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Abstract: The pyrolysis of metal-organic frameworks (MOFs) is a popular strategy for the synthesis
of nanoporous structures. Polymetallic oxides (POMs) are a class of polyhedral structural compounds
with unique physicochemical properties. Little effort has been paid to evaluate MOF-POM hybrid-
derived materials for peroxomonosulfate (PMS) activation. In this study, a cobalt-based MOF, ZIF-67,
together with three types of POMs (phosphomolybdic acid, silicotungstic acid, and phosphotungstic
acid), were used as precursors for the synthesis of PMS activation catalyst via pyrolysis. Three
T-POMs@ZIF-67 nanohybrids (T-PMo@ZIF-67, T-SiW@ZIF-67, and T-PW@ZIF-67) were obtained by
pyrolyzing the prepared precursors at 500 ◦C. Furthermore, the prepared T-POMs@ZIF-67 nanomate-
rials were evaluated for the catalytic activation of PMS in the degradation of levofloxacin (LEV). The
results showed that the LEV degradation rate could reach 91.46% within 30 min under the optimized
conditions when T-PW@ZIF-67 was used as the PMS activation catalyst. The catalytic efficiency of
the catalyst decreased by only 9.63% after five cycles, indicating that the material has good stability.
This work demonstrates the great potential of POMs@MOF derivatives for application in the field of
wastewater treatment.

Keywords: MOF derivatives; PMS activation; degradation; organic pollutants

1. Introduction

Water is the basis for people’s survival and is an irreplaceable resource and environ-
mental element [1]. Water resources are precious on Earth; however, water pollution is
increasing globally. Organic pollutants, as typical pollutants in water bodies, can come
from a variety of sources, such as industrial wastewater, agricultural activities, municipal
discharges, chemical use, and domestic wastewater [2–4]. It produces large quantities, has
low natural degradation efficiency, and has serious ecological hazards, making it a difficult
point in the degradation of pollutants in water bodies [5,6]. An example is levofloxacin
(LEV), which is an antibiotic drug widely used to eradicate bacterial diseases [7]. Overuse
of LEV increases the amount of LEV-containing wastewater discharged by pharmaceutical
companies and hospitals, leading to the formation of drug-resistant genes and increasing
the risk of endocrine disruption or cancer [8]. Sulfate radical-based advanced oxidation
processes (SR-AOPs) are rapidly developing due to their high oxidation potentials and high
selectivity, which have received much attention. Among the catalytic materials capable of
activating persulfate to generate SO4

−·, Metal-organic frameworks (MOFs) derivatives are,
moreover, the most promising multiphase catalytic materials for SR-AOPs catalysts.

MOFs have become a popular class of functional materials and precursors for inor-
ganic materials, which have been widely used for electrochemical energy storage and
conversion and catalytic degradation of pollutants [9,10]. Among them, MOF derivatives
have been applied in the field of catalysis due to their unique nanostructures and good
activities. Researchers have successfully synthesized a series of MOF derivatives, such as
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transition metal oxides/carbon materials [11–13], transition metal sulfides/carbon materi-
als, transition metal oxides/transition metal oxides [14–17], and other composites [18–20].
Co-MOFs are used as pyrolysis precursors for the preparation of nanostructured functional
materials, and metal sulfide/carbon composites can be obtained effortlessly under con-
trolled carbonization conditions. For example, cobalt sulfides are Co9S8, CoS2, and Co3S4.
Polymetallic oxides (POMs) are a class of polyhedral structural compounds consisting
of pre-transition metal atoms bridged by oxygen coordination with specific and superior
stereo-structural and physicochemical properties. Multiple electrons and protons can be
stored in POM molecules that exhibit reversible redox reaction properties and acid-base
properties [21]. In addition, POMs are rich in surface oxygen, so they have high reactivity,
which makes them stand out in photocatalytic applications [22].

Composites of POM and MOF show excellent performance in the field of cataly-
sis. POM has good catalytic activity, while MOF can provide highly ordered pore struc-
ture and tunable surface properties. Combining them together enables high efficiency
and selectivity in catalytic reactions. Sun et al. [23] prepared a composite (PW12@Cu-
MOF) by encapsulating Keggin-type [PW12O40]3−(PW12) in a copper violet fine frame-
work, Cu2(CPBPY)4(H2O)2 (Cu-MOF). The degradation of methylene blue (MB: 10 mg/L,
pH 6.3) by PW12@Cu-MOF (0.05 g) was studied under light irradiation at various wave-
lengths. It was found that the electron-hole pairs in the composites could be excited
by both near-infrared (NIR) and visible light radiation, and about 98.2% of MB was de-
graded within 60 min under visible light irradiation, and about 97.7% of MB was degraded
within 100 min under NIR irradiation. Zhao et al. [24] synthesized two stabilized three-
dimensional polymetallic oxalate metal-organic skeletons based on Keggin-type POMs,
namely, [Cu12(trz)8(H2O)2][α-SiW12O40]·2H2O and [Cu12(trz)8Cl][α-PW12O40]. 40 mg of
the two prepared materials were added into 100 mL of 1.0 × 10−5 mol/L Rhodamine B
(RhB) aqueous solution. After 240 min of visible light irradiation with a 300 W Xe lamp,
the degradation rates of RhB were 91% and 81%, respectively. Recently, Wang et al. [25]
prepared ZIF-67@SiO2 by adding tetraethyl orthosilicate during the synthesis of ZIF-67,
and Co@Si nanocages were prepared by sulfating ZIF-67@SiO2 with thioacetamide. It
was able to activate PMS to completely remove sulfamethoxazole within 10 min and
showed good catalytic performance. In addition, Yang et al. [26] report the design and
preparation of hierarchical hollow Mo/Co bimetallic oxide nanocages (Mo/Co HHBONs)
derived from polyoxometalate-coupled metal-organic framework (POM@MOF) hybrids
for peroxomonosulfate (PMS) activated degradation of levofloxacin.

ZIF-67, as a cobalt-based MOF, has the advantages of high porosity and large cavity
structure. Loading the polymetallic oxygenate ions into the cavities of ZIF-67 is the best
choice for the preparation of Co-Mo/Co-W oxides characterized by the desired hollow
porous structure. Studies on the degradation of pollutants by Co-Mo oxides have been
reported. However, there are very few studies on the degradation of pollutants by different
types of POM doped with ZIF-67, especially Co-W bimetallic oxides. Therefore, in this
paper, different PMOs (phosphomolybdic acid, silicotungstic acid, and phosphotungstic
acid) were doped during the preparation of ZIF-67 to obtain POMs@ZIF-67 materials, and
T-POMs@ZIF-67 catalysts were prepared after calcination. Its performance in catalyzing
the activation of peroxomonosulfate (PMS) for the degradation of levofloxacin (LEV) in an
aqueous environment was explored for the first time. See Figure 1 for a schematic diagram.
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Figure 1. Schematic diagram of levofloxacin removal by activation of peroxomonosulfate using T-
PW@ZIF-67. 

2. Materials and Methods 
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SEM image using scanning electron microscope (S4800, Hitachi High-tech Corpora-
tion, Tokyo, Japan). XRD analysis by X-ray diffractometer (D/MX-IIIA, Hitachi High-tech 
Corporation, Japan). XPS analysis using X-ray photoelectron spectrometer (Escalab 250Xi, 
Thermo Fisher Scientific, Waltham, MA, USA). 

2.2. Preparation of Catalysts 
2.2.1. Preparation of POMs@ZIF-67 

POMs@ZIF-67 was synthesized from a previous report [27] with some modifications. 
2.5 mM Co(NO3)2·6H2O was dissolved in 25 mL of methanol solution and later mixed with 
10 mL of POMs aqueous solution (30 mM), noted as solution A. In this work, three heter-
opoly acids were used to prepare POMs@ZIF-67, which were phosphomolybdic acid 
(H3[P(Mo3O10)4], PMo12), silicotungstic acid (H3[Si(W3O10)4], SiW12) and phosphotungstic 
acid (H3[P(W3O10)4], PW12). 20 mM 2-methylimidazole was added to 25 mL of methanol 
solution, noted as solution B. Solution B was quickly added to solution A and mixed well 
to obtain solution C. The solution C was moved to a hydrothermal reactor and heated at 
120 °C for 10 h to obtain a purple precipitate. It was filtered and washed with ethanol, 
after which it was dried overnight at 60 ambient to finally obtain POMs@ZIF-67 materials 
(PMo@ZIF-67, SiW@ZIF-67, PW@ZIF-67). 

2.2.2. Preparation of T-POMs@ZIF-67 
The prepared POMs@ZIF-67 were placed in a muffle furnace and slowly heated to 
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overnight at 60 ambient to obtain POMs@ZIF-67 oxides (T-PMo@ZIF-67, T-SiW@ZIF-67, 
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2.2.3. Synthesis of CoWO4 Nanomaterials 
CoWO4 was synthesized from a previous report [28], with some modifications. Dis-
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stir vigorously for 30 min. The mixture was transferred to a hydrothermal reactor, heated 
to 120 °C , and kept for 10 h. The resulting powder was washed six times using a mixture 

Figure 1. Schematic diagram of levofloxacin removal by activation of peroxomonosulfate using
T-PW@ZIF-67.

2. Materials and Methods
2.1. Characterization

SEM image using scanning electron microscope (S4800, Hitachi High-tech Corporation,
Tokyo, Japan). XRD analysis by X-ray diffractometer (D/MX-IIIA, Hitachi High-tech
Corporation, Japan). XPS analysis using X-ray photoelectron spectrometer (Escalab 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Preparation of Catalysts
2.2.1. Preparation of POMs@ZIF-67

POMs@ZIF-67 was synthesized from a previous report [27] with some modifications.
2.5 mM Co(NO3)2·6H2O was dissolved in 25 mL of methanol solution and later mixed
with 10 mL of POMs aqueous solution (30 mM), noted as solution A. In this work, three
heteropoly acids were used to prepare POMs@ZIF-67, which were phosphomolybdic acid
(H3[P(Mo3O10)4], PMo12), silicotungstic acid (H3[Si(W3O10)4], SiW12) and phosphotungstic
acid (H3[P(W3O10)4], PW12). 20 mM 2-methylimidazole was added to 25 mL of methanol
solution, noted as solution B. Solution B was quickly added to solution A and mixed well
to obtain solution C. The solution C was moved to a hydrothermal reactor and heated at
120 ◦C for 10 h to obtain a purple precipitate. It was filtered and washed with ethanol,
after which it was dried overnight at 60 ambient to finally obtain POMs@ZIF-67 materials
(PMo@ZIF-67, SiW@ZIF-67, PW@ZIF-67).

2.2.2. Preparation of T-POMs@ZIF-67

The prepared POMs@ZIF-67 were placed in a muffle furnace and slowly heated to
500 degrees for 2 h. The materials were washed with ethanol after cooling down and dried
overnight at 60 ambient to obtain POMs@ZIF-67 oxides (T-PMo@ZIF-67, T-SiW@ZIF-67,
T-PW@ZIF-67).

2.2.3. Synthesis of CoWO4 Nanomaterials

CoWO4 was synthesized from a previous report [28], with some modifications. Dis-
solve Co(NO3)2·6H2O and NaWO4 (Co/Mo molar mass ratio = 1:1) in deionized water and
stir vigorously for 30 min. The mixture was transferred to a hydrothermal reactor, heated
to 120 ◦C, and kept for 10 h. The resulting powder was washed six times using a mixture of
deionized water and ethanol (1:1, v/v) after cooling. Finally, the solid was dried at 70 ◦C
overnight and later calcined at 500 ◦C for 2 h to obtain CoWO4 nanomaterials.
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2.3. Experimental Methods
2.3.1. LEV Degradation Test

The standard curve of LEV was plotted based on the relationship between concentra-
tion and absorbance. LEV solutions of 0.25, 5, 10, 15, 20, 25, and 30 mg/L were prepared,
and the absorbance of the LEV solutions was determined on a UV-visible spectrophotome-
ter (Mapada, Shanghai, China) at the maximum absorption wavelength of 287 nm. A
typical reaction was conducted in a 250-mL glass beaker reactor with a 100 mL reaction
solution containing 1 mg LEV, 0.035 mM potassium persulfate, and 5 mg of catalyst. 2.5 mL
samples were withdrawn every 3 min by a syringe and injected into a vial through a
0.22 µm filtration membrane. The results were tested by UV spectrophotometer, and each
degradation experiment was performed three times. The LEV degradation was calculated
as below.

LEV degradation (%) =
C0 − Ct

C0
× 100% (1)

where C0 is the initial concentration of the LEV and Ct is the LEV concentration at moment t.

2.3.2. Recyclability Test

In the recycling tests, the catalysts were separated by filtration after every cycle
experiment, washed with a mixed ethanol-water solution, and dried at 50 ◦C for the
subsequent reaction.

3. Results and Discussion
3.1. Characterization of T-PW@ZIF-67
3.1.1. X-ray Diffraction Analysis

X-ray Diffraction (XRD) characterization of T-ZIF-67 and T-PW@ZIF-67 was carried
out, and the results obtained are shown in Figure 2a. The comparison reveals that the
catalyst only exhibits an enhancement of the peak intensity, suggesting that this polyhedron
is still predominantly a ZIF-67-like structure. However, compared with the narrow and
sharp diffraction peaks of Co3O4 produced by pristine ZIF-67 calcination, the peak widths
of Co3O4 in all Co3O4/CoWO4 samples become wider and larger, indicating a significant
decrease in grain size. The XRD results showed that the calcined PW@ZIF-67 catalysts
Co3O4 and CoWO4 coexist. Diffraction peaks at 2θ of 19.2◦, 31.7◦, 36.8◦, and 44.6◦ are
associated with peaks of (111), (220), (311), and (400) Co3O4 (JCPDS No. 42-1467). The
presence of diffraction peaks with 2θ of 24.0◦, 24.7◦, 34.8◦, and 44.5◦ labeled the presence
of CoWO4 (JCPDS No. 82-2339). Up to this point, the XRD results demonstrated that the
Co3O4/CoWO4 hybrids were successfully obtained by one-step calcination of PW@ZIF-67.

3.1.2. Scanning Electron Microscope Analysis

Figure 2b shows the microstructure of T-PW@ZIF-67. The calcined PW@ZIF-67 mor-
phology is ortho-dodecahedral, and the diameter of T-PW@ZIF-67 particles is about 500 nm.
Its rough surface increases the number of active sites involved in the activation of PMS
for LEV degradation [26]. After calcination, the elements carbon, cobalt, tungsten, oxygen,
and phosphorus are uniformly distributed throughout the structure. It can be proved that
H3[P(W3O10)]4 is uniformly distributed into the pores of ZIF-67 without obvious agglomer-
ation during the preparation process, and the elements are uniformly distributed in the
samples after calcination and pyrolysis. This unique hollow structure of T-PW@ZIF-67 is
likely to be associated with an inside-out Ostwald ripening mechanism due to the coordi-
nated action of H3[P(W3O10)]4 and anisotropic corrosion during hybrid self-assembly. In
addition, the energy dispersive spectra (EDS) of the calcined cobalt-tungsten oxides were
characterized (Figure 2c). In this catalyst, the molar mass ratio of Co to W is 2.68:1, from
which the molar mass ratio of Co3O4 to CoWO4 can be calculated to be 0.56:1.
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Figure 2. (a) XRD image of T-PW@ZIF-67; (b) SEM image of T-PW@ZIF-67; (c) EDS plot of T-PW@ZIF-67.

3.1.3. X-ray Photoelectron Spectroscopy Analysis

Figure 3a shows the XPS spectra of the individual elements of the whole catalyst
with peaks at 780.76 eV, 530.76 eV, 284.03 eV, and 36.18 eV for Co2p, O1s, C1s, and W4f.
The peaks centered at 284.77 eV, 286.38 eV, and 288.63 eV shown in Figure 3b represent
C=C/C-C, C=C/C-C, and C=O for the signals of C1s. In Figure 3c, the three peaks at
530.17 eV, 530.94 eV, and 530.06 eV binding energies then represent lattice oxygen, oxygen
vacancies, and adsorbed oxygen, respectively (Figure 3c). By comparison with the XPS plot
of the T-ZIF67 catalyst, it was found that the lattice oxygen peak was positively shifted by
0.1 eV upon the addition of phosphomolybdic acid. The XPS pattern of W4f is shown in
Figure 3d with two splits at 35.31 eV and 37.45 eV and a column width of 2.14 eV, similar to
that in the literature, which can be determined to be W6+. The spectrum of Co2p (Figure 3e)
shows two spin-orbit double peaks with an orbital splitting width of 15 eV and multiple
signal peaks. The spin-orbit double peaks at positions 780 eV and 795 eV in the figure
represent the Co2p3/2 and Co2p1/2 energy levels of the Co ion, respectively. The main
peaks, which can be divided into three pairs of double peaks, and the signal peaks at
high binding energies at distances of 6 eV and 8 eV from the main peaks, all indicate the
presence of both Co2+ and Co3+ in the material. The binding energy potential of the peak
of the phosphotungstic acid doped catalyst is positively shifted by 0.16 eV, which indicates
that the doping of W ions decreases the electron density of Co ions. It makes Co ions
more electrophilic, which increases their surface-active substances and is more helpful in
activating PMS to degrade LEV.
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(e) Co2p spectra.

3.2. PMS Activation by T-POMs@ZIF-67 for LEV Degradation
3.2.1. Activity Comparison of Different T-POMs @ZIF-67

The catalytic ability of different T-POMs@ZIF-67 for LEV degradation via PMS acti-
vation was investigated (Figure 4a). The catalytic ability for LEV degradation is PMS <
T-ZIF67 < CoW < T-SiW@ZIF-67 < T-PMo@ZIF-67 < T-PW@ZIF-67. T-PW@ZIF-67 showed
the best performance, and the degradation rate of LEV reached 80.11% within 3 min and
reached 91.46% in 30 min. The high performance of T-PW@ZIF-67 may be due to the
following: (1) the combination of the Keggin-structured phosphotungstic acid with ZIF-67
can greatly increases its active site; (2) the interaction between Co2+ and W2+ accelerates
the catalytic process, so it takes less time to activate PMS to degrade LEV. The degradation
rate of CoW was much lower than that of the T-PW@ZIF-67, and only 61.32% of LEV was
removed at 30 min. It may be due to its surface tension and magnetic property that makes
it easy to agglomerate. These results confirm that the combination of ZIF-67 with POMs
can generate more active sites for PMS activation after pyrolysis.
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Figure 4. (a) Activity of different T-POMs@ZIF-67 for LEV degradation via PMS activation; (b) Effect
of PMS on the catalytic efficiency of T-PW@ZIF-67 for LEV degradation.

In order to investigate the performance of the T-PW@ZIF-67 catalyst to activate PMS,
the degradation rate of LEV was measured under two different conditions: with PMS
without T-PW@ZIF-67 and with T-PW@ZIF-67 without PMS (Figure 4b). It can be seen that
the efficiency of PMS itself for LEV degradation is very low, and the degradation rate is only
5% at 30 min. T-PW@ZIF-67 itself also has negligible performance for LEV degradation,
and the degradation rate of LEV is only 10% at 30 min. These results demonstrated that the
high degradation efficiency of LEV is via the PMS activation by T-PW@ZIF-67.

3.2.2. Effect of Doping Amount of Phosphotungstic Acid and Pyrolysis Temperature on the
Performance of T-PW@ZIF-67

To further enhance the catalytic performance of T-PW@ZIF-67, different doping
amounts of phosphotungstic acid (10 mL of 5, 25, 50, and 75 mM PW, respectively) were
added during the synthesis. Catalytic degradation experiments were carried out at room
temperature by adding 0.035 mM of potassium persulfate and 5 mg of catalyst to 100 mL of
LEV solution with an initial concentration of 10 mg/L at pH = 7.3 (Figure 5a). T-PW@ZIF-
675 shows the lowest degradation rate, and T-PW@ZIF-6750 shows the best performance.
These results demonstrate that the addition of a moderate amount of phosphotungstic acid
promotes the generation of active sites for PMS activation.

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 4. (a) Activity of different T-POMs@ZIF-67 for LEV degradation via PMS activation; (b) Effect 
of PMS on the catalytic efficiency of T-PW@ZIF-67 for LEV degradation. 

In order to investigate the performance of the T-PW@ZIF-67 catalyst to activate PMS, 
the degradation rate of LEV was measured under two different conditions: with PMS 
without T-PW@ZIF-67 and with T-PW@ZIF-67 without PMS (Figure 4b). It can be seen 
that the efficiency of PMS itself for LEV degradation is very low, and the degradation rate 
is only 5% at 30 min. T-PW@ZIF-67 itself also has negligible performance for LEV degra-
dation, and the degradation rate of LEV is only 10% at 30 min. These results demonstrated 
that the high degradation efficiency of LEV is via the PMS activation by T-PW@ZIF-67. 

3.2.2. Effect of Doping Amount of Phosphotungstic Acid and Pyrolysis Temperature on 
the Performance of T-PW@ZIF-67 

To further enhance the catalytic performance of T-PW@ZIF-67, different doping 
amounts of phosphotungstic acid (10 mL of 5, 25, 50, and 75 mM PW, respectively) were 
added during the synthesis. Catalytic degradation experiments were carried out at room 
temperature by adding 0.035 mM of potassium persulfate and 5 mg of catalyst to 100 mL 
of LEV solution with an initial concentration of 10 mg/L at pH = 7.3 (Figure 5a). T-
PW@ZIF-675 shows the lowest degradation rate, and T-PW@ZIF-6750 shows the best per-
formance. These results demonstrate that the addition of a moderate amount of phospho-
tungstic acid promotes the generation of active sites for PMS activation. 

 
Figure 5. (a) Effect of doping amount of phosphotungstic acid on the performance of T-PW@ZIF-67; 
(b) Effect of pyrolysis temperature on the performance of T-PW@ZIF-67. 

In order to investigate the effect of pyrolysis temperature on the performance of T-
PW@ZIF-67, PW@ZIF-67 was calcined at 400 °C, 500 °C, 600 °C and 700 °C, respectively. 
Four T-PW@ZIF-67 materials were obtained for the catalytic experiments, and their per-

Figure 5. (a) Effect of doping amount of phosphotungstic acid on the performance of T-PW@ZIF-67;
(b) Effect of pyrolysis temperature on the performance of T-PW@ZIF-67.

In order to investigate the effect of pyrolysis temperature on the performance of
T-PW@ZIF-67, PW@ZIF-67 was calcined at 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C, respectively.
Four T-PW@ZIF-67 materials were obtained for the catalytic experiments, and their per-
formance is shown in Figure 5b. The degradation rates were significantly different at
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different calcination temperatures, T-PW@ZIF-67700 < T-PW@ZIF-67400 < T-PW@ZIF-67600
< T-PW@ZIF-67500. T-PW@ZIF-67700 shows the worst performance with a degradation rate
of 51.22% at 3 min. PW@ZIF-67500 shows the best performance with a degradation rate of
more than 80% after 3 min. The best catalytic ability of PW@ZIF-67500 is supposedly due to
the fact that the ZIF-67 structure is no longer stable at environments higher than 550 ◦C
and is prone to collapse [29].

3.2.3. Effect of PMS Dosage on LEV Degradation Catalyzed by T-PW@ZIF-67

After activation, PMS can provide important reactants (SO4
−· and ·OH) involved

in the LEV degradation reaction. In order to realize efficient PMS activation for LEV
degradation, the effect of persulfate dosage on the catalytic performance of T-PW@ZIF-67
was investigated. During the experiment, 0.01 mM~0.05 mM of potassium persulfate was
added respectively. Figure 6 shows the experimental results. The degradation efficiency
of LEV gradually increased with the increase of PMS addition, and the reaction gradually
stabilized after 10 min. When the dosage was increased from 0.01 mM to 0.035 mM, the
removal of LEV increased from 49.58% to 79.89% at 3 min and from 58.91% to 91.59% at
30 min. However, when the dosage was increased from 0.035 mM to 0.05 mM, the LEV
removal rate changed insignificantly. The possible reasons for this are as follows: (1) PMS
dose was the rate-limiting factor for LEV degradation at low PMS dose. Meanwhile,
the active site gradually saturated at high PMS doses, suggesting that the number of
T-PW@ZIF-67 active sites is a critical limitation [30]; (2) the radicals can react with the
excess PMS in a quenching reaction:

SO−
4 ·+ S2O2−

4 → SO2−
4 +S2O2−

8 · (2)

OH + S2O2−
8 →HSO−

4 +SO−
4 ·+

1
2

O2 (3)
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Self-quenching reactions also occur between free radicals due to the increase concen-
tration of radicals:

SO−
4 ·+ SO−

4 · → S2O2−
8 (4)

·OH + SO−
4 · → HSO−

4 +
1
2

O2 (5)

When PMS concentration is too high, the rapid depletion of PMS and free radicals
results in no significant change in the concentration of active substances. Thus, the removal
rate of LEV was not significantly increased. Therefore, the optimal dosage of PMS was
0.35 mM.
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3.2.4. Effect of Initial LEV Concentration on the Performance of T-PW@ZIF-67

The initial concentration of LEV has an important effect on the efficiency of T-PW@ZIF-
67 in activating PMS. Three different initial concentrations of LEV were selected: 5 mg/L,
10 mg/L, and 15 mg/L. As shown in Figure 7, the degradation rate gradually decreased as the
initial concentration of LEV increased, and the time for the reaction to reach equilibrium was
also gradually extended. T-PW@ZIF-67 needs PMS to produce a quantitative amount of active
substances. When the concentration of LEV increased, it resulted in insufficient quantitative
active substances to react with LEV, which led to a significant decrease in the degradation rate.
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3.2.5. Effect of pH on the Catalytic Performance of T-PW@ZIF-67

The effect of pH in the range of 2.0 to 9.0 on the catalytic performance of T-PW@ZIF-67
is shown in Figure 8. The lowest removal rate of LEV was observed when the pH was
3.0, which was only 20.06% at 3 min, and the reaction gradually stabilized at 18 min. At
pH 5.0, the removal rate was 60% at 3 min and 90.01% at 30 min. Under strongly acidic
conditions, H+ can react with ·OH to produce H2O. In this way, free radicals are consumed,
leading to a decrease in the degradation rate of LEV [26]. When the pH value was 9.0, the
removal of LEV was only 57.24% at 3 min, which showed that the alkaline environment is
also unfavorable for the activation of PMS by T-PW@ZIF-67. The reason may be that OH−

can react with SO4
−·, and the active substances involved in the reaction are reduced.
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3.2.6. Effect of Co-Existing Ions on the Catalytic Performance of T-PW@ZIF-67

In practice, organic wastewater often contains many anions and organics. Common
anions in water are Cl−, HCO3

−, and H2PO4
−, all of which may affect the effectiveness

of catalyst activation of PMS for LEV degradation. In order to investigate the activated
degradation effect of the catalyst in different anionic environments, the reaction system
was placed in the environment of Cl−, HCO3

−, and H2PO4
− at concentrations of 0.3, 3,

and 30 mM/L, respectively, and the experimental results are shown in Figure 9.
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The results of the effect of Cl− concentration on the activation of T-PW@ZIF-67 to
degrade LEV are shown in Figure 9a. As the concentration of Cl− increased, the degra-
dation rate of LEV gradually decreased, and when the concentration was increased from
0 to 30 mM/L, the removal rate decreased from 91.46% to 74.88% at 30 min. However,
the time for their reactions to reach equilibrium was not significantly prolonged, and all
of them equilibrated after 9 min with no significant change in the degradation rate. The
reason for this result may be that Cl− itself is a free radical quencher and reacts with ·OH
and SO4

−· in the reaction system of Equations (6) and (7) [31,32]. It leads to the depletion
of the reactive substances and, thus, a significant decrease in the degradation rate of LEV.

SO−
4 ·+ Cl−→ SO2−

4 Cl· (6)

·OH + Cl−→ ClOH− · (7)

The results of the effect of HCO3
− concentration on the activity of T-PW@ZIF-67 are

shown in Figure 9b. As the concentration of HCO3
− increased from 0 mM to 30 mM,

the degradation rate gradually decreased. When the HCO3
− concentration reached 30

mM, the degradation rate was only 19.4% at 30 min, and the time for the reaction to reach
stability changed from 6 min to 30 min. The reason for this phenomenon can be explained
as follows: on the one hand, the hydrolysis reaction of HCO3

− in Equation (8) leads to
the increase of pH value of the water, which makes the water appear weakly alkaline.
The catalyst performance under alkaline conditions is weakened; on the other hand, it
is possible that HCO3

− may be quenched with ·OH and SO4
−· in the reaction system
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(Equations (9) and (10)) [32], resulting in a reduction of active substances participating in
the degradation reaction. At the same time, the quenching reaction will produce OH−,
which will increase the pH value of the water body again. Thus, it resulted in a decrease in
the degradation rate of LEV, and prolonged stabilization time of the reaction.

H2O+ HCO−
3 → H2CO3 + OH− (8)

SO−
4 ·+ HCO−

3 → SO2−
4 + HCO3· (9)

·OH + HCO−
3 → HCO3 ·+ OH− (10)

The results of the effect of H2PO4
− concentration on the catalytic ability of T-PW@ZIF-67

are shown in Figure 9c. The increase of H2PO4
− concentration did not significantly affect the

degradation rate of LEV, which remained above 90% at 30 min when the H2PO4
− concentra-

tion was 3 mM. Under 30 mM of H2PO4
−, the degradation rate of LEV was 86.18% at 30 min,

and all the reactions reached equilibrium within 15 min. This phenomenon may be due to the
fact that the presence of H2PO4

− does not significantly increase the pH of the water.

3.2.7. Effect of Natural Organic Matter in Water on the Catalytic Performance of
T-PW@ZIF-67

In actual applications, catalysts are often placed in complex aqueous environments where
natural organic matter is a prevalent component. To simulate the situation, T-PW@ZIF-67 was
put into the reactor with humic acid concentrations of 1, 3, and 5 mg/L. The result shows that
the addition of humic acid significantly reduced the efficiency of catalyst activation of PMS
for LEV degradation (Figure 10). At 30 min, the degradation rate of LEV was 85.05%, 82.05%,
and 75.22%, respectively. One reason for this phenomenon is that humic acids can compete
for the active substances participating in the reaction. On the other hand, humic acid contains
a large number of electron-rich hydroxyl and carboxyl groups that are subject to attack by
electrophilic radicals [32,33]. These groups adsorb to the catalyst surface, resulting in lower
yields of ·OH and SO4

−·.
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3.2.8. Stability Analysis of T-PW@ZIF-67

The recyclability of catalysts is an important index for evaluating the goodness of
catalysts, which determines the feasibility of their application in practice. The recyclability
of the catalysts was evaluated by comparing the degradation rates of five consecutive
experiments under the same conditions (Figure 11). The degradation rate of LEV was
92.59% in the first cycle and it was 82.96% in the fifth cycle. The decrease may be related to
two factors: (1) Although the amount of Co2+ increased after the catalytic reaction, it could
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not offset the negative effect of W loss. (2) Intermediate byproducts may be adsorbed to the
active site, hindering the degradation. The recyclability test demonstrated the material has
good stability.
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3.3. Discussion of Catalytic Mechanism

Combining the results of TEM, XPS, and XRD characterization and activation degra-
dation experiments, the catalytic mechanism can be discussed [29,34,35]. The process of
LEV degradation catalyzed by T-PW@ZIF-67 can be summarized as the following reaction:

Co2+ +H12O6 ↔ CoOH++H+ (11)

CoOH++ HSO5
−→ CoO++HSO4

−·+ H2O (12)

CoO++2H+ ↔ Co3++ H2O (13)

4 Co3+/ W6++4 HSO5
−→ 4 Co2+/ W2++4 SO5

−·+ 4 H+ (14)

4 Co2+/ W2+ + 4 SO4
−· → 4 Co3+/ W6++ 4 SO4

2− (15)

SO5
− · ↔

{
SO4

−· O2SO4
−·

}
(16){

SO4
−· O2SO4

−· } → O2 +S2O8
2− (17){

SO4
−·O2SO4

−· } → O2 +2SO4
−· (18)

SO4
−·+LEV → SO4

2− + products (19)

4 Co2+/W2++4 S2O8
2−→ 4 Co3+/ W6++4SO4

−·+ 4 SO4
2− (20)

4 Co2++W6+→ W2++4 Co3+ (21)

In the whole reaction process, Co2+ in the PW@ZIF-67 oxide is first hydrolyzed to form
CoOH+, which reacts with PMS to form SO4

−·. The CoO+ generated in the process can
again continue to react with PMS to generate SO5

−·, at which time Co3+/W6+ is reduced to
Co2+/W2+, which can again participate in the previous round of reaction.

Co2+ is more effective than Co3+ in activating PMS because of the higher redox capacity
of SO4

−· relative to SO5
−· [33,36]. The oxidizing ability of SO5

−· is weak, so part of it
produces S2O8

2− and part of it produces SO4
−·. S2O8

2− can return to the reaction as a
Co2+/W2+ oxidizer, while SO4

−· was produced. There is a synergistic interaction between
W6+ and Co2+, on the one hand, it can react with Co2+ to form Co3+ with oxidizing
properties, on the other hand, it can react with PMS to form SO5

−·. SO4
−· as a free radical

can break the chemical chain of LEV and thus be broken down. Moreover, SO4
−· can
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further react with water to form ·OH, which can also participate in the reaction to break
the chemical chain of LEV (Figure 12). Intermediates such as decarboxylated levofloxacin,
levofloxacin-N-oxide, and demethylated levofloxacin may be produced during degradation.
The above intermediates undergo a series of oxidation processes to produce CO2 and H2O.
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Figure 12. Mechanism of LEV degradation by PMS catalyzed with T-PW@ZIF-67.

The stability of the catalyst determines its service life and practical significance. Co2+

and W6+ in T-PW@ZIF-67 have a synergistic effect. Co3+ can be easily obtained by the good
oxidizing property of W6+, and Co3+ can be re-reduced to Co2+ by PMS, thereby realizing
the recycling of the catalyst.

4. Conclusions

In this paper, hollow ZIF-67 was utilized to immobilize different POMs to synthe-
size new catalysts for PMS activation. A series of T-POMs@ZIF-67 catalysts were pre-
pared and evaluated for degradation of LEV via PMS activation. Among the five cata-
lysts (T-PW@ZIF-67, T-SiW@ZIF-67, T-PMo@ZIF-67, CoWO4, and T-ZIF67), T-PW@ZIF-67
showed the highest activity. The degradation rate of LEV reached 80.11% within 3 min
under the catalysis of T-PW@ZIF-67. T-PW@ZIF-67 had the best catalytic performance
when doped with 30 mM of phosphomolybdic acid solution and being calcined at 500 ◦C.
High PMS concentration, low substrate concentration and neural pH favor the degradation
of LEV. The influence of water quality on the catalyzed degradation was also investigated.
With the increase of the concentration of Cl− and HCO3

−, the degradation efficiency tends
to decline. The catalysts were sensitive to HCO3

−, but not to H2PO4
−. Humic acid, as a

reaction competitor, significantly inhibited the degradation efficiency of LEV. T-PW@ZIF-67
kept high recyclability even after 5 recycles. This work indicates that POMs@MOF-derived
materials have great potential for wastewater treatment.
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