synthesis. The price of indus-
trial metal smelting products refers to the average time-
sharing price of the spot trading market in China.

Notably, China is the largest producer of steel and metal
finished products. Shipping ore is generally used as
industrial raw materials. It represents the lowest raw
material price of laboratory-grade synthetic catalysts. The
price of shipping ore was taken from the estimated price
of the international ore futures trading market.

Due to the classification of ore with different purity,
we used the highest purity refined ore as the price index
so that our ore price is higher than the actual situation.
As a result, the price of chemicals is two orders of magni-
tude higher than that of industrial metal smelting prod-
ucts (Table 4). Even cobalt, a rare element, has a
chemical price four times higher than that of metal. The
price of common metals is five times that of bulk refined
ore, and the price of the rare metal cobalt ore is only 3%
of its metal price. In making synthetic metal catalysts,
many additional chemical products are required. There-
fore, the actual catalyst raw material price difference
must be higher. This is because most industrial or labora-
tory chemicals used in this process are more expensive
than ordinary metal products. For example, the raw
material cost of the synthetic catalyst exceeded 2000
Australian dollars, while the finished product we synthe-
sized was less than 500 g.53 In addition, synthetic cata-
lysts require a lot of chemical experiment equipment,
including but not limited to a muffle furnace, high-
pressure reactor, and fume hood. Considering the cost of
various consumables and equipment in the process, the
current price of transition-metal catalysts is about thou-
sands of Australian dollars per kilogram. Even if industri-
alized production significantly reduces manufacturing
costs, its price can still be hundreds of times that of natu-
ral metal ore catalysts. Therefore, natural metal ore cata-
lysts have incomparable financial advantages in
activating PMS to degrade organic pollutants in large-
scale soil remediation.

TABLE 3 Comparison of ICP-MS

results on the MO + PMS treated water

residues with drinking water standards.

Element (ppm) Fe Mn Ca Mg

MO + PMS system with [Phenol] = 20 ppm 0.1 0.01 1.1 4.2

Drinking water standards57,58 0.3 0.05 61 25

TABLE 4 The prices of the main components of the transition-

metal catalysts.

Price (AUD kg�1) Fe Mn Co

Analytical reagents 71 238 1088

Industrial metal 0.60 2 267.5

Shipping ore 0.15 0.41 7.94
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4 | CONCLUSION

This work proposes an in situ wastewater remediation
strategy by directly utilizing natural MO as the catalyst in
PMS activation to remove organic pollutants via
advanced oxidation processes. The MO-5 + PMS catalytic
system performed well during the oxidative degradation
of different contaminants, including phenol, TBBPA,
RhB, and MB. Notably, TBBPA could be removed by up
to 90% using the MO + PMS at 25�C and pH 11 within
1 h. The degradation efficiency revealed a positive corre-
lation with PMS concentration. In contrast, a further
increase in PMS concentration could not significantly
affect degradation efficiency after it reached a maximum
level. Increasing the reaction temperature from 15 to
45�C enhanced the MB degradation rate. The reduction
in the initial pH solution from 10 to 7 increased the MO
+ PMS catalytic performance. The MO-5 sample could
remove more than 50% of contaminants within 1.5 h,
even under less favorable conditions, that is, at pH 7 and
low temperature.

Moreover, EPR spectra revealed that SO4
•�, •OH, and

1O2 radicals were generated during the PMS activation
process for the catalytic degradation of organic pollut-
ants. The ICP-MS demonstrated that the metals precipi-
tated in the experiment were far below the limit of
drinking water standards. Unsmelted ores are inexpen-
sive and can come from many sources, so this work dem-
onstrates the feasibility and potential of using natural
ores for large-scale environmental remediation. Besides,
the source of natural ore catalysts is not limited to com-
mercial ores. Tailings mines are also a potential source.
However, due to equipment limitations, this work could
not standardize the ore screening process for the degrada-
tion tests, which warrants more thorough research with
more samples in the future. Hence, at this stage, simula-
tion experiments can be used to screen available ores,
which can be integrated into the process of commodity
ore detection. At the same time, ores have the potential
to be substituted in most existing metal/PMS degradation
systems so that the potentially degradable pollutants in
this system can be diverse.
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