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Abstract: Residual antibiotics and organic dyes in waste-
water have gained the current challenge all over the world
because of their toxicity to humans and the environment.
In this study, the bimetallic porous FeZn-ZIFsmaterials were
successfully prepared under mild conditions at room tem-
perature and atmospheric pressure and characterized by
various techniques. The FeZn-ZIFs were used as a heteroge-
neous catalyst to remove tetracycline antibiotics (TC) and
methyl violet 2B dyes (MV) in an aqueous solution by acti-
vating peroxymonosulfate (PMS) and peroxydisulfate (PDS),
respectively. The catalytic activity of FeZn-ZIFs towards TC
andMVunder different oxidant dosages, the catalyst dosage,
the initial pollutant concentration, contact time, and reac-
tion temperature were optimized. The results indicated that
FeZn-ZIFs was an efficient catalyst for removing TC and MV
based on advanced oxidant processes, having a removal
capacity of 92% at TC concentration of 50mg·L−1 and 95%
MV concentration of 20mg·L−1. More importantly, this bime-
tallic catalyst was identified the superior structural stability
when the removal efficiency of TC and MV was maintained
at approximately 90% after five cycles. In short, the FeZn-ZIFs
and PMS/PDS system exhibited a promising application pro-
spect for antibiotic and dye-containing wastewater treatment.

Keywords: advanced oxidation process, bimetallic, methyl
violet 2B, tetracycline, zeolitic imidazolate framework

1 Introduction

Environmental contamination, especially water pollution,
has been a global concern that needs to be addressed due
to its severe impact on organisms and ecosystems [1]. Along
with the growth of population, industrialization, and mod-
ernization, the amount of wastewater increased drasti-
cally, often containing organic dyes, antibiotic residues,
heavy metals, pesticides, and industrial chemicals…[2].
This wastewater poses a threat to the environment and
quality of human life [3]. For instance, the antibiotic resi-
dues found in wastewater can form antibiotic resistance
genes that make the infections caused by resisted bacteria
have become complicated and costly for treatment [4,5].
Meanwhile, the presence of dyes in the aqueous environ-
ment is proven to be toxic and relates to several dreadful
human diseases, including skin irritation, kidney failure,
intestinal tract infection, and even carcinogenicity [6].
Typically, tetracycline antibiotic (TC) and methyl violet
2B dye (MV) are the organic compounds which have been
commonly used to fulfill human needs. TC is the world’s
second most widely used antibacterial chemical and one of
the primary antibiotics used in the treatment of human
diseases, aquaculture, and livestock production [7]. How-
ever, the hydrophilic and hard to metabolize completely by
human or animal organisms nature of TC leads to its con-
siderable persistence in water bodies [8]. On the other
hand, MV is a cationic triphenylmethane dye widely used
in textile industries, paper printing, ink making, and other
fields [9,10]. This dye gives an intensive violet color when
dissolved in water, even with small concentrations [11].
Because of their complex and durable chemical structure
with many aromatic rings, they usually accumulate in
aquatic environments. Remarkably, these contaminants
are not only toxic but also stable to heat, light, and hardly
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biologically degradable [12–14]. Therefore, a variety of
methods for removing antibiotics and dye from aquatic
environments have been extensively investigated, including
adsorption, coagulation, flocculation, membrane filtration,
photocatalytic degradation, and biological treatment [15–18].
Among these methods, advanced oxidation processes (AOPs)
have attracted the attention of scientists due to their miner-
alization ability to organic contaminants present in waste-
water [19,20]. Namely, AOPs involve the generation of highly
reactive radical species, which are powerful oxidizing agents
and capable of attacking a wide variety of organic molecules
to nontoxic and simple molecules based on the oxidants
including hydrogen peroxide (H2O2), peroxymonosulfate
(PMS) ( −

HSO5), peroxydisulfate (PDS) ( −
S O2 8

2 ), ozone (O3), and
permanganate ( −

MnO4) [21]. There are many ways to activate
the oxidant agent in the AOPs, such as thermal excitation,
ultraviolet radiation, and other methods that require addi-
tional energy [22]. Recently, the heterogeneous catalytic
system consisting of transition metals (Co, Zn, Mn, and Fe)
and PMS/PDS has been shown to degrade antibiotics and dye
efficiently [23]. However, because of interactions with strong
oxidizing agents, the catalyst material needs to ensure dur-
ability and certain requirements such as porous nature, a
large specific surface, high stability, and diverse structure
and composition to bring high efficiency [24]. Therefore,
designing heterogeneous catalysts with outstanding proper-
ties to activate the oxidant effectively is challenging for
scientists.

Accordingly, zeolitic imidazolate frameworks (ZIFs)
are the potential candidates for the AOPs because of their
inherent superior properties such as large pore volume,
tunable porosity, ultrahigh specific surface area, high
thermal stability, and molecular and structural diversity
[25,26]. Namely, ZIFs is a subclass of metal-organic frame-
work material that is structurally similar to zeolite, but its
composition is a combination of both inorganic ions and
organic bridges [27]. Typically, ZIFs are formed from the
metallic nodes (i.e., Zn and Co) and linked together by imi-
dazolate organic bridges through self-assembly arrange-
ment. ZIFs have become attractive to scientists in many
fields, such as adsorption, catalysis, gas storage, chemical
separation, and drug delivery [28,29]. Some researchers
have reported that ZIFs are highly effective for removing
antibiotics and dyes. Indeed, Li et al. prepared ZIF-8 for the
adsorption of TC and oxytetracycline (OTC) which the max-
imum adsorption capacities for TC and OTC were 303 and
312.5 mg·g−1, respectively [30]. The proposed adsorption
mechanism likely involved π–π interactions between the
conjugated groups in TC/OTC and the imidazole rings of
ZIF-8. In addition, the presence of metal in ZIFs also contri-
butes to promoting the catalytic potential of the material for

the decomposition process and eliminating the toxicity of
the pollutant. In 2021, Tran and Nguyen reported a facile
method to synthesize ZIF-67 under a one-step hydrothermal
reaction from cobalt salt in methanol with high photo-
stability and easy reusability [31]. In a neutral medium,
more than 88% of methyl orange (MO) was degraded within
1 h with the presence of as-prepared ZIF-67. Recently, many
research articles have suggested that combining two metal
centers in a ZIF structure can improve many outstanding
properties of the material and bring high catalytic ability.
Namely, Abuzalat et al. successfully synthesized the bime-
tallic Co/Zn-ZIF-8 as an efficient catalyst to promote H2O2

oxidation to remove MO dye [32]. The Co/Zn-ZIF-8/H2O2

system successfully decolorized more than 90% MO (10mg·L−1)
at pH 6.5 within only about 50min.

In this study, a green and straightforward strategy is
proposed to synthesize the bimetallic FeZn-ZIFs as a het-
erogeneous catalyst for removing pollutants based on AOPs.
The properties of Fe-doped ZIF-8 are also investigated and
characterized. Herein, TC antibiotic andmethyl violet 2B dye
are used as a pollutant model. The removal behavior of
FeZn-ZIFs is examined in detail, including catalyst dosage,
oxidant dosage, different concentrations of TC and MV, con-
tact time, and reaction temperature. Furthermore, the sta-
bility of the catalyst is also determined through the effi-
ciency of reusability and structural characterization reanalysis
using Powder X-ray diffraction (PXRD) and Fourier transform
infrared spectroscopy (FT-IR) methods.

2 Materials and methods

2.1 Materials

2-Methylimidazole (2-MIm, C4H6N2, 99%) was purchased from
Acros. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99%), iron (II)
sulfate heptahydrate (FeSO4·7H2O, 99%), potassium peroxydi-
sulfate (PDS, K2S2O8, 99.5%), MV 2B (C24H28ClN3, 80% dye con-
tent) and methanol (MeOH, CH3OH, 99.5%) were purchased
from Xilong Chemical Co., Ltd, China. Potassium PMS,
(KHSO5·0.5KHSO4·0.5K2SO4, containing 47% KHSO5) was pur-
chased from Sigma Aldrich. TC hydrochloride (C22H24N2O8·HCl)
was purchased from Bomei, China, with a high purity grade. All
the reagents were used as received without further purification.

2.2 Synthesis of FeZn-ZIFs

FeZn-ZIFs were synthesized by the solvothermal method,
as reported in a previous study with slight modifications [33].
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For the synthesis of the FeZn-ZIFs, 4.5mmol of Zn(NO3)2·6H2O
and 0.5mmol of FeSO4·7H2O were completely dissolved in
25mL MeOH. Next, this homogenized mixture was added
dropwise into 25mL MeOH solution containing 20mmol of
2-MIm under magnetic stirring. A light yellow suspension
was gradually formed, which was then aged 24 h at room
temperature. Subsequently, the crystals were collected
by centrifugation at 4,000 rpm within 10 min, purified in
MeOH several times, dried overnight at 60°C, and obtained
light–yellow FeZn-ZIFs powder.

Besides, some other heterogeneous catalysts, including
ZIF-8, ZnCo-ZIFs, CuZn-ZIFs, and FeCo-ZIFs, were also synthe-
sized based on the reported procedures with slight modifica-
tions for comparison. Herein, ZIF-8 crystals were prepared by
solvothermal reaction of Zn(NO3)2·6H2O (1.485 g, 5mmol) and
2-MIm (1.64 g, 20mmol) in 40mL MeOH [34]. Similarly, ZnCo-
ZIFs were also synthesized by the solvothermal method of Co
(NO3)2·6H2O (0.873 g, 3mmol), Zn(NO3)2·6H2O (0.297 g, 1mmol)
and 2-MIm (1.3136 g, 16mmol) in 30mL MeOH [35]. For the
synthesis of the CuZn-ZIFs, crystals were obtained by reaction
of Zn(NO3)2·6H2O (0.891 g, 3mmol), Cu(NO3)2·3H2O (0.242 g,
1 mmol) and 2-MIm (1.3136 g, 16mmol) in 40mL MeOH
[36]. Finally, FeCo-ZIFs were synthesized by Co(NO3)2·6H2O
(0.7275 g, 2.5 mmol), FeSO4·7H2O (0.139 g, 0.5 mmol), and 2-
MIm (3.9408 g, 48mmol) in 40mL MeOH [37].

2.3 Characterization of FeZn-ZIFs

PXRD patterns of FeZn-ZIFs particles were collected on an
Empyrean-PANanlytical powder diffractometer with a scan
range of 2θ recorded from 5 to 80 degrees. FT-IR was attained
using PerkinElmerMIR/NIR Frontier instrument and recorded
from 400 to 4,000 cm−1. Thermogravimetric analysis (TGA) of
the powder was conducted in the N2 gas from a temperature
of 800°C with a heating rate of 10°C·min−1 using LabSys Evo
TG-DSC 1600 instrument. Surfacemorphology and particle size
were observed by scanning electronmicroscopy (SEM, Hitachi
S-4800). Energy dispersive X-ray (EDX) was used to analyze the
elemental components present in the material. The spe-
cific surface areas of the samples were calculated using
Brunauer–Emmett–Teller (BET) method.

2.4 Catalyst experiments

TC antibiotic and MV 2B dye were used as a pollutant
model to evaluate the catalytic activity of the FeZn-ZIFs
material in the presence of potassium PMS and potassium
PDS, respectively. Typically, a certain amount of the as-
prepared catalyst sample (0–0.5 g·L−1) was dispersed into

10 mL of pollutant solution in a different concentration
(5–70 mg·L−1) with the presence of the oxidant dosage
(0–0.5 g·L−1). The mixture was performed under magnetic
stirring at various time intervals (15–75 min) and tempera-
tures (from room temperature to 70°C). After the reaction,
the catalyst and solution were separated by filtration and
centrifugation. A UV–visible spectrophotometer was used
to analyze the residual concentrations of TC and MV at
wavelengths 357 and 583 nm, respectively. The removal
efficiency was computed by the following equation:

( ) =
−

×
C C

C
Removal efficiency % 100

t0

0

(1)

where C0 and Ct are the initial TC and MV concentration
(mg·L−1) and the pollutant concentration at time t, respec-
tively (mg·L−1).

A 100 mg·L−1 stock solution of pollutants was prepared
by dissolving 0.01 g of the pollutants in 100mL of distilled
water. The other pollutant concentrations used in the
experiment were done by diluting the stock solution with
suitable volumes of distilled water. In particular, because
hydrolysis and precipitation of TC in water can occur, the
TC stock solution was renewed just before each use.

2.5 Reusability of FeZn-ZIFs

The reusability of FeZn-ZIF catalyst was carried out under
the optimal condition of the TC andMV removal. After each
iteration, the catalyst was separated by centrifugation,
washed several times with MeOH, and dried overnight at
60°C to recover for the next cycle. Upon completion, the
recovered catalyst was re-tested to demonstrate its struc-
tural stability by PXRD and FT-IR methods.

3 Results and discussion

3.1 Characterization of FeZn-ZIFs catalyst

The FeZn-ZIFs catalyst was synthesized by solvothermal
method at room temperature and MeOH solvent according
to a previously reported procedure by Yang et al. with
slightly modified [33]. The PXRD analysis was analyzed to
examine the crystal structure of FeZn-ZIFs compared with
ZIF-8, as presented in Figure 1(a).

The result showed that FeZn-ZIFs exhibited a similar
PXRD spectrum as the pristine ZIF-8 with the prominent
peaks indexed to (011), (002), (112), (022), (013), (222), (114),
(233), (134), and (334) corresponding to 2θ values of 7.3°,
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10.3°, 12.7°, 14.9°, 16.3°, 22.1°, 24.9°, 25.5°, and 26.5°, respec-
tively. Notably, a characteristic peak with an obvious signal
existed at 2θ of 7.3° in both PXRD patterns of FeZn-ZIFs and
ZIF-8, indicating that they were highly crystalline, which
was in excellent agreement with a previous report [38].
Thus, the comparison of PXRD results demonstrated the
isomorphic substitution of Fe2+ and Zn2+, which could be
due to the similar ionic size between these two elements
[39]. In other words, Fe2+ partially replaced Zn2+ and formed
the bimetallic framework FeZn-ZIFs without breaking the
original structure of ZIF-8.

The FT-IR spectra were recorded to confirm the pre-
sence of functional groups and chemical bonds in the FeZn-
ZIFs. The results are shown in Figure 1(b). The bands
appearing in the range of 600–1,500 cm−1 could be attrib-
uted to imidazole stretching and bending modes which
were supposed to be the bridge of metal nodes presented
in both 2-MIm and FeZn-ZIFs. Notably, the presence of the
major absorbance peak at 1,846.1 cm−1 indicated the N-H
stretching vibration in FT-IR of 2-MIm, whereas it comple-
tely disappeared in FT-IR of FeZn-ZIFs, demonstrating that
de-protonation of N-H group of 2-MIm. Instead, a new
absorption band at 421.6 cm−1 was assigned to the Fe–N or
Zn–N stretching, consistent with the previous report of Zhou
and co-workers [40]. More than that, the EDX measurement
verified the presence of the elements, including C, N, espe-
cially Fe, and Zn, which validated the incorporation of both
Fe and Zn within the same framework (Figure 1(d)).

Themorphology and particle size were observed through
scanning electron microscopy (Figure 1(e)). The result

exhibited the rhombic dodecahedron structure of FeZn-
ZIFs. The particle size distribution was uneven in the ratio
and fluctuated from 100 nm to 5 μm. Accordingly, the initial
metal salt source, stirring speed, a ratio of metal salt and 2-
MIm, as well as the temperature of the reaction system are
the factors affecting the surface morphology and the size of
the crystals [41]. Additionally, the BET analysis of FeZn-ZIFs
showed that the specific surface area was at 1,171.7 m2·g−1

(Figure S5). The thermal stability of FeZn-ZIFs was studied
by TGA, as displayed in Figure 1(c). The result showed that the
weight was slightly undermined when increasing the tempera-
ture to 100°C, and a sharp decline occurred between 350°C and
700°C, which is caused by the framework collapse of the mate-
rial in the high temperature. Based on the previous discussion,
the combination of Fe and Zn in the same structural frame-
work not only preserves the inherent thermal stability of ZIFs
but also creates a new material with a more diverse composi-
tion, providing multiple catalytic sites that promise to bring
new materials with more potential applications.

3.2 Catalyst activity of FeZn-ZIFs on TC and
MV treatment

The catalytic potential of FeZn-ZIFs was investigated using
the removal of TC and MV based on AOPs. An oxidizing
agent is one of the important factors in this process.
Therefore, the dosage of oxidant was investigated and
observed in Figure 2. The result indicated that enhancing

Figure 1: (a) PXRD patterns of ZIF-8 and FeZn-ZIFs, (b) FT-IR patterns of 2-MIm and FeZn-ZIFs, (c) TGA curve of FeZn-ZIFs, (d) EDX spectrum of FeZn-
ZIFs, and (e) SEM images of FeZn-ZIFs.
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oxidant dosage caused an increment in the efficiency of the
TC and MV removal. In the absence of oxidant, the effi-
ciency removal of the TC (the initial concentration of
50 mg·L−1) and MV (the initial concentration of 20 mg·L−1)
was 57% and 27%, respectively. This may be the adsorption
capacity of FeZn-ZIFs due to the porous nature and the large
specific surface area (1,171.7m2·g−1). However, the main pur-
pose of this study is pollutant degradation through the AOPs,
so PMS and PDS were added to the process removal of TC and
MV, respectively, to create the sulfate radicals ( −

SO4

˙ ) under the
catalysis of FeZn-ZIFs according to Eqs. 2–5 [42,43]:

+ → + ++ − + − −Fe HSO Fe SO OH2
5

3
4

˙ (2)

+ → + ++ − + − −
Fe S O Fe SO SO2

2 8

2 3
4

˙

4

2 (3)

+ → + +− − +SO H O SO ˙OH H4
•

2 4

2 (4)

+ + → - + + +− −
SO ˙OH MV By products CO H O SO4

˙
2 2 4

2 (5)

Besides, some reports suggested that adding a large
amount of PMS or PDS can generate more free radicals
and boost the pollutant removal efficiency in the hetero-
geneous reaction but excessive PMS or PDS can quench
free radicals and be detrimental to the process [44,45].
Moreover, sulfate is a free radical with a strong oxidizing
ability, so it can affect the durability of the catalyst struc-
ture if used excessively. So, the use of large amounts of
oxidant is not necessary. Hence, the following catalytic
experiments were carried out under the oxidant dosage
at 0.4 g·L−1 for TC and 0.3 g·L−1 for MV.

The bimetallic FeZn-ZIFs play a catalytic role in acti-
vating the oxidant (PMS or PDS) to generate sulfate radi-
cals. Therefore, the FeZn-ZIFs dosage was investigated to
consider its effect on removing TC and MV (Figure 3). As
shown in Figure 3, the catalytic performance was obviously

improved by increasing the catalyst concentration from 0
to 0.5 g·L−1. Namely, TC removal efficiency increased from
70% to 92% when the catalyst dosage increased from 0 to
0.5 g·L−1 while the removal capacity for MV increased from
76% to 96%, respectively. Actually, a higher catalyst con-
centration can provide more active sites, which is condu-
cive to the activation of oxidants and promotes the degra-
dation efficiency of pollutants. However, the result showed
that the TC removal efficiency at the catalyst dosages of
0.4 and 0.5 g·L−1 was maintained at 92%. For MV, when
the catalyst concentration increased from 0.3 to 0.5 g·L−1,
the removal efficiency of TC was improved slightly. This
increase in pollutant removal efficiency may be due to
active-species production. Although a large number of cat-
alysts can provide more active sites to activate the oxidant,
an excessive amount of FeZn-ZIFs stalls the reaction due to
its rapid reaction with −

SO4

˙ and −
S O2 8

2 [46], the scavenging
effect of oxidants toward radicals [47], and the self-combi-
nation reactions of radicals [48], resulting in lower effi-
ciency of contaminant removal in systems ((Eqs. 6 and 7).

+ → +− + + −
SO Fe Fe SO4

˙ 2 3
4

2 (6)

+ → +− + − +S O 2Fe 2SO 2Fe
2 8

˙2 2
4

2 3 (7)

Therefore, the optimal dosage of FeZn-ZIFs catalyst
was determined at 0.4 and 0.3 g·L−1 for TC and MV removal,
respectively.

Different concentrations of TC and MV were analyzed
to determine the impact of the initial concentration of pol-
lutants on removal capacity. The reaction results are dis-
played in Figure 4.

The survey of TC removal reaction was performed with
a range of initial concentrations from 10 to 70mg·L−1. The TC
removal effect decreased as the initial concentration of TC

Figure 2: Effect of oxidant dosage on TC and MV removal efficiency. TC:
catalyst dosage = 0.1 g·L−1, [TC] = 50 mg·L−1, time = 30 min, and room
temperature. MV: catalyst dosage = 0.1 g·L−1, [MV] = 20 mg·L−1, time =
30 min, and room temperature.

Figure 3: Effect of FeZn-ZIFs dosage on TC and MV removal efficiency. TC:
PMS dosage = 0.4 g·L−1, [TC] = 50 mg·L−1, time = 30min, and room
temperature. MV: PDS dosage = 0.3 g·L−1, [MV] = 20 mg·L−1, time =
30 min, and room temperature.

Removal of tetracycline and methyl violet 2B from aqueous solution  5



increased. Obviously, the TC removal efficiency by the FeZn-
ZIFs/PMS reaction system is high. The proof was this system
removed 97% of 10mg·L−1 TC and 86% at a high TC concen-
tration of 70mg·L−1. The removal ability of antibiotics is due
to the interaction between them and the free radicals
formed at the active sites on the catalyst surface in the
AOPs. When the TC concentration is high, there is competi-
tive adsorption between oxidants and pollutants on the cat-
alyst surface and the increase of the pollutant molecule
around the active sites results in inhibiting the penetration
of oxidants to the surface of the catalyst [49]. Thereby, the
number of available active sites is reduced and affects the
overall process efficiency. The removal efficiency for the
various TC concentrations at 10, 20, 30, 40, 50, 60, and
70mg·L−1 were gained 97%, 96%, 94%, 93%, 92%, 88%, and
86%, respectively. This study chose the TC concentration at
50mg·L−1 as the optimal concentration.

Besides, the effect of initial MV concentration on the it
removal efficiency was examined with different levels from
5 to 30mg·L−1. Figure 4 represents that removal efficiency
increased when the initial MV concentration increased from
5 to 20mg·L−1, corresponding from 86% to 95%, respectively.
This can be explained by the fact that at the low concentra-
tion, the collision frequency between the active sites on the
surface of the catalyst and dye molecules is decreased and
causes a reduction in the MV removal efficiency [50]. How-
ever, when the concentration continued to increase to 25
and 30mg·L−1, the removal efficiency decreased at 91%
and 92%, respectively. This may be due to the fixation
time in the reaction of 30min, which is not enough for the
FeZn-ZIFs/PDS system to remove MV at higher concentra-
tions. Thereby, the initial concentration of MV was chosen
20mg·L−1 to conduct the next experiments.

Reaction time is one of the important parameters
regarding the reaction rate. Besides, the longer the reac-
tion time, the higher the cost. Therefore, it is necessary to
optimize the time at a reasonable level to both achieve
pollutant removal efficiency and boost the economic effi-
ciency of the entire process. In this study, the effect of
reaction time was performed by conducting experiments
at different time intervals from 15 to 75 min (Figure 5). The
result showed that the longer the reaction time, the higher
the pollutant removal efficiency. Specifically, the TC and
MV removal efficiency of FeZn-ZIFs in the presence of oxi-
dant was quite fast, with values of 79% and 82%, respec-
tively, after only 15 min. When the time increased to
30min, the performance increased to 92% for TC and
95% for MV. This can be explained that the longer the
time, the higher the ability of FeZn-ZIFs to activate PMS/

Figure 4: Effect of initial concentration of (a) TC and (b) MV on the removal efficiency. TC: PMS dosage = 0.4 g·L−1, catalyst dosage = 0.4 g·L−1, time =
30 min, and room temperature, (b) MV: PDS dosage = 0.3 g·L−1, catalyst dosage = 0.3 g·L−1, time = 30 min, and room temperature.

Figure 5: Effect of reaction time on TC and MV removal efficiency. TC:
PMS dosage = 0.4 g·L−1, catalyst dosage = 0.4 g·L−1, [TC] = 50 mg·L−1, and
room temperature. MV: PDS dosage = 0.3 g·L−1, catalyst dosage =
0.3 g·L−1, [MV] = 20 mg·L−1, and room temperature.
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PDS to produce sulfate radicals and create conditions for
the pollutant to decompose more. However, at time levels
after 30 min, the removal efficiency of both TC and MV
tended to remain in equilibrium, with values ranging
from 90% to 91% for TC and 95–96% for MV. Therefore,
30 min was an appropriate time for both TC and MV
removal processes.

Temperature is also one of the essential parameters
for pollutant removal studies because it is directly related
to the kinetics and reaction rate. The TC and MV removal
experiments were performed at room temperature, 50°C,
60°C, and 70°C, respectively, as shown in Figure 6. It is
clearly indicated that the removal capacity of TC and MV
was influenced by the temperature, even though the aug-
ment was not obvious. The performance was only 1% to 2%
difference at the survey levels. Namely, the TC removal
efficiency ranged from 90% to 92% and 95% to 96% for
MV when the temperature was increased from room tem-
perature to 70°C. Higher temperatures increased the reac-
tion rate between the oxidizing agent and the catalyst, thus
increasing the rate of generation of oxidizing species to
boost the pollutant removal efficiency [50]. However, this
is only true for the MV removal reaction system. Typically,
at room temperature and 50°C, the removal efficiency

reached 95% and increased slightly to 96% when the tem-
perature was at 60°C and 70°C. For TC, the removal effi-
ciency tended to slightly decrease with increasing tem-
perature, but it did not change significantly. In terms of
economy, a lower temperature might reduce the process
cost, so the room temperature was chosen as the most
suitable temperature for this process.

3.3 The efficiency of TC and MV removal
using FeZn-ZIFs in comparison with other
catalysts

In addition to the above investigations, the bimetallic FeZn-
ZIFs are also used to compare the catalytic activity with
other heterogeneous catalysts, including ZIF-8, ZnCo-ZIFs,
CuZn-ZIFs, and FeCo-ZIFs under the same conditions for
each pollutant. The optimum conditions for TC and MV
removal included oxidant dosage, catalyst dosage, initial
pollutant concentration, reaction time, and reaction tem-
perature from previous experiments were used. For TC,
they were 0.4 g·L−1 PMS, 0.4 g·L−1 catalyst, 50 mg·L−1 TC,
30 min, and room temperature, respectively. The optimal
conditions of MV removal were 0.3 g·L−1 PDS, 0.3 g·L−1 cat-
alyst, 20 mg·L−1 MV, 30 min, and room temperature, respec-
tively. The experiments were conducted and recorded
based on the removal efficiency of TC and MV as presented
in Table 1.

In this experiment, the catalytic efficiency of FeZn-ZIFs
was highest in both TC and MV removal processes.
The result indicated that when using pristine ZIF-8, the
removal efficiency of TC was not as good as that of the
bimetallic FeZn-ZIFs. Namely, ZIF-8 removed 74% TC; mean-
while, FeZn-ZIFs reached 92% in the same conditions.
Similarly, the MV removal efficiency of ZIF-8 was 5% lower
than that of FeZn-ZIFs. This showed that metal doping in the
structural framework of ZIFs has contributed to an increase
the catalytic activity of ZIFs. Besides, some heterogeneous
catalysts also showed the removal capability of TC and MV,
possibly depending on the nature of the ZIFs and the activity
of the active sites contained in that material in the following
mechanism [23,51]:

Figure 6: Effect of reaction temperature on TC and MV removal effi-
ciency. TC: PMS dosage = 0.4 g·L−1, catalyst dosage = 0.4 g·L−1, [TC] =
50 mg·L−1, and time = 30 min. MV: PDS dosage = 0.3 g·L−1, catalyst dosage
= 0.3 g·L−1, [MV] = 20mg·L−1, and time = 30 min.

Table 1: Comparison of TC and MV removal efficiency among heterogeneous catalysts and FeZn-ZIFs

The heterogeneous catalysts FeZn-ZIFs ZIF-8 ZnCo-ZIFs CuZn-ZIFs FeCo-ZIFs

The removal efficiency of TC (%) 92 74 78 87 89
The removal efficiency of MV (%) 95 90 87 90 88
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where M is transition metal (such as Fe0, Fe2+, Cu2+, Co2+,
Zn2+…) and n is the corresponding valence.

In addition, the related studies on the methods to
degrade organic pollutants by different materials in recent
years were summarized in Table 2. Despite the difficulty in
comparing FeZn-ZIFs with other reported materials due to
diverse experimental conditions and methods. However,
compared with the previous literatures presented in the
summary table, the as-synthesized FeZn-ZIFs in this study
have better catalytic performance for TC and MV removal.

3.4 The efficiency of FeZn-ZIFs reusability
after TC and MV treatment

The recovery of catalysts is one of the important standards
of heterogeneous catalysis [64]. The utilization of hetero-
geneous catalysts in the reaction system is an economically
and cost-effective solution due to its reusability capacity.
Therefore, the bimetallic FeZn-ZIFs catalyst evaluated the
stability and reusability after using TC andMV treatment at
optimal conditions. The results are shown in Figure 7.

Obviously, FeZn-ZIFs still had good TC and MV removal
efficiency after several reusability. Namely, the removal
efficiency of TC and MV decreased from 92% to 89% and
95% to 89%, respectively, after five cycles. In addition, the
FeZn-ZIFs catalyst, after conducting the final cycle, was
analyzed PXRD and FT-IR to confirm the structural stabi-
lity. The results represented in Figure 7 showed that the

peaks at the characteristic positions were maintained in
the FT-IR of the recovered FeZn-ZIFs sample compared
to the fresh one (Figure 8). Remarkably, the oscillation of
the imidazole ring as well as the peaks at the featured
positions were still guaranteed for the recovered FeZn-
ZIF samples after TC and MV treatment, although there
was a little change. In comparison with the fresh FeZn-
ZIFs, the infrared spectrum of the reused one had a vibration
stretched at 3,430.1 cm−1 (reused with TC) and 3,435.4 cm−1

(reused with MV) which was assigned to the stretching vibra-
tion of non-hydrogen bonded H2O and hydroxyl (−OH)
groups [65,66]. Furthermore, the featured peaks of the
metal-N binding sites are still signaled with a slight displace-
ment from 421.6 to 422.7 cm−1 (for reused with TC) and
423.7 cm−1 (reused with MV). These discussions indicated

Table 2: Comparison of some reported materials and methods for removal capacities for TC and MV in recent years

Catalyst Process C (mg·L−1) Catalyst dosage (g·L−1) Time (min) Removal efficiency (%) Ref

AgO/MgO/FeO@Si3N4 Adsorption [TC] = 30 0.6 90 80 [52]
Cu2O/ZIF-8 Visible-light photocatalytic [TC] = 50 0.4 120 73.5 [53]
HNTs@g-C3N4/Au/CdS UV photocatalytic [TC] = 20 0.5 120 87.4 [54]
Fe2Co1/NPC Electro-Fenton [TC] = 20 0.3 60 91 [55]
Fe-LBH PDS-AOPs [TC] = 20 1 30 85 [56]
CoP@Co2P PMS-AOPs [TC] = 20 0.05 60 84.7 [57]
ZnS Adsorption [MV] = 25 0.08 120 91.4 [58]
BiFeO3@TiO2 Visible light photocatalytic [MV] = 15 1 120 93 [59]
TiO2/Pt UV photocatalytic [MV] = 10 2 20 78 [60]
Co3O4 NPs UV photocatalytic [MV] = 10 1 45 92 [61]
CuAl2O4 Sunlight photocatalytic [MV] = 10 1 3 h 89 [62]
Fe-UiO-66 Photo-Fenton [MV] = 20 0.3 160 92 [63]
FeZn-ZIFs PMS-AOPs [TC] = 50 0.4 30 92 This study
FeZn-ZIFs PDS-AOPs [MV] = 20 0.3 30 94 This study

Figure 7: Efficiency of FeZn-ZIFs reusability after TC and MV treatment
under optimal conditions. TC: PMS dosage = 0.4 g·L−1, catalyst dosage =
0.4 g·L−1, [TC] = 50 mg·L−1, time = 30 min, and room temperature. MV:
PDS dosage = 0.3 g·L−1, catalyst dosage = 0.3 g·L−1, [MV] = 20 mg·L−1,
time = 30 min, and room temperature.
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that the structure of FeZn-ZIFs was not destroyed after five
times of reusability.

Moreover, the crystallographic structure of the reused
FeZn-ZIFs was also examined by PXRD, as shown in Figure 9.

The result revealed the well-defined diffraction peaks
implied that the high crystallinity of the samples was main-
tained. The characteristic peaks were also in good agree-
ment with the original FeZn-ZIFs, but the intensity and
width of the peak tended to a slightly different. This can
be explained based on the atomic radius of iron before
and after performing the catalytic role. Accordingly, the
presence of iron in the original bimetallic FeZn-ZIFs had a
valence of II, but after the reaction, it was predicted that
Fe2+ mostly converted to Fe3+ [23]. Herein, the Fe3+ has an
atomic radius of about 0.64 Å, which is much different
from that of Fe2+ of 1.26 Å, which may create a difference
in the crystal structure of FeZn-ZIF compared to the ori-
ginal structure [67].

Figure 8: FT-IR spectra of the FeZn-ZIFs reused after removing (a) TC, and (b) MV.

Figure 9: PXRD pattern of FeZn-ZIFs reused after removing TC and MV.

Figure 10: SEM images of the FeZn-ZIFs reused after removing (a) TC, and (b) MV.
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Additionally, the surfaces of reusedFeZn-ZIFswere observed
through the SEM analysis as displayed in Figure 10.

The results illustrated that after the removal reaction
of TC and MV, the appearance coarsened more than for the
fresh FeZn-ZIFs. This appearance was most likely because
the generated strong oxidizing radicals acted on the sur-
face. However, in general, no noticeable difference was
found from the comparison of fresh and used FeZn-ZIFs
for removing TC and MV, further confirming the good sta-
bility and durability of the bimetallic catalyst.

4 Conclusions

The FeZn-ZIFs catalyst was successfully synthesized by a
facile solvothermal process and exhibited excellent oxi-
dizing agent activation performance to eliminate TC and
MV from aqueous solutions via AOPs. The physical–chem-
ical properties were demonstrated by a series of character-
ization techniques, i.e., PXRD, SEM, EDX, BET, FT-IR, and
TGA. Moreover, after only 30min at room temperature, the
removal efficiency of TC (50mg·L−1) reached 92% with the
PMS dosage and the catalyst dosage of 0.4 g·L−1.
Simultaneously, the removal efficiency of MV (20mg·L−1)
reached 95% with the PDS dosage and catalyst dosage of
0.3 g·L−1. More significantly, the removal efficiency of TC
and MV can still be maintained at about 90% after five
catalytic cycles, indicating that the catalyst had good recycl-
ability. In summary, this study has provided an additional
potential material for catalytic application, which is not only
highly effective in removing antibiotics and dyes but also
opens up promising directions in the treatment of persistent
organic pollutants in water.
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