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Magnetic MnFe,O4/ZIF-67 nanocomposites with
high activation of peroxymonosulfate for the
degradation of tetracycline hydrochloride in
wastewater
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Advanced oxidation processes (AOPs) based on PMS have been used to degrade various refractory
pollutants such as drugs, endocrine disruptors, dyes and perfluorinated compounds due to their wide
application range, mild reaction conditions, fast reaction rate and simple operation. In this study,
tetracycline hydrochloride (TCH) was degraded based on this method. Magnetic MnFe,O4/ZIF-67
nanocomposites were successfully prepared by a hydrothermal method, which combined the magnetic
separation characteristics of MnFe,O4 with the high catalytic activity of ZIF-67 and were used to activate
peroxymonosulfate (PMS) to efficiently degrade TCH. Satisfactory removal results were obtained with
this simple and readily available material, with 82.6% of TCH removed in 15 min. The effect of different
conditions on the degradation effect was investigated, and the optimal catalyst concentration and PMS
concentration were determined to be 0.1 g L™ and 0.2 g L%, respectively, and all had good degradation
effects at pH 5 to 10. XPS, impedance test and radical quenching experiments were used to investigate
the degradation mechanism. The results showed that sulfate radical (SO, ) was the main active species
in the degradation process. In addition, the catalyst has good cyclic stability, which provides a new idea
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DOI 10.1039/d3ra08511b for the removal of TCH in wastewater. It is worth mentioning that the catalyst also has good degradation
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1 Introduction

In recent decades, with the continuous development of the
social economy and the rapid improvement of production
capacity, the ensuing environmental problems have become
increasingly serious.» Water environmental pollution has
attracted more and more attention.® Tetracycline hydrochloride
(TCH) is a representative broad-spectrum antibiotic, widely
used in clinical therapy, aquaculture, animal husbandry, and
other fields.*” Overuse of TCH causes it to accumulate in large
quantities in wastewater, posing a serious threat to the ecosys-
tems and human health.*® Due to its stable chemical structure
and antibacterial properties, it is difficult to biodegrade, so it is
urgently required to find more effective ways to degrade TCH in
wastewater.'>"*

Researchers have found a variety of methods to remove TCH,
including adsorption,”” membrane separation,” biodegrada-
tion,™ and advanced oxidation processes.'>** Compared with
other methods, AOPs have the advantages of simple operation,
fast and efficient response and environmental friendliness, and
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have attracted more and more attention.'** Common oxidants
of AOPs include peroxymonosulfate (PMS), peroxydisulfate
(PDS), and hydrogen peroxide (H,O,). Because PMS is more
easily activated than PDS,* and compared with ‘OH produced
by H,0,, SO, " produced by PMS has the advantages of long life,
good selectivity, and wide working pH range;**** as such, the
type of AOPs based on PMS activation to generate active radicals
has received wide attention.>** Many transition metal ions
(such as Co*", Fe*", Cu®>", and Mn®>") can effectively activate PMS
to produce active free radicals, among which cobalt ions have
been reported to have the best ability to activate PMS.>>>®
However, although the Co>'/PMS system can degrade organic
pollutants, it has the problem that homogeneous catalysts
cannot be recovered, and carcinogenic Co** will have an impact
on human health,* so it is particularly important to find cobalt-
containing heterogeneous catalysts.

Metal-organic frameworks (MOFs) exhibit excellent perfor-
mance in wastewater treatment due to their unique structure
such as high specific surface area and large porosity.*'~*” ZIF-67,
a mature cobalt-based MOF, has high thermal and chemical
stability, which shows certain advantages in wastewater
treatment.***® For example, the microporous ZIF-67 synthesized
by Liang et al. showed ultra-high adsorption capacity for the
antibiotic CIP and successfully removed CIP.*® Another example

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra08511b&domain=pdf&date_stamp=2024-03-02
http://orcid.org/0009-0007-3128-5175
http://orcid.org/0000-0001-7676-5745
http://orcid.org/0000-0003-2682-8765
http://orcid.org/0000-0002-2046-3462
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08511b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014011

Open Access Article. Published on 04 March 2024. Downloaded on 11/24/2025 1:13:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

is the synthesis of ZIF-67 by Dong et al., which successfully
achieved rapid degradation of carbamazepine in wastewater
with a catalytic efficiency of eight times that of MnO,.*
However, although ZIF-67, the cobalt-containing multiphase
catalyst, has a high catalytic efficiency, its difficulty in sepa-
rating from wastewater limits its application.

Magnetic separation technology has become one of the most
promising separation technologies due to its advantages of low
cost and high efficiency. The magnetic MOF matrix composite
material can comprehensively utilize the high porosity and high
catalytic efficiency of MOFs and the magnetic separation char-
acteristics of magnetic materials® so that the materials can be
separated and recovered by external magnetic force while
removing antibiotics from water. For magnetic materials, spinel
ferrites XFe,O, (X = Mn, Fe, Co, Ni, and Cu) have attracted great
attention due to their significant nanometer size, high specific
surface area, and superparamagnetic behavior.** One of the
most impressive is the ferromanganite (MnFe,0,), which can
not only achieve catalytic effects through the synergistic effect of
Fe and Mn but also magnetic separation and recovery through
its inherent magnetism.* However, the inherent magnetism of
MnFe,0, makes it easy to agglomerate, thus reducing its
specific surface area and affecting the catalytic activity.*® In
addition, it is easy to cause excessive leaching of Mn>'/Fe**
resulting in secondary pollution, so it is a good choice to use
some carriers to fix MnFe,O,.

Based on the above discussion, we combined MnFe,O, and
ZIF-67 to retain the high catalytic activity of Co-based MOFs ZIF-
67; moreover magnetic separation and recovery could be carried
out. Using PMS as an oxidant, the degradation of TCH in water
by MnFe,0,/ZIF-67-activated PMS was investigated. The
advantage of MnFe,0,/ZIF-67 material is that the material is
simple and easy to obtain, requires only a short time to achieve
efficient degradation, and can be reused by magnetic recycling.

2 Experimental
2.1 Chemicals and materials

Iron chloride hexahydrate (FeCl;-6H,0), manganese chloride
hexahydrate (MnCl;-6H,0), cobalt nitrate hexahydrate
(Co(NO3),-6H,0), 2-methylimidazole (2-MIM), and tetracycline
hydrochloride (TCH) were purchased from Macklin, China.
Peroxymonosulfate (PMS) was obtained from Aladdin, China,
and methanol (MeOH) was purchased from Shanghai Sino-
pharm Chemical Reagent Co., Ltd. All the reagents were used
without further purification.

2.2 Synthesis of magnetic MnFe,0,

FeCl;-6H,0 and MnCl;-6H,0 were dispersed in a beaker con-
taining ethylene glycol at a molar ratio of 2 : 1 and ultrasonically
dissolved to obtain a transparent mixed solution. Then, the pre-
prepared NaOH solution was gradually added to the above-
mixed solution, and the pH value of the solution was moni-
tored with a pH meter until the black slurry with pH > 10 was
obtained. After stirring for 30 min, the slurry was transferred to
a Teflon-lined autoclave at 200 °C for 24 h to obtain MnFe,O,.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3 Synthesis of magnetic composite MnFe,O0,/ZIF-67

Solution A was formed by mixing 0.1 g MnFe,O, and PVP with
30 mL methanol under ultrasound for 30 min. At the same time,
1.16 g of Co(NO;),-6H,0 and 1.31 g of 2-methylimidazole were
dissolved in 15 mL of methanol each at room temperature
under ultrasound to form solution B and solution C, respec-
tively,. Then, solution C was slowly added to solution A for
ultrasonic mixing for 5 min, and solution B was added dropwise
to the above dispersion. After 20 min of ultrasound, the mixture
was transferred to a Teflon-lined autoclave at 120 °C for 6 h.
Finally, the precipitate was collected using magnets, washed
with methanol several times, and dried at 70 °C for 12 h.

2.4 Characterization

The surface morphology was observed by a JSM6510LV tungsten
lamp scanning electron microscope (SEM, JEOL, Japan). The X-
ray diffraction pattern of the sample was obtained using a D8-
advanced X-ray diffractometer (XRD, Bruker, Germany) equip-
ped with a Cu Ka source (40 mA, 40 kV). Fourier transform
infrared spectroscopy (FTIR) in the region of 400-4000 cm ™"
was measured on a single-frequency infrared spectrometer
using the potassium bromide tablet technique. The oxidation
states of Co, Fe and Mn in MnFe,0,/ZIF-67 were studied by X-
ray photoelectron spectroscopy (XPS, Thermo, USA). The
ultraviolet-visible spectrophotometer (752N, INESA, Shanghai)
was used to measure the corresponding absorbance of the
pollutant at 357 nm.

2.5 Degradation experiment

All experiments were conducted in a 100 mL beaker placed on
a magnetic stirrer at room temperature. To avoid the effect of
natural light on degradation, the beaker was wrapped in tin foil
for dark treatment. Moreover, to evaluate the performance of
the catalyst for activating PMS to degrade TCH, a certain
amount of MnFe,0,/ZIF-67 was dispersed in a beaker contain-
ing 50 mL TCH solution, and appropriate PMS was immediately
added to initiate the oxidation reaction. Then, within the
specified time, an appropriate amount of the reaction solution
was collected and quenched with 0.5 mL methanol to stop
further reaction. The absorbance of the quenched solution at
357 nm was measured using a UV-vis spectrophotometer, and
the residual TCH concentration was calculated according to the
standard curve. In addition, all the optimization experiments,
other conditions and steps were kept unchanged, and only the
PMS concentration, catalytic concentration and initial pH value
(adjusted by NaOH and HCI) were changed.

3 Results and discussion

3.1 Characterization

FT-IR spectra of MnFe,0,, ZIF-67 and MnFe,0,/ZIF-67 are shown
in Fig. 1a. FT-IR spectrum of the MnFe,0,/ZIF-67 composite was
basically similar to that of ZIF-67, except that the absorption peak
at 571 cm™ " was attributed to the Fe-O-Fe group in the MnFe,O,4
particle, which indicated the successful doping of MnFe,0O,. The
absorption peak at 422 c¢cm™' was attributed to the Co-N
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(a) FT-IR spectra, and (c) XRD patterns of different as-prepared materials. (b) Locally magnified FT-IR spectra of the as-prepared MnFe,O,4/

ZIF-67 and MnFe,O4 + ZIF-67. (d) Full XPS spectra of the fresh and reacted as-prepared MnFe,O4/ZIF-67. (e) Elemental mapping of C, N, O, Co,

Fe and Mn in MnFe,O4/ZIF-67. (f) EDS analysis of MnFe,O4/ZIF-67.

stretching vibrations of ZIF-67. The peaks at 1055 and 1390 cm ™ *

correspond to the presence of the benzene ring. The peaks at
1350-1500 cm ™" can be attributed to the stretching vibration of
the imidazole ring, and the peaks at 900-1350 cm™ can be
attributed to the plane vibration of the imidazole ring. In addi-
tion, as shown in Fig. 1b, the peak position of MnFe,0,/ZIF-67 at
571 em™ " is greatly shifted from that observed in the physical
mixture of MnFe,O, + ZIF-67. Therefore, it can be inferred that
MnFe,0,/ZIF-67 is not a simple physical mixing. Instead, a new
composite material was synthesized.

7530 | RSC Adv, 2024, 14, 7528-7539

Fig. 1c shows the XRD patterns of MnFe,0,/ZIF-67, MnFe,0,
and ZIF-67 for a comparison. The diffraction peaks of MnFe,O,/
ZIF-67 composites at 260 = 30.2°, 35.7°, 43.3°, 57.2° and 62.8°
were consistent with those of MnFe,O, nanoparticles. More-
over, the diffraction peaks at 26 = 7.4°, 10.4°, 12.8° and 18.0°
correspond to the (011), (002), (112) and (222) Bragg planes of
pure ZIF-67 crystals, respectively. This clearly confirms the
successful preparation of the MnFe,0,/ZIF-67 composite, in
which the inherent crystal structure of ZIF-67 is not significantly
disturbed by the introduction of MnFe,O, nanoparticles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1d shows the full XPS spectrum of MnFe,0,/ZIF-67
before and after the reaction, from which it can be seen that
there are Co, Fe, Mn, C, N and O elements in MnFe,0,/ZIF-67,
which further confirmed the successful synthesis of the
composite material. Fig. 1e shows the element mapping of
MnFe,0,/ZIF-67, in which C, N, O, Co, Fe and Mn also existed,
which was also proven by EDS analysis of MnFe,0,/ZIF-67, as
shown in Fig. 1f. They are consistent with the results of the full
XPS spectrum, and also proved the successful synthesis of
MnFe,0,/ZIF-67.

The structure and surface morphology of MnFe,0,/ZIF-67,
MnFe,0, and ZIF-67 were characterized by scanning electron
microscopy and transmission electron microscopy. The SEM
image of Fig. 2a shows that MnFe,0, particles were small-sized
nanoparticles, which were agglomerated because of their small
particle size and strong magnetic interactions. It can be
observed from Fig. 2b that the prepared ZIF-67 showed uniform
rhombohedral dodecahedral crystal shapes with particle sizes
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between 500 and 600 nm, which was consistent with the liter-
ature reports.* Fig. 2c and d show that the surface of MnFe,0,/
ZIF-67 was relatively rough compared to the morphology of ZIF-
67, which may be due to the fact that MnFe,0, was successfully
compounded with ZIF-67. TEM images shown in Fig. 2e and f
also clearly show the morphology of MnFe,0,/ZIF-67, and it was
also found that MnFe,O, and ZIF-67 were successfully com-
pounded, and the size of ZIF-67 was consistent with the results
of SEM images.

To explore the reasons for the rapid degradation efficiency of
MnFe,0,/ZIF-67, impedance tests were conducted on MnFe,0,/
ZIF-67, MnFe,O, and ZIF-67 and the results are shown in
Fig. 3a. It is clearly observed that MnFe,0,/ZIF-67 showed
a smaller semicircle in the high frequency region than ZIF-67
and MnFe,0,, indicating an accelerated electron transfer
rate.* Both Fe and Mn in the active metal center of MnFe,0,/
ZIF-67 can promote the surface electron transfer rate and
improve the degradation efficiency.
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Fig. 2 SEM images of (a) MnFe,Oy, (b) ZIF-67, and (c and d) MnFe,O4/ZIF-67. (e and f) TEM images of MnFe,O4/ZIF-67.
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The magnetic recovery ability of the catalyst was investigated
by external magnetic force, as shown in Fig. 3b, and it was found
that the MnFe,0,/ZIF-67 catalyst could be easily separated by
a magnet within 20 s.

3.2 Catalytic performance

The removal effects of different catalysts on TCH were evalu-
ated. The experimental conditions were 0.1 g per L catalyst, 0.2 g
per L PMS and 20 mg per L TCH, and the pH value of the
solution was 7.0. As shown in Fig. 4a, the TCH removal rate of
pure ZIF-67 and MnFe,0,/ZIF-67 groups were 8.9% and 7.9%,
within 30 min, respectively, indicating that the adsorption effect
of materials on TCH was negligible. When no catalyst was
added, only 20% of TCH was degraded in the presence of PMS
alone. When both MnFe,O, and PMS were added, the
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(a) EIS plots of MnFe,O4 ZIF-67 and MnFe,O,4/ZIF-67. (b) Magnetic recovery of MnFe,O4/ZIF-67.

degradation efficiency of TCH was about 60% within 30 min. In
addition, it can be observed that using the same dose of ZIF-67
and MnFe,0,/ZIF-67 to catalyze PMS, the degradation effect was
almost similar at 87.2% and 88.3%, within 30 min, respectively.
However, we were surprised to find that the degradation rate of
TCH in the MnFe,0,/ZIF-67/PMS system was faster. In the first
6 min, the TCH removal rate using ZIF-67/PMS system was
34.3%, while the TCH removal rate using MnFe,0,/ZIF-67/PMS
increased to 48.2%. It showed that MnFe,O,/ZIF-67/PMS could
achieve rapid degradation in a short time. This phenomenon
can be attributed to the fact that the introduction of MnFe,O,
can provide synergistic interaction between the two active
metals and the cobalt in ZIF-67, thus promoting degradation. In
addition, in the MnFe,0,/ZIF-67/PMS system, the removal rate
of TCH can reach 82.6% in only 15 min, indicating the rapid
degradation effect of the material.

(
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and (f) the efficiencies of various contaminants in the MnFe,O4/ZIF-67/PMS system. [TCH] =
! (fora—c, eand f), T = 25 °C, initial pH = 7.0.

d and f), [catalystl =0.1g L™
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(a) The degradation of TCH with different catalysts. The influence of (b) TCH, (c) PMS and (d) catalyst dosage, (e) initial pH for TCH removal

20mg Lt (foraand c-f), [PMS] =0.2g L (fora, b,
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The effects of different conditions (initial TCH concentra-
tion, initial pH, PMS dose and catalytic dose) on TCH degra-
dation were investigated. It can be seen from Fig. 4b that the
degradation effect is greatly enhanced when the TCH concen-
tration is reduced from 30 to 10 mg L™". This phenomenon can
be attributed to the high concentration of pollutant molecules
competing for the strong oxidizing free radicals produced by
PMS activation. In addition, it has been reported that the
intermediates generated by the side reaction consume part of
the sulfate radical and hydroxyl radical, which also reduces the
degradation rate of TCH.

Using PMS as the oxidant in this experiment, the effects of
different amounts of PMS on TCH degradation were investi-
gated, and the results are shown in Fig. 4c. When the concen-
tration of PMS increased in the range of 0.05-0.2 g L™, the
removal efficiency of TCH increased from 66.6% to 88.3%
within 30 min. However, when the concentration of PMS
continued to increase, the removal efficiency of TCH was
significantly reduced. The improvement of TCH degradation
efficiency and the rate are mainly due to the production of more
active components. However, when the concentration of PMS
continued to increase to 0.3 g L', the removal efficiency of TCH
decreased, which may be caused by the self-quenching of excess
PMS. Therefore, 0.2 g per L PMS was selected for further
experimental exploration.

The effects of different doses of MnFe,O,/ZIF-67 on TCH
removal were investigated to determine the optimal dosage of
the catalyst, as shown in Fig. 4d. The figure shows that when the
amount of the catalyst is less than 0.1 g L™, only 50% of the
TCH was degraded within 15 min, this is because active sites
provided by a small amount of the catalyst were not rich, which
affect the degradation effect. When the amount of the catalyst
continued to exceed 0.1 g L', the TCH degradation rate
remained basically unchanged for 30 min. The possible reason
for this phenomenon is that more catalysts will be clustered
together and occupy part of the active sites. Therefore, 0.1 g
per L MnFe,0,/ZIF-67 was selected for the catalytic degradation
experiment.

The stability of PMS and the formation of free radicals were
affected by different pH values of the solution. Therefore, the
effects of different initial pH values (3-10) on TCH degradation
efficiency in the MnFe,0,/ZIF-67/PMS system were studied. As
can be seen from Fig. 4e, when the initial pH of the solution is
neutral, the degradation of TCH in the MnFe,0,/ZIF-67/PMS
system is as high as 88%. When it drops to 3, less than 50%
of the TCH is removed. The unsatisfactory TCH degradation
efficiency under super acidic conditions may be due to the fact
that HSO5™ is decomposed into sulfate instead of activating
into a sulfate radical in the presence of excess hydrogen ions.
Under the condition of peralkaline pH = 10, the degradation
efficiency of TCH is about 85%, which is lower than the
removal rate under neutral conditions. There may be two
reasons for this phenomenon: first, PMS may self-decompose
instead of generating sulfate radical, the specific process is
shown in eqn (1) and (2). Second, under alkaline conditions,
the active metal tends to produce hydroxide, resulting in the
reduction of the active site.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HSO;5™ + SO~ — HSO4~ + SO~ (1)
HSO¢™ + OH™ — H,0 + S04~ + 0, (2)

Finally, the suitability of the catalyst for other contaminants
was also evaluated. DOX, RhB, MB and TCH were selected as
pollutant models for the catalytic degradation experiments. It
can be observed from Fig. 4f that the removal rate of the four
pollutants reached more than 88% within 30 min, indicating
that the degradation effect is good enough, and it also indicated
the wide applicability of MnFe,O,/ZIF-67.

3.3 Degradation mechanism and pathway consideration

The ROS in the reaction solution was determined using a free
radical quenching test to predict the reaction mechanism. Fig. 5a
shows the effect of common scavengers such as methanol
(MeOH), tert-butanol (TBA) and ethanol (EtOH) on TCH degra-
dation in MnFe,0,/ZIF-67/PMS systems. Compared with the
degradation amount without a quenching agent, the amount
degraded after adding 100 mM of tert-butanol decreased slightly.
After adding 100 mM of EtOH and MeOH, TCH dropped
substantially with a degradation efficiency of only 65%. These
results indicate that SO, " and "OH are the main active species in
MnFe,0,/ZIF-67/PMS, but the former plays a dominant role.

To study the catalytic mechanism, the surface metal valence
of the MnFe,0,/ZIF-67 catalyst was characterized by XPS spec-
troscopy. As shown in Fig. 5b, for pre-reaction Co, the peaks at
780.4 eV (Co 2ps),) and 795.7 eV (Co 2py,,) correspond to Co>",
and the peaks at 782.0 eV (Co 2ps,,) and 797.3 eV (Co 2p4,s)
correspond to Co>". The contents of Co®>" and Co>" were 63.88%
and 36.12%, respectively. For the Co after the reaction, the peak
positions did not significantly shift. The peaks at 780.4 eV (Co
2pss2) and 795.8 eV (Co 2py,,) correspond to Co>*, and the peaks
at 781.7 eV (Co 2ps/,) and 797.3 eV (Co 2p;,,) correspond to Co>".
The contents of Co?" and Co*" were 43.54% and 56.46%,
respectively. The decrease of Co** content and the increase of
Co’" content after the reaction indicate that Co** was converted
to Co®* during the reaction. Fig. 5c shows the change of Fe
valence content on the catalyst surface before and after the
reaction. Before the reaction, the two main peaks of Fe 2p;, at
710.5 eV and 712.6 eV correspond to Fe** and Fe®", respectively.
After the reaction, the peak area changed but there was no
obvious peak shift. The two main peaks of Fe 2p;/, at 710.3 eV
and 712.8 eV correspond to Fe®" and Fe®", respectively. The
relative content of Fe*" increased from 53.25% to 56.98%, and
the relative content of Fe*" decreased from 46.75% to 43.02%.
As can be seen from Fig. 5d, the two main peaks of Mn 2p;, at
640.2 eV and 641.7 eV correspond to Mn>" and Mn**, respec-
tively, and no significant Mn*" was detected, and the contents of
Mn>" and Mn*" were 49.71% and 50.29%, respectively. The
three main peaks of Mn 2p;, at 640.2, 641.3 and 642.6 eV
correspond to Mn>**, Mn*" and Mn"*, respectively, and the
contents of Mn>", Mn*" and Mn*" were 34.09%, 36.21% and
29.70%, respectively. After the reaction, Mn*" appeared and the
contents of Mn®*" and Mn”* decreased, indicating that Mn
changed from a low valence state to a high valence state during
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Fig. 5 (a) Quenching experiment on TCH degradation. XPS survey spectra of (b) Co 2p, (c) Fe 2p, and (d) Mn 2p of MnFe,O4/ZIF-67 before and
after the reaction. (e) Schematic diagram of the degradation process.

the reaction. These results indicate that there were redox reac- Based on the above results, the TCH degradation mechanism
tions of Co*/Co**, Fe**/Fe** and Mn**/Mn**/Mn*" in the of the MnFe,0,/ZIF-67/PMS system can be briefly summarized
MnFe,0,/ZIF-67/PMS system. as follows:
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HSOs™ + Co** — SO, + Co*" + OH™
HSO;™ + Fe** — SO, " + Fe** + OH~
HSOs™ + Mn?* — SO, + Mn*" + OH~
HSO’~ + Mn** — SO, + Mn*" + OH~
FeZ+ + Mn3+ N Fe3+ + Mn2+

Fe3+ + Mn3+ N Fez+ + Mn4+

© 2024 The Author(s). Published by the Royal Society of Chemistry

3) HSOs™ + Co®" — SOs "+ H" + Co**
(4) HSOs™ + Fe** — SOs " + H' + Fe**
(5) HSOs™ + Mn** - SOs™" + H* + Mn?*
(6) HSOs™ + Mn** — SOs~" + H" + Mn>*
7) SO, " + H,0 — SO,> + ‘OH + H'
(8) 2805~ + 20H™ — 280,* + 2°0OH + 20,

(10)
(11)
(12)
(13)

(14)
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SO, */'OH + TCH — intermediate product — H,O + CO,(15)

First, HSOs™ attacks the highly active metal reaction site
provided by MnFe,0,/ZIF-67 to produce SO, " (see eqn (3)—(8)),
which is a similar process to the generation of hydroxyl radicals
in the Fenton reaction. The excess HSOs ~ reacts with the high-
valence metal center on the surface of MnFe,0,/ZIF-67 to form
SO; ™" (see eqn (9)—(12)), thus contributing to the cycle of Co>*/
Co?", Fe*'/Fe**, and Mn*"/Mn**/Mn**. In addition, SO, reacts
with water, and SOs™ " reacts with OH™ to produce another "OH
that can remove pollutants (see eqn (13) and (14)). Eventually,
TCH molecules come into contact with SO, " and "OH and
break them down into small inorganic molecules such as CO,
and water (see eqn (15)). The degradation process is shown in
Fig. 5e.

Possible degradation pathways of TCH were analyzed with
LC-MS. As shown in Fig. 6, TCH first dissociated into P-445
(tetracycline). In the pathway I, the free radical attacked the
double bond in the C-ring to form the product P-416, the C-ring
double bond in P-416 was attacked by the free radical to form
the intermediate P-477,° and the C-ring double bond of P-477
was attacked to open the ring to form the intermediate P-483,
and then the amino group was eliminated to form P-451. In

View Article Online
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pathway II, the double bond in the C-ring of P-445 was attacked
and the -N(CHj;), and -CONH, groups were eliminated to form
the intermediate P-362, after which the ring was opened to form
P-211, and P-221 was further oxidized to form small molecules
P-175 and P-83. In pathway III, P-445 formed the intermediate P-
318 through dealkylation and ring-opening, and P-318 dehy-
droxized to form P-302, which was further oxidized to small
molecules of P-212 and P-83. These intermediates and small
molecules eventually decomposed into CO,, H,O and other
small molecules.

3.4 Cyclic experiment of MnFe,0,/ZIF-67

The catalyst can be easily recovered with external magnetic
force, and the stability of MnFe,0,/ZIF-67 was tested by four
cycles of TCH removal experiments under the same conditions.
As shown in Fig. 7a, the final removal efficiencies of TCH were
88.7%, 87.8%, 84.4% and 81.9%, respectively, indicating that
MnFe,0,/ZIF-67 could still maintain good activity after repeated
use.

The used MnFe,0,/ZIF-67 was also characterized by XRD and
FT-IR. As shown in Fig. 7b and c, the used MnFe,0,/ZIF-67 and
fresh MnFe,0,/ZIF-67 have almost the same XRD and FT-IR
patterns, indicating that the structure of this catalyst does not
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(a) Degradation efficiency of TCH in four recycling of MnFe,O,4/ZIF-67. (b) FT-IR and (c) XRD patterns of MnFe,O,4/ZIF-67 before and after

the reaction. (d) lonic leaching rates of Co, Fe and Mn ions of MnFe,O4/ZIF-67 after the reaction and corresponding GB standards.
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change significantly after the reaction, and it is a stable and
durable catalyst.

The ion leaching rate after the degradation reaction is shown
in Fig. 7d. The leaching ion concentrations of Co, Fe and Mn are
0.0600, 0.2704 and 0.0582 mg L' respectively, which are far
lower than those in the corresponding Chinese wastewater
discharge standard, which are 1 mg L™" of Co (GB25476-2010),
2 mg L™ of Fe (GB13456-2012) and 2 mg L™ of Mn (GB8979-
1996).

4 Conclusions

In summary, we synthesized magnetic composite MnFe,0,/ZIF-
67 with high catalytic activity and used it as an activator of PMS
to degrade TCH. Compared with pure MnFe,O, and ZIF-67,
MnFe,0,/ZIF-67 showed excellent catalytic performance.
Under the optimal reaction conditions (initial pH value, the
concentration of PMS and dosage of MnFe,0,/ZIF-67 were 7,
0.2 g L' and 0.1 g L', respectively), TCH degradation effi-
ciency reached 85.2%. In the cyclic experiment, the magnetic
MnFe,0,/ZIF-67 catalyst could still maintain a good degrada-
tion effect after four cycles. The above results show that the
catalyst has high catalytic activity, stability and magnetic
recovery.
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