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Abstract: An environmentally friendly activation method of peroxymonosulfate (PMS) provides a
promising advanced oxidation processes for the degradation of organic wastewater. In this article,
chrysotile, extracted from asbestos tailings, was found to be a kind of one-off catalyst relying on
hydroxyl groups to activate PMS. Furthermore, the activation performance of the chrysotile had been
greatly improved by the mean of calcining at 850 ◦C (850CC). It is worth mentioning that 850CC
could not only realize three effective cycles, but also the mineralization ratio of Rhodamine B (RhB)
could be impressively higher than 60%. According to characterization results, it was discovered
that the chrysotile had transformed into forsterite with a fibrous morphology after calcination at
850 ◦C due to the loss of hydroxyl groups and the recombination of silicon, oxygen and magnesium
atoms. Besides, the main active species produced by 850CC activating PMS were singlet oxygen
and sulfate radicals. Further studies uncovered that PMS was successfully activated by a large
number of unsaturated coordination oxygen on 850CC surface, and the activation mechanism was
further elucidated. This study provides a new route for the comprehensive utilization of chrysotile
and a valuable strategy for the degradation of hazardous organic pollutants in wastewater by PMS
activation.

Keywords: chrysotile; peroxymonosulfate; forsterite; Rhodamine B; singlet oxygen; sulfate radicals

1. Introduction

Peroxymonosulfate (PMS)-based advanced oxidation processes (AOPs) have received
extensive attention in recent decades because they can achieve efficient degradation of
organic pollutants through generating sulfate radicals (SO4

·−) with high redox potential
(2.5–3.1 V vs. Normal Hydrogen Electrode (NHE)) and longer half-time (30–40 µs) [1–3].
Generally speaking, PMS can be activated by catalysts including transition metal ions
(such as Co2+, Ag+, Fe2+, Mn2+, etc. [4–7]), transition metal oxides (such as Fe3O4 [8,9],
MnO2 [10,11], etc.), non-metallic materials (such as nano-carbon materials [12], benzo-
quinones [13], boron [14], graphene [15], etc.), or by different energies including ultra-
sound [16], heat [17] and light [18–20]. However, massive energy inputs, high cost and the
secondary pollution greatly limit its practical application [21]. Therefore, it is an urgent
and essential task to simply prepare an eco-friendly, low-cost and efficient catalyst.

In recent years, novel catalytic materials based on natural minerals have gradually
entered the field of vision. For example, Li et al. [22] used the kaolinite with abundant
surface hydroxyl groups and structural hydroxyl groups as a catalyst to effectively activate
PMS to quickly and efficiently degrade the pollutant atrazine. Diao et al. [23] proved
that the pyrite could successfully activate PMS in conjunction with ultrasonic irradiation
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for 2,4-dichlorophenol (2,4-DCP) degradation in water. Huang et al. [24] used a simple
hydrothermal method to load nano-α-MnO2 on natural mineral palygorskite, and obtained
α-MnO2/palygorskite composite material to degrade RhB. In addition, there were also
many minerals used for PMS activation such as hematite [25], copper sulfide [26], etc.
These studies show that natural minerals have great potential in the field of PMS activation.

It is worth noting that there are a lot of useful minerals in many tailings, which may
be used as catalysts to activate PMS. Asbestos tailings, a typically hazardous solid waste
produced during the mining and beneficiation of chrysotile (fibrid asbestos), contains a
lot of tiny fibers and short fiber bundles of chrysotile which cannot be used by traditional
technology [27]. If the chrysotile in tailings can be effectively used, the cost of catalysts will
be significantly reduced. Herein, it is firstly reported that chrysotile extracted from asbestos
tailings is simply calcined to prepare a PMS catalyst with high activity, excellent recycling
performance and environmental friendliness. It is found that the raw chrysotile is a one-off
catalyst depending on the surface hydroxyl groups, while the calcined chrysotile at 850 ◦C
becomes a high-performance catalyst relying on the unsaturated coordinated O on the
surface to activate PMS. This study provides a new route for the comprehensive utilization
of chrysotile, and contributes an effective green catalyst for wastewater treatment.

2. Experimental
2.1. Materials and Chemical Reagents

The asbestos tailings used in this study were obtained from the Qilian asbestos mine,
Qinghai Province, China. The chrysotile was carefully extracted and purified from the
asbestos tailings by hand picking, gravity concentration and magnetic separation in the
laboratory, resultantly, a high-purity chrysotile sample was obtained, as shown in Figure S1
and Table S1. Potassium peroxymonosulfate (PMS, KHSO5·0.5KHSO4·0.5K2SO4, 95%)
was purchased from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Tert-
butanol (TBA), methanol (MA), P-benzoquinone (p-BZ), L-Histidine (LH), hydrochloric
acid (HCl, 36.5%), NaOH, 5,5-Dimethyl-1-pyrrolidine N-oxide (DMPO), 2,2,6,6-tetramethyl-
4-piperidone (TEMP), Rhodamine B (RhB), Methylene blue (MB), Methyl orange (MO),
Malachite Green (MG) and Acid Red 73 (AR 73) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). All chemicals were of analytical grade and used as
received without further purification. Deionized water (>18 MΩ·cm) was used throughout
this experiment.

2.2. Calcination Experiment

Briefly, the obtained raw chrysotile was calcined in a muffle furnace at different
temperatures (100–950 ◦C), respectively, for 2 h with a heating rate of 5 ◦C/min. The
resultant sample was named as XCC, where X represents the calcination temperature.

2.3. Characterizations

The X-ray diffraction (XRD) patterns were characterized by an X-ray diffractometer
(Empyrean, Panalytical, The Netherlands) using Cu Kα source. The X-Ray Fluorescence
Spectrometer (XRF) (AxiosmaAX, Panalytical, The Netherlands) was used to measure the
proportion of chemical component. Specific surface area and pore structures of samples
were determined by the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
models on a surface area and porosity analyzer (ASAP 2460, Micromeritics, Norcross,
GA, USA). The X-ray photoelectron spectroscopy (XPS) was recorded by an ultrahigh
vacuum electron spectrometer (K-Alpha 1063, Thermo Fisher, Loughborough, UK) with
a monochromatic Al Kα source. The valence bonding and functional group were mea-
sured on a Fourier transform infrared spectroscopy (FTIR) (UV-2350, Shimadzu, Kyoto,
Japan). The morphological images were analyzed by a scanning electron microscope (SEM)
(MIRA3 XMU/XMH, TESCAN, Brno, Czech Republic) and a transmission electron micro-
scope (TEM) (Tecnai G2 F20, FEI, Hillsboro, OR, USA). The zeta potential of samples was
measured on a Zeta potential analyzer (Zetasizer Nano ZS, Worcestershire, UK). The ab-
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sorbance of degradation solution was measured on a UV-Vis spectrophotometer (UV-2600,
Shimadzu, Kyoto, Japan). A total organic carbon (TOC) analyzer (TOC-L, Shimadzu, Kyoto,
Japan) was used to detect the TOC concentration of the degradation products. Thermo-
gravimetric and differential thermal analysis (TG-DTA) were analyzed by a synchronous
thermal analyzer (SDTQ600, TA Instruments, New Castle, DE, US) from room temperature
to 1000 ◦C. The leaching elements in the reaction process were quantitatively analyzed by
an inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Optima 8300,
PerkinElmer, Waltham, MA, USA). An electron paramagnetic resonance (EPR) spectrome-
ter (A-300, Bruker, Karlsruhe, Germany) with TEMP or DMPO as a spin-trapping agent
was carried out to record the EPR experiment results.

2.4. Catalytic Degradation Experiments

All experiments were performed in a 250 mL glass beaker containing 100 mL pollutant
solution with a constant stirring rate at a specific temperature. The typical operation steps
are as follows: Firstly, the specific quality catalyst was added into the beaker. The mixture
was mechanically stirred for 30 min to reach an adsorption and desorption equilibrium
between pollutants and catalyst. Secondly, the activation for RhB degradation was started
by adding PMS. During the experiment, a solution sample was taken out with a syringe
every ten minutes, and the sample was filtered with a 0.22 µm needle filter to remove
the chrysotile, and the sample was immediately taken to measure the absorbance on
spectrophotometer at wavelength of 554 nm. Under the same experimental steps, the effects
of different systems, catalyst dosages, PMS dosages, pH values, reaction temperatures and
initial RhB concentrations on the catalytic reaction were investigated.

For the cyclic performance test of catalyst, the filtered catalyst after degradation was
collected and dried at 80 ◦C for further catalytic reaction cycle. The following steps were
exactly the same as those in the first catalytic degradation experiment.

The degradation ratio can be calculated according to Equation (1):

Degradation ratio (%) = (C0 − Ct)/C0 × 100%, (1)

where C0 is the initial concentration of RhB (mg/L), Ct is the RhB concentration at time t
(mg/L) in the 850CC/PMS system.

3. Results and Discussion
3.1. Performance Evaluation of PMS Activation by Raw Chrysotile

The cationic dye of Rhodamine B (RhB) was used as simulated pollutant to investigate
the catalytic performances of chrysotile, as shown in Figure 1. It can be obviously observed
that the degradation degree of RhB in the absence of catalyst achieves only 40% after
60 min. Meanwhile, chrysotile is unable to degrade RhB without PMS, suggesting that
the contribution of adsorption to RhB degradation is weak because of the relatively small
specific surface area (31.5 m2/g) and the surface electrical property (Figure S2). On the
contrary, 100% of the degradation efficiency of RhB can be attained within 60 min in
the presence of chrysotile and PMS (Figure 1a), indicating that chrysotile can efficiently
activate PMS to generate reactive active species. However, the degradation efficiency of
RhB shows a dramatic decline after use (Figure 1b). As a result, chrysotile is a kind of
one-off catalyst for PMS activation, which must be enhanced to meet the requirements of
practical application.
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Figure 1. The degradation of RhB in the presence of chrysotile (a) and reusability of chrysotile (b). Control conditions: 
(PMS) = 1 mM, (chrysotile) = 1 g/L, (RhB) = 10 mg/L, temperature = 30 °C. 
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catalyze PMS for decomposing RhB. Obviously, the degradation effect remains un-
changed when the calcination temperature is varied at the range of 0–400 °C. When con-
tinuing to increase the calcination temperature to 700 °C, the degradation efficiency de-
creases sharply. Interestingly, with the calcination temperature increased to 850 °C, com-
plete degradation of RhB is restored. Over 850 °C, the degradation effect begins to decline. 
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To clarify the cause of this phenomenon, TG-DTA was used to detect the thermal 
effects during the calcination process in 0–1000 °C with a heating rate of 10 °C/min in air 
atmosphere (Figure S3a). The chrysotile loses 5.5% of weight before 400 °C, and no endo-
thermic peak is noticed during this process, which is attributed to evaporation of physi-
cally and chemically adsorbed water [28]. With the temperature increasing from 400 to 
690 °C, the weight of chrysotile decreases quickly from 94.5% to 81%. Meanwhile, an ob-
vious endothermic peak at 620 °C is observed, indicating the hydroxyl groups in the struc-
ture of chrysotile fall off [29]. Therefore, it is reasonable to speculate that the hydroxyl 
groups in chrysotile plays a dominant role in activating PMS to generate reactive species 
in chrysotile/PMS system. Furthermore, the functional groups of chrysotile calcined at 
different temperatures were characterized by FTIR, as depicted in Figure S3b. Bands at 
about 3600 and 1600 cm−1 are assigned to the stretching of hydroxyl groups and adsorbed 
water, respectively [30]. The peak intensity of hydroxyl groups and water molecules grad-
ually decreases when the calcination temperature is increased to 700 °C, further verifying 
the primary role of hydroxyl groups on the surface of chrysotile in activating PMS in 

Figure 1. The degradation of RhB in the presence of chrysotile (a) and reusability of chrysotile (b). Control conditions:
(PMS) = 1 mM, (chrysotile) = 1 g/L, (RhB) = 10 mg/L, temperature = 30 ◦C.

3.2. Performance Evaluation of PMS Activation by Calcined Chrysotile

As shown in Figure 2a, the chrysotile calcined at different temperatures was used to
catalyze PMS for decomposing RhB. Obviously, the degradation effect remains unchanged
when the calcination temperature is varied at the range of 0–400 ◦C. When continuing to
increase the calcination temperature to 700 ◦C, the degradation efficiency decreases sharply.
Interestingly, with the calcination temperature increased to 850 ◦C, complete degradation
of RhB is restored. Over 850 ◦C, the degradation effect begins to decline.
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To clarify the cause of this phenomenon, TG-DTA was used to detect the thermal
effects during the calcination process in 0–1000 ◦C with a heating rate of 10 ◦C/min in
air atmosphere (Figure S3a). The chrysotile loses 5.5% of weight before 400 ◦C, and no
endothermic peak is noticed during this process, which is attributed to evaporation of
physically and chemically adsorbed water [28]. With the temperature increasing from 400
to 690 ◦C, the weight of chrysotile decreases quickly from 94.5% to 81%. Meanwhile, an
obvious endothermic peak at 620 ◦C is observed, indicating the hydroxyl groups in the
structure of chrysotile fall off [29]. Therefore, it is reasonable to speculate that the hydroxyl
groups in chrysotile plays a dominant role in activating PMS to generate reactive species
in chrysotile/PMS system. Furthermore, the functional groups of chrysotile calcined at
different temperatures were characterized by FTIR, as depicted in Figure S3b. Bands at
about 3600 and 1600 cm−1 are assigned to the stretching of hydroxyl groups and adsorbed
water, respectively [30]. The peak intensity of hydroxyl groups and water molecules
gradually decreases when the calcination temperature is increased to 700 ◦C, further
verifying the primary role of hydroxyl groups on the surface of chrysotile in activating PMS
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in chrysotile/PMS systems. Above 690 ◦C, weight loss is less than 2%. However, an obvious
exothermic peak at 824 ◦C is found, which is due to the generation of new specie [31]. This
means that the excellent performance of 850CC is related to the phase transition.

Figure 2b shows the reusability of 850CC. It can be observed that the degradation
efficiency of RhB can still reach 100% after three cycles in the 850CC/PMS system. Obvi-
ously, 850CC has more excellent reusability than raw chrysotile (Figure S3c), indicating that
calcination at 850 ◦C is an effective, simple and practicable strategy to enhance the catalytic
performance of chrysotile. The enhancement mechanism will be described in detail in
the following chapters. The result of TG-DTA proves that the temperature of 850 ◦C is
enough to complete the phase change of chrysotile. Figure S3d describes the XRD patterns
of chrysotile calcined under a series of temperatures. This result intuitively presents that
forsterite is successfully obtained at 850 ◦C, which is consistent with previous studies [32].

3.3. Comparative Characterizations of 850CC and Raw Chrysotile

The chemical compositions of 850CC were detected by XRF, as shown in Table S1.
The main element content of O, Si and Mg is more than 94% and impurity element content
of Al, Fe and Ca is about 5%, which is similar to the raw chrysotile. The XRD patterns
of 850CC and raw chrysotile are presented in Figure 3a. The diffraction peaks of 850CC
are highly consistent with those of standard forsterite (JCPDS No. 99-0052), indicating the
chrysotile phase is successfully transformed into forsterite at 850 ◦C.
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FTIR was employed to confirm the change in valence bonding and functional groups
of 850CC and raw chrysotile (Figure 3b). In the FTIR spectrum of chrysotile, the obvious
peaks at the 1079, 1020 and 957 cm−1 are indexed to the stretching vibration of Si-O-Si,
Si-O-Mg and Si-O, respectively [33], indicating that the chrysotile structure is perfect. In the
FTIR spectrum of 850CC, the characteristic peak of 1020 cm−1 disappears, and two new
peaks appear at 881 and 837 cm−1 corresponding to Si-O-Si and Si-O stretching vibration
of forsterite, which further confirms the formation of forsterite [34]. Bands at 3646 and
3689 cm−1 in the FTIR spectrum of chrysotile can be attributed to the vibration of the outer
and inner hydroxyl groups of Mg-OH in the structure [35]. However, these bands are not
detected in the FTIR spectrum of 850CC, which proves that there are no hydroxyl groups
on the surface. Bands at 3444 and 1639 cm−1 in both FTIR spectra are due to the adsorption
of water molecules in the air on the sample surface [31].

The morphology and microstructure of 850CC and raw chrysotile were investigated
by SEM and TEM. As shown in Figure 4a, chrysotile has a fibrous appearance with an
outer diameter of tens to hundreds of nanometers, and some fibers tightly gather together
to form fiber bundles. 850CC, shown in Figure 4d, still remains fibrous in appearance
and agglomerates tightly. Furthermore, it can be seen that the hollow tubular structure of
raw chrysotile (Figure 4b,c) is destroyed during the calcination process, so 850CC presents
a solid columnar structure (Figure 4e,f). The same conclusion can be drawn from the
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BET analysis (Figure S4). The surface area and average pore size drastically decrease
from 31.5 m2/g and 14.1 nm to 8.0 m2/g and 3.5 nm after 850 ◦C calcination, respectively.
Comparing the pore size distribution of 850CC with raw chrysotile, it is found that the
pores with pore size between 10 and 80 nm basically disappear. These results indicate
that during the calcination, the loss of hydroxyl groups and the recombination of silicon,
oxygen and magnesium atoms lead to the destruction of the hollow structure. In addition,
the surface of 850CC is much rougher than that of raw chrysotile, and contains a lot of tiny
particles with the size of about 10 nm, which indicates that some new interfaces are formed
on the surface during the phase transition.
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3.4. Effects of Various Parameters on the Degradation of RhB

To optimize the degradation process, the effects of PMS dosages, 850CC dosages,
initial pH values, reaction temperatures and initial RhB concentrations on the degradation
efficiency of RhB in 850CC/PMS were investigated in detail. Figure 5a presents the
influence of PMS dosages, and the degradation efficiency gradually increases in the range
of 0.5–2.5 mM, whereas a negative influence is observed in the case of overdose (in the
range of 2.5–3 mM). This phenomenon can be explained by the fact that more reactive
species will be produced as PMS dosage increases, and excessive PMS will cause the self-
quenching effect of the reaction of SO4

·− radicals and excessive HSO5
·− [36]. Therefore,

choosing the appropriate amount of PMS is extremely important. However, the amount
with the best performance (2.5 mM) is not the most appropriate from the perspective of
practical application. In the 850CC/PMS system, the RhB degradation ratio is not obviously
improved when the amount of PMS increases from 1 mM to 2.5 mM. Hence, the follow-up
experiments are conducted with 1.0 mM PMS based on the degradation results.
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(d) and initial RhB concentrations (e) on the RhB degradation in the 850CC/PMS system, degra-
dation effect of various dyes and PNP by 850CC/PMS (f). Control conditions: (RhB) = 10 mg/L,
(850CC) = 1.0 g/L, (PMS) = 1.0 mM, temperature = 30 ◦C, (AR73) = (MB) = (MG) = (MO) = (PNP)
= 10 mg/L.

The influence of 850CC dosages on the RhB degradation is displayed in Figure 5b.
It can be seen that higher 850CC dosage results in better RhB degradation. This may be due
to the fact that the higher catalyst loading can provide more active sites, thus facilitating
the generation of more radicals from PMS.

The initial pH value plays a critical role in the RhB degradation since the pH value
affects the surface potential of catalyst and the formation of organic compounds [37].
As shown in Figure 5c, the removal efficiency of RhB can reach close to 100% within 60 min
in the range of pH 5.13–9.3, while decreases dramatically when the pH is lower than 5.13
or higher than 9.3. Because the zeta potential of 850CC is around 2.85 (Figure S2) and RhB
is a cationic dye, the adsorption of RhB molecules on the surface of 850CC is inhibited
when pH value is less than 2.85. Furthermore, in a strong acidic environment, H+ can
scavenge the generation of active oxygen species, resulting in a dramatic decrease in the
degradation efficiency [38]. Besides, it is known that under strong alkaline condition, a
lot of SO52− are generated from PMS, which prevents the formation of SO4

·− [39]. The
degradation efficiency of 850CC/PMS decreases sharply when pH is higher than 11.04,
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which indicates that SO4
·− may be the main active species in the degradation process.

Meanwhile, the agglomerates formed by the reaction of RhB with hydroxide are more
difficult to be degraded [40]. Thus, the pH value from weak acidic to weak alkaline
(5.13 ≤ pH ≤ 9.3) is an optimal environment for the reaction system.

Figure 5d shows the effect of the reaction temperature on the degradation of RhB.
It can be seen that a degradation ratio of 100% is obtained within 60 min when the reac-
tion temperature exceeds 25 ◦C, and the same degradation curve is obtained when the
temperature is between 30 and 40 ◦C. Therefore, 30 ◦C is considered as a suitable reaction
temperature.

The influence of initial RhB concentration is presented in Figure 5e. The degradation
ratio gradually decreases from 100% to 40% when the initial RhB concentration increases
from 10 mg/L to 100 mg/L. It demonstrates that the higher RhB concentration results
in the lower degradation ratio. This can be attributed to the fact that large amounts of
dye molecules and intermediates generated in the high RhB concentration solution are
adsorbed on the surface of the 850CC, which impedes the intimate contact between PMS
and active sites of the surface. Nonetheless, even 63% of RhB can be removed at an
initial concentration of 50 mg/L and the removal ratio still reaches about 40% at the initial
concentration of 100 mg/L, and the complete degradation of RhB still can be achieved
by extending reaction time, which suggests that 850CC is an outstanding catalyst for
PMS activation.

In order to probe the universality of 850CC, a variety of representative organic dyes
were selected for degradation experiments, including Methylene blue (MB), Methyl or-
ange (MO), Acid Red 73 (AR 73), Malachite green (MB), and RhB, as shown in Figure 5f.
Obviously, the 850CC/PMS system can treat both cationic dyes (RhB, MB and MG) and
anionic dyes (MO and AR73), exhibiting excellent catalytic degradation performances.
Besides, P-nitrophenol (PNP), a common organic recalcitrant industrial pollutant, was
also selected for degradation experiments. As seen in Figure 5f, about 50% of PNP can be
degraded within 60 min, and the complete degradation still can be achieved by extending
reaction time. The results indicate that 850CC can degrade not only dyes efficiently, but
also industrial pollutants. Figure 6 shows the UV–Vis spectra of RhB solution during the
degradation process in the 850CC/PMS system. It can be seen that, with the increase
of reaction time, the absorbance intensity decreases and the peak does not shift, which
means effective degradation of RhB. TOC analysis further confirms this conclusion by
presenting a continuously increasing TOC removal ratio and a final mineralization ratio
of near 62.6% (inset in Figure 6). This indicates that RhB in the 850CC/PMS system is not
simple decolorization, but effect decomposition.
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3.5. Determination of Active Species

To confirm the reactive active species participated in the catalytic process in 850CC/
PMS system, scavenging experiments were performed. The selectivity of the scavenger de-
pends on the reaction rate between the scavenger and free radicals. According to previous
studies, methanol (MA) was selected as a quencher for both hydroxyl radicals (·OH) and
sulfate radical (SO4

·−), and tert-butyl alcohol (TBA) was applied as an effective quencher
for OH [41,42]. P-benzoquinone (p-BZ) has frequently served as an effective scavenger
for superoxide anion radical (O2

·−) [43]. Even so, p-BZ is also reactive with ·OH and
SO4

·− [44]. Zhou et al. [13] proved that p-BZ will be directly reactive with PMS under alka-
line conditions. However, the pH value of the catalytic process in the 850CC/PMS system is
lower than 7, so the consumption of PMS by p-BZ can be ignored. In addition, L-Histidine
(LH) and furfuryl alcohol (FFA) have widely served as effective scavengers for singlet
oxygen (1O2) (K1 (LH, 1O2) = 2 × 109 M−1·s−1, K2 (FFA,1O2) = 1.2 × 108 M−1·s−1) [45,46].
Solís et al. [15] proposed that the consumption of PMS is accelerated in the presence of
these scavengers following the order LH > FFA, indicating that FFA is more suitable as
a chemical indicator for 1O2 than LH. Yang et al. [47] verified that the reactions between
FFA and PMS are highly sensitive to pH, and the ratio for PMS loss is lower than 5% when
the reactions were carried out at pH 6. Therefore, it is reasonable that FFA is an effective
scavenger for 1O2 in this study.

As shown in Figure 7a and Figure S5, 100% of RhB is degraded in the absence of
scavengers. The degradation efficiency reduces to 96% and 10% after the addition of
MA and FFA, respectively, while it remains almost unchanged after adding TBA or p-BZ,
indicating that SO4

·− and 1O2 are the reactive active species for pollutant degradation
in the 850CC/PMS system. These results reveal that radical and non-radical paths are
involved in the degradation of RhB and the latter takes over the leading factor. By the
way, the reaction ratio decreases obviously in the presence of p-BZ, suggesting that O2

·−

participates in the degradation reaction of RhB, although it is not the main active species.
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To intuitively detect the existence radicals, EPR was carried out with DMPO and
TEMP as the radical spin trapping agents to identify SO4

·−, OH, O2
·− and 1O2 according

to the formation of spin-adducts DMPO-SO4, DMPO-OH, DMPO-OOH and TEMP-O,
respectively [48,49]. As shown in Figure 7b, no signal is observed with DMPO in the
absence of 850CC, indicating that SO4

·− and ·OH are not generated or below the detection
limit without an efficient catalyst. In contrast, the standard characteristic peaks of DMPO-
OH and DMPO-SO4 adducts are detected in the 850CC/PMS-aqueous system, pointing
out that there are SO4

·− and OH in the system. The generation of two free radicals is
mainly due to the reduction of PMS by the electrons in the uncoordinated oxygen on the
surface of 850CC [50]. In addition, the standard characteristic peaks of TEMP-O (Figure 7c)
and DMPO-OOH (Figure 7d) are detected, proving the existence of O2

·− and 1O2 in the
850CC/PMS system. Interestingly, in Figure 7c, the subtle triplet peaks are observed
without addition of 850CC, which originates from the self-decomposition of PMS. The
results of EPR and quenching experiments are mutually verified, further confirming the
generation of reactive species and the key role of 1O2 in the 850CC/PMS system.

3.6. Catalysis Mechanism

Firstly, the influence of various impurities on the catalytic degradation needs to be
eliminated. As shown in Table S1, the major elements of 850CC are O, Si and Mg, which ac-
count for 93.74% of the overall composition. Ca and Fe are the main impurities, accounting
for about 5%. In order to exclude the activation effect of MgO on PMS in the chrysotile,
MgO with the same content as that in chrysotile was taken to activate PMS. As seen in
Figure 8, the catalytic activity of MgO on PMS was negligible. Moreover, the results of
ICP show that leaching concentration of Ca2+ and Fe3+ are 8.26 and 0.98 mg/L in the
850CC/PMS system. According to the literature, Ca and Fe in asbestos tailings exist primar-
ily in the forms of CaO and Fe2O3, respectively [51]. To exclude the possible contribution of
CaO and Fe2O3 to PMS activation, CaO/PMS and Fe2O3/PMS were employed to degrade
RhB, as depicted in Figure 8. It can be found that over 50% of RhB at 60 min is degraded in
the CaO/PMS system, while less than 40% in the Fe2O3/PMS system, suggesting the negli-
gible effect of impurities towards the degradation system. The phenomenon of the slightly
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better degradation in the CaO/PMS system can be explained as the activation of alkali [52].
Furthermore, to eliminate the co-catalysis of leached Fe3+, 850CC/PMS with an additional
1.1 mg/L Fe3+ was used to degrade RhB. As seen in Figure 8, the addition of Fe3+ does not
enhance the activation performance of 850CC, indicating that Fe3+ in the reaction solution
is not responsible for the degradation of RhB. Moreover, the dissolution concentration
of Mg2+ of 850CC during the catalytic process is determined by ICP as 16.6 mg/L; it has
been proven by previous reports that Mg2+ does not have the ability to activate PMS [53].
Therefore, the catalysis reaction process of 850CC/PMS is heterogeneous.
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with additional Fe3+. Control conditions: (PMS) = 1 mM, (MgO) = 300 mg/L, (Fe2O3) = 35 mg/L,
(Fe3+) = 1.1 mg/L, (CaO) = 30 mg/L, temperature = 30 ◦C.

It has been confirmed that 850CC has better catalytic ability and cycle performance
toward PMS than the chrysotile. However, as the number of cycles increases, the catalytic
performance of 850CC gradually decreases. XPS was used to analyze the chemical changes
of the catalysts before and after the degradation process. There is almost no change in all
Mg 1s and Si 2p spectra. Figure 9 depicts the results of O 1s spectra of XPS of chrysotile
and 850CC. For chrysotile, after reaction, the binding energy values of surface hydroxyls
and lattice oxygen (O2

−) in the MgO decreases 0.15 and 0.3 eV, respectively, indicating
that OH− and O2

− participate in the reaction. The lost catalytic ability of used chrysotile
may be resulted from the decreased intensity of surface hydroxyls, further suggesting that
surface Mg-OH in chrysotile plays a dominant role in activating PMS. Meanwhile, the O 1s
peak of fresh 850CC can be deconvoluted into two components, which can be assigned to
the hydroxide (OH−) in the surface hydroxyls (~531.8 eV) and the lattice oxygen (O2

−) in
the MgO (~530.9 eV) [54]. The former may be caused by the adsorption of water molecules
on the catalyst surface [55]. After the reaction, the binding energy values in used 850CC
remain unchanged, indicating that OH− and O2

− are not involved in the activation of
PMS. The changes of peak intensity of OH− and O2

− are related to the adsorption of H2O
molecules and leaching of Mg2+. Consequently, it is bound to exist another active site for
activating PMS in the surface of 850CC.
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According to the XRD patterns (Figure S3d), it can be found that the sample is trans-
formed into the forsterite phase when the calcination temperature exceeds 700 ◦C. Mean-
while, the activation performance of 700CC and 800CC is far less than that of 850CC
(Figure 2). The temperature of 700 or 800 ◦C cannot meet the requirement of perfect phase
transformation of chrysotile [32], which creates a negative effect on the formation of active
sites on the sample surface. In addition, the degradation ratio decreases sharply when the
calcination temperature is equal to or more than 900 ◦C. The crystallinity of samples can be
calculated from the XRD patterns of Figure S3d [56], the crystallinity of 850CC (91.73%) is
higher than that of 700CC (38.26%) and 800CC (88.54%), but obviously lower than that of
900CC (96.12%) and 950CC (97.94%). It can be concluded that the PMS activation property
of calcined chrysotile is related to the surface properties and crystallinity of forsterite.

For the purpose of comparison, natural forsterite was used to catalyze PMS to degrade
RhB, as shown in Figure 10a. It can be observed that natural forsterite cannot effectively
activate PMS for RhB degradation. The SEM image and XRD pattern of nature forsterite
(Figure S6) exhibit a typical granular morphology and excellent crystallinity (99.12%, more
than all forsterites formed from chrysotile). The nano-fibrous appearance and proper
crystallinity of 850CC endow it a higher specific surface area and more active sites, thus
presenting an excellent catalytic performance.
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Comparing the element composition of 850CC with natural forsterite (Table S1), it can
be found that the molar ratio of Mg to Si of 850CC (1.11) is markedly lower than that
of natural forsterite (1.77). Forsterite is a dense orthosilicate of tetrahedral silicate and
magnesium cation with a molar ratio of 1:2 [57]; the Mg2+ occupies two different octahedral
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sites, in which one site shares edges and corners with [MgO6]10− while another shares
only corners [58]. As for 850CC, a large number of magnesium-oxygen octahedrons are
not formed during the phase transition due to the lack of Mg atoms, which results in
unsaturated silicon-oxygen tetrahedra and coordination oxygen. It has been confirmed
that the increased unsaturated coordination oxygen on the surface reduces the positive
charges [59]. Thus, the surface potential can be used to indirectly characterize the degree of
unsaturated coordination oxygen on the sample surface. As shown in Figure S2, the point
of zero charge of 850CC is 2.8, which is obviously lower than that of natural forsterite
(pHzpc = 4.1) [60,61], proving the existence of a large amount of unsaturated coordination
oxygen on the surface. Interestingly, it is obviously observed that the increased point of
zero charge can be obtained when the calcination temperature is increased (Figure 10b),
which indicates that higher calcination temperature leads to higher crystallinity, and thus
reduces the amount of unsaturated coordination oxygen.

Therefore, it is reasonable to think that the catalytic performance of calcined chrysotile
is closely related to its unsaturated coordination oxygen. With the increase of calcination
temperature, the crystal structure of forsterite will continue to adjust, and the unsaturated
coordination oxygen will gradually decrease until it finally transforms into enstatite with
the molar ratio of Mg to Si of 1:1 [62]. As a result, it can be concluded that the appropriate
crystallinity and a large amount of unsaturated coordination oxygen of 850CC play key
roles in activating PMS to degrade dyes. The possible catalytic pathways are proposed, as
shown in Scheme 1. Briefly, PMS (i.e., HSO5

−) is attached to the unsaturated coordination
oxygen on forsterite via chemical bonds to form forsterite-(OH)OSO3

− complex, which
further decomposes into an intermediate with the release of the sulfate moiety through
intramolecular nucleophilic displacement with other unsaturated coordination oxygen
at the O−O bond [22,63]. Then, the generated intermediate is attacked by two ionized
PMS ions (SO5

2−) to produce 1O2 [13,64]. Additionally, electron transfer inside forsterite-
(OH)OSO3

− complex leads to the generation of SO4
·− and OH [65]. Finally, 1O2 and SO4

·−

can attack the RhB molecule with the formation of transformation products, which are
eventually mineralized into CO2 and H2O.
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3.7. Effects of Inorganic Ions and NOM on the Degradation of RhB

Inorganic anions and natural organic matter (NOM) are widely presented at various
concentrations in real wastewaters. For this reason, the effect of selected anions (Cl−, NO3

−,
HCO3

−, CO3
2− and H2PO4

−) and humic acid (HA) as potentially interfering substances
on the degradation of RhB was investigated, as illustrated in Figure 11. It can be seen
that HCO3

− or CO3
2− exhibits extreme adverse effects on RhB degradation, while NO3

−

and H2PO4
− cause mild inhibition of RhB degradation. Especially, the degradation of
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RhB in the 850CC/PMS system is extremely enhanced at the present of Cl−. According
to previous reports, Cl− could be directly oxidized through two-electron transfer in a
Cl−/PMS system, thereby producing reactive chlorine species (Cl2/HClO) [66–68]. Usually,
NO3

−, HCO3
−, CO3

2− and H2PO4
− can scavenge free radicals such as SO4

·− and ·OH,
leading to a decrease in degradation [69,70]. In a 850CC/PMS system, a negligible reduction
in degradation ratio of RhB is observed in the presence of NO3

− or H2PO4
−. The above

results have proved that RhB degradation in the 850CC/PMS system proceeds in a 1O2-
dominated non-radical manner. The obvious reduction of degradation is observed when
the HCO3

− or CO3
2− is added into the reaction system, and the pH values after addition

were 10.02 and 10.53, respectively. This result indicates that the increased alkalinity is the
cause of this phenomenon, as discussed above. In addition, the addition of 20 mg/L of
humic acids (HA) decreases the degradation effect, because HA may react with radical
species [71].
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4. Conclusions

In a nutshell, the nature chrysotile is discovered to be a kind of one-off catalyst for
PMS activation, while the obtained 850CC by calcination has better catalytic degradation
performance and reusability. The 850CC still retains the chrysotile-like morphology, and
possesses a large number of defects on its surface. Impressively, systematic studies have
certified that the active site of 850CC is the unsaturated coordination oxygen on the surface,
and the main active species produced in PMS activation are singlet oxygen and sulfate
radicals. In addition, in the 850CC/PMS system, not only a mineralization ratio of RhB can
reach more than 60%, but also a variety of other dyes can be effectively degraded. Overall,
calcined chrysotile is a promising PMS activator, which can effectively remove organic
pollutants in water and improve the utilization of asbestos tailings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11040400/s1: Figure S1. The XRD pattern of raw chrysotile from asbestos tailings,
Figure S2. The Zeta potentials and points of zero charge of 850CC and raw chrysotile, Figure S3. The
TG-DTA curves of chrysotile (a), FTIR spectra (b) and XRD patterns (d) of chrysotile with different
calcination temperatures, and comparison of reusability between 850CC and raw chrysotile (c),
Figure S4. Nitrogen isotherm adsorption-desorption curves (a)and pore size distribution curves (b)
of raw chrysotile and 850CC, Figure S5. Effects of the radical scavengers on RhB degradation in
850CC/PMS system: TBA (a), MA (b), p-BZ (c) and LH (d), Figure S6. The SEM images (a) and XRD
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patterns of forsterite (b), Table S1. The element composition of raw chrysotile, 850CC and natural
forsterite.
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