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Abstract
ZnCo-ZIFs was successfully synthesized by a solvothermal method in methanol sol-
vent at room conditions and determined physical–chemical properties by a series 
of characterization techniques. The catalytic activity of ZnCo-ZIFs on Methyl Blue 
(MB) degradation in the presence of peroxymonosulfate (PMS) was examined by 
variation of the effective factors including ZnCo-ZIFs dosage, mass ratio of ZnCo-
ZIFs:PMS, temperature, reaction time and initial MB concentration. The result 
showed that MB was mostly degraded at initial MB concentration of 50  mg L−1 
with catalyst dosage of 50 mg L−1 and ZnCo-ZIFs:PMS ratio of 1:3 at room tem-
perature within 20 min of reaction. The main mechanism for dye degradation was 
the Fenton-like reaction via major active species SO4·‾ (sulfate free radical) gener-
ated from PMS by Co2+ metal centers in the catalyst frameworks. The ZnCo-ZIFs 
showed highly efficient catalytic activity and stability compared to both homogene-
ous (cobalt salt, zinc salt and 2-methylimidazole) and heterogeneous (ZIF-67, ZIF-8, 
zeolite ZMS-5 and activated carbon) catalysts. The recyclability of the catalyst also 
showed an impressive result with 93.6% at the 5th recycle. To the best of our knowl-
edge, ZnCo-ZIFs associated with PMS was first reported as a novel Fenton-like het-
erogeneous catalyst for MB degradation in water.
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Introduction

Dye industry is considered as an important field in life, it has contributed a wide range 
of benefits for the social-economic development, such as clothes, rubber, plastics and 
biological dying, printing, etc. There are many types of dyes with more than 10,000 
substances, categories based on either the chromophores or the principal applications 
[1]. It is reported that the annual production of dyes is 7 × 105 tons throughout the world 
and the large amount of dye used also creates a huge excess released into the aqueous 
medium [2], which directly contaminates the environment, particularly water. In fact, 
according to a report from the World Bank, the textile dyeing sector contributes up 
to 20% of water pollution by releasing 13–45% of total colors used in dyeing into the 
environment through wastewater [3]. Most dyes are toxic, harmful for human health, 
which are extremely stable and cannot be broken down naturally [4, 5]. Among dyes, 
Methyl Blue (MB), an acid triphenylmethane dye, is often utilized for coloring collagen 
fiber and most suitable for dying silk and wool base materials [6], hence it is widely 
used in textiles. MB prevents sunlight from penetrating water, affecting the oxygen pro-
cess, and so interfering with human and marine life [7]. The health and environmental 
effects caused by MB is highly disastrous because of its high thermal, photo stability 
and complex structure with many aromatic rings, which is difficult to remove from the 
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environment. Therefore, it is essential to remove MB in wastewater before discharging 
into the aquatic environment.

To remove MB in wastewater, many approaches are reported such as adsorption 
[8–11], photo-catalysis [12, 13], ion-exchange [14], membrane filtration [15]. Among 
these methods, advanced oxidation treatment presents more advantages. Fenton reac-
tion, a typical technique of advanced oxidation processes (AOPs), is applied for per-
sistent organic pollutants (POPs) removal with the advantages of high efficiency, no 
byproducts and low cost [16]. In Fenton-like reaction, a type of Fenton reaction, the 
high reactive species, i.e., ·OH, SO4·−, 1O2, are produced from hydrogen peroxide H2O2 
or peroxymonosulfate (PMS) to accelerate the mineralization of POPs. In recent years, 
Fenton-like heterogeneous catalysts have been proposed as an attractive candidate for 
wastewater treatment because of its superiority such as environmental friendliness, 
energy efficiency [17] and recyclability [18]. The requirements of characteristics for 
heterogeneous Fenton-like catalyst must be highly porous natures, high stabilities, and 
large surface area [19]. One of the common catalysts is transition metals, which exhibit 
multiple oxidation states that suitable for the redox cycle which transforms the inactive 
species to the catalytically active species with specific oxidation state [20].

Zeolite imidazole frameworks (ZIFs) are formed via coordination bonding 
between metal ions and imidazolate ligands, and possess the similar structures to 
Zeolite, where metal ion and imidazole units substitutes the position of silicon and 
oxygen, respectively [21]. Some well-known properties of ZIFs materials are tun-
able structure, porosity, exception thermal, chemical and mechanical stability [22, 
23], high surface area [24]. Bimetallic ZnCo-ZIFs is a new representative of ZIFs 
family, which contains two tetrahedral metal centers, Zn(II) and Co(II), randomly 
arranged in the frameworks. The combination of Zn and Co enhances the physical 
and chemical properties of ZnCo-ZIFs, increasing the pore volume compared to the 
monometallic ZIFs [25]. The recent development of bimetallic ZIFs attracted many 
researchers, concentrated on its arrangement and structures [26, 27], doping [28, 29] 
and applications [30–33]. One of the most attractive applications of bimetallic ZIFs 
is efficient heterogeneous catalysts. The synergy of bimetallic ZnCo-ZIFs and Fen-
ton-like technology is a promising approach for MB removal in wastewater.

In this study, ZnCo-ZIFs is synthesized at ambient conditions and is behaved as 
a novel Fenton-like catalyst to activate PMS for MB degradation in aqueous solu-
tion under simulated laboratory conditions. The effect of different parameters, i.e. 
catalyst dosage, ZnCo-ZIFs:PMS mass ratio, reaction temperature, reaction time and 
initial MB concentration, on the degradation of MB catalyzed by ZnCo-ZIFs in the 
presence of PMS is conducted to elucidate the mechanism of the MB degradation 
process and the activity of the catalyst.

Materials and methods

Materials

2-Methylimidazole (2-MIm) (C4H6N2, 99%) was purchased from Acros. Cobalt 
(II) nitrate hexahydrate (Co(NO3)2·6H2O, 99%), zinc (II) nitrate hexahydrate 
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(Zn(NO3)2·3H2O, 99%), methanol (CH3OH, 99.5%), NaOH 0.01 M, HCl 0.01 M and 
Methyl blue dye were purchased from Xilong Chemical Co., Ltd, China. Potassium 
peroxymonosulfate (KHSO5·KHSO4·K2SO4) was purchased from Sigma Aldrich. 
All the reagents were used as received without further purification. Zeolite ZSM-5, 
activated carbon, ZIF-8 and ZIF-67 were used as heterogeneous catalysts.

Synthesis of ZnCo‑ZIFs

ZnCo-ZIFs were synthesized by the solvothermal method at room temperature in 
methanol solvent as reported in a previous study [34]. To this end, Co(NO3)2·6H2O 
(0.873  g, 3  mmol) and Zn(NO3)2·6H2O (0.297  g, 1  mmol) were separately dis-
solved in methanol (10 mL). Another solution was prepared by dissolving 2-MIm 
(2.6272 g, 32 mmol) in 30 mL methanol. Subsequently, zinc nitrate was added to 
the cobalt nitrate and magnetic stirring for 15 min to form a homogeneous mixture. 
Then, the material was synthesized via slow dripping of metal salts mixture into 
the 2-MIm solution under magnetic stirring, a purple suspension was formed and 
maintained at room temperature for 24 h. Thereafter, the purple solid was collected 
by centrifugation (6000 rpm, 15 min), washed with methanol (3 × 10 mL) and finally 
dried at 60 °C for 12 h in the oven to obtain the ZnCo-ZIFs crystals.

Characterizations of ZnCo‑ZIFs

X-ray powder diffraction (PXRD) patterns were recorded using a Cu Kα 
(λ = 1.5406 Å) radiation source on a D8 Advance—Brueker powder diffractometer. 
The morphological features were examined by scanning electron microscope (SEM, 
Hitachi S4800). The specific surface areas of the samples were calculated using 
Brunauer–Emmett–Teller (BET) method. Fourier transform infrared spectroscopy 
(FT-IR) was obtained on a PerkinElmer instrument, with samples being dispersed 
on potassium bromide pallets. Atomic absorption spectroscopy (AAS) was used 
to analyze the metal elements and its contents in the ZnCo-ZIFs sample. Thermo-
gravimetric analysis (TGA) was performed on a Setaram Labsys Evo instrument 
with the heating rate of 10 °C min−1 in the N2 atmosphere.

Determination of point of zero‑charge (pHpzc)

pHpzc of ZnCo-ZIFs was determined by means of the pH drift method. The experi-
ment set was designed as in the previous report [35]. The initial pH of 50 mL of 
0.01 M NaCl solution was adjusted to pH values ranging from 2.0 – 12.0 by adding 
either HCl 0.01 M or NaOH 0.1 M solution. A 0.02 g of ZnCo-ZIFs was added and 
the suspension was shaken for 24 h at speed of 120 rpm. The solution after shaking 
was filtered and the final pH was determined. The pHpzc was the point where the 
final pH (pHfinal) and the initial pH (pHinitial) are equal.
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Degradation of MB

ZnCo-ZIFs examined the catalytic ability for MB degradation. The deserved amount 
of ZnCo-ZIFs sample and PMS was dispersed into a 100 mL MB aqueous solution. 
The solution was heated to a deserved temperature and stirred for a deserved time 
at a speed of 400  rpm by a magnetic stirrer. After the reaction, the residual con-
centration of MB was measured by the UV–vis spectrophotometer at wavelength of 
663 nm. Effective factors to the degradation process were observed including ZnCo-
ZIFs dosage, ZnCo-ZIFs:PMS mass ratio, reaction time, reaction temperature and 
initial concentration of MB.

The degradation efficiency of MB was defined as following equation:

Here C0 is the initial concentration of MB (mg L−1), Ce is the residual concentration 
of MB (mg L−1).

The using of other oxidants at optimal experiment parameters was examined to 
compare the degradation efficiency of different oxidant agents. The residual concen-
tration of MB after reaction will be measured by the UV–vis spectrophotometer at 
wavelength of 663 nm.

Reusability of ZnCo‑ZIFs

The reusability of ZnCo-ZIFs catalyst in removal of MB was evaluated by conduct-
ing repeated experiments. In detail, the ZnCo-ZIFs used in the optimal condition 
experiment for MB removal were recovered by filtration, washed several times with 
methanol, then dried at 60 °C overnight before reusing as the catalyst for the next 
cycle. This procedure was repeated several times until the degradation efficiency 
reduced remarkably and the recovered catalyst at the last run was analyzed by PXRD 
and FT-IR to evaluate the structural stability.

Results and discussion

Synthesis of ZnCo‑ZIFs

The ZnCo-ZIFs was successfully prepared by solvothermal method in methanol at 
room conditions in 24 h, appeared in form of purple powder, then collected by cen-
trifugation, washed with methanol, and dried at 60 °C. The synthesis efficiency was 
determined of 53.4% (0.45 g of ZnCo-ZIFs), calculated by the molar of Zinc salt. 
Then, the synthesized ZnCo-ZIFs catalyst is structurally and chemically analyzed by 
characterization methods, namely PXRD, FT-IR, SEM, TGA, AAS, BET.

The PXRD spectrum is shown in Fig. 1, which strongly proved the formation 
of crystalline ZnCo-ZIFs material with the specific peaks corresponding to the 

(1)Degradation efficiency(%) =

(

1 −
C
e

C0

)

× 100
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different lattices of the crystal, were in excellent agreement with previous report 
from Zhou et al. (2017) [36]. Specifically, there were featured peaks at 2θ of 7.2, 
10.3, 12.7, 14.6, 16.4, 18 degree corresponding to the surface lattices of (011), 
(002), (112), (002), (013) and (222). This proved the polyhedron of crystal struc-
ture. The sharp and high intensity peaks at 2θ of 7.2 and 12.6 were indicated as 
evidence for the obtaining of highly crystalline material [36]. The FT-IR result in 
Fig. 2 shows the featured functional groups presence in the materials. The peak 
at 425.06  cm−1 which was the stretching mode of C atoms in ligands and metal 
centers, proved the successful formation of the framework structure. Other peaks 
from 600–1500  cm−1 were stretching oscillations of 2-MIm ligands. A small 

Fig. 1   PXRD of ZnCo-ZIFs

Fig. 2   FT-IR of fresh ZnCo-ZIFs, 2-MIm and reused ZnCo-ZIFs
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adsorption band at 3031.34  cm−1 was the result of deprotonation process of the 
N–H groups of the 2-MIm ligands upon coordination with metal ions, from the 
broad band from 3400 to 2200  cm−1 was found as the N–H-N bond established 
from two 2-MIm ligands [36].

The surface shape of ZnCo-ZIFs was provided with SEM images (Supplemen-
tary Information), where ZnCo-ZIFs presented the crystalline possessing a rhom-
bic dodecahedron shape and smooth surface. These results were similar to other 
reported materials on the structure of ZIF-8 and ZIF-67 [27]. In addition, ZnCo-
ZIFs was stable at high temperatures up to 400  °C, measured by TGA (Supple-
mentary Information). The weight loss started from about 100–250 °C, which was 
mainly the release of MeOH, water, air and excess 2-MIm ligands. From 400 °C up 
to 700 °C, there was a drop down of weight due to the collapse of organic linkers 
and the structural breakdown. By using AAS, the amount of two metals Co and Zn 
are determined at 196.2 µg g−1 and 61.6 µg g−1, respectively. These amounts were 
well matched with the molar ratio of Cobalt salt and Zinc salt used in the synthesis 
procedure, which was 1:3. This result strongly proved the successfully coordinated 
bonding between metal ions and organic linkers in the frameworks. The information 
of porosity and surface area of the material was also determined by BET, with the 
surface area was 1191.6 m2 g−1 and pore size was 16.4 Å. The pHpzc of ZnCo-ZIF 
was determined as around 9 (Supplementary Information). This value was in good 
agreement with pHpzc of ZIF-67 (8.7) [37] and ZIF-8 (9.5) [36]. The stability of 
ZnCo-ZIFs was also defined through this test that ZnCo-ZIFs framework structure 
collapsed at pH solutions lower than 3 and higher than 12.

Catalytic activity of ZnCo‑ZIFs on MB degradation

The catalytic potential of ZnCo-ZIFs was investigated by the degradation of MB 
process, which depended on various influenced factors such as catalyst dosage, 
PMS amount, reaction time, reaction temperature, dye concentration.

It is important to investigate the ZnCo-ZIFs dosage in the MB degradation, 
because the amount of catalyst is used to activate PMS and produce SO4·‾, which 
is a main oxidation agent to degrade MB. In order to study the effect of ZnCo-
ZIFs, the experiment set was conducted with the catalyst dosage increased from 
10 mg L−1 to 100 mg L−1 and the result is shown in Fig. 3.

Generally, the amount of ZnCo-ZIFs is proportional to the MB degradation effi-
ciency. The activity of Zn(II) and Co(II) accelerated the decomposition of PMS to 
produce SO4·‾ free radical. This radical is the main factor attacked to the major 
links of the dye structure to break it down, leading to the discoloring of dye. The 
degradation efficiency markedly increased from 26.4% to 68.8% and then 89.4% 
with increasing of the catalyst dosage from 10 mg L−1 to 30 mg L−1 and 50 mg L−1. 
When the catalyst dosage increased to a higher amount, the efficiency just rose by 
6.9% from catalyst dosage of 50 mg L−1 to 70 mg L−1 and by 1.5% from catalyst 
dosage of 70 mg L−1 to 100 mg L−1. Hence, the optimal ZnCo-ZIFs catalyst dosage 
for MB removal was chosen at 50 mg L−1 in the following experiments.
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The oxidation agent is also a critical factor in the Fenton-like reaction because 
it is directly related to the dye degradation. The PMS amount was studied as a ratio 
with catalyst dosage and the result is presented in Fig. 4.

The result showed that the PMS amount had an influence on the MB. With the 
mass ratio of ZnCo-ZIFs:PMS increased from 1:1 to 1:2 and 1:3, the MB degra-
dation increased from 54.1% to 89.4% and 99.2%. At higher ratios, 1:4 and 1:5, 
the degradation efficiency changed insignificantly and kept constant at 99.9%. The 
decomposition of PMS activated by heterogeneous catalyst ZnCo-ZIFs led to the 
generation of sulfate radical SO4·‾, which mainly contributed to the degradation of 
dyes, as presented in equation [38] Eq. (2).

In Fig.  4, at a mass ratio of 1:3, the dye degradation process started to reach 
equilibrium, hence, this value was chosen as the optimal ratio of ZnCo-ZIFs:PMS, 
which the mass of PMS used was 0.015 g.

Temperature is a relatedly affected factor of the reaction because the change of 
temperature leads to the change of entropy and kinetic reaction. The temperature 
in this work was studied by experiment set at a temperature range from room 

(2)Co2+ + HSO−
5
→ Co3+ + SO2−

4
+ SO−

4

Fig. 3   Effect of catalyst dos-
age on the degradation of MB 
catalyzed by ZnCo-ZIFs in 
the presence of PMS (Initial 
pH 3.0, ZnCo-ZIFs:PMS 
mass ratio = 1:2, reaction 
temperature = 30 °C, contact 
time = 30 min, MB concentra-
tion = 50 ppm)

Fig. 4   Effect of ZnCo-
ZIFs:PMS mass ratio on the 
degradation of MB catalyzed by 
ZnCo-ZIFs in the presence of 
PMS (Initial pH 3.0, ZnCo-ZIFs 
dosage = 50 mg L.−1, reaction 
temperature = 30 °C, contact 
time = 30 min, MB concentra-
tion = 50 ppm)
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temperature to 60 °C. The effect of temperature to MB degradation efficiency is 
presented in Fig. 5.

As can be seen from Fig.  5, there was an obvious tendency which showed 
the effect of temperature to the degradation process. The more the temperature 
increased, the higher the degradation efficiency was. In detail, at room tempera-
ture, the degradation efficiency was 96.1%, and this yield increased to 98% and 
100% with increasing temperature to 50  °C and 60  °C, respectively. However, 
it is obvious that temperature does not have much influence on the degradation 
process, because the increase of degradation efficiency was insignificant as the 
temperature increased by 10 °C for each interval. Hence, in order to be simple, 
effective and convenient, the temperature chosen for following experiments was 
room temperature.

Contact time is a factor directly related to the reaction rate constant; hence it is 
required to investigate the reaction time. The investigation of time on degradation 
efficiency was performed by conducting experiments at different time intervals 
from 5 to 40 min. The result is shown in Fig. 6.

The degradation efficiency was proportional to longer time; the longer time 
is, the higher dye degradation efficiency obtains. Within the first 5  min, the 

Fig. 5   Effect of reaction tem-
perature on the degradation of 
MB catalyzed by ZnCo-ZIFs in 
the presence of PMS (Initial pH 
3.0, ZnCo-ZIFs dosage = 50 mg 
L.−1, ZnCo-ZIFs:PMS 
mass ratio = 1:3, contact 
time = 30 min, MB concentra-
tion = 50 ppm)

Fig. 6   Effect of reaction time on 
the degradation of MB catalyzed 
by ZnCo-ZIFs in the presence of 
PMS (Initial pH 3.0, ZnCo-ZIFs 
dosage = 50 mg L.−1, ZnCo-
ZIFs:PMS mass ratio = 1:3, 
reaction temperature = 30 °C, 
MB concentration = 50 ppm)
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degradation efficiency got 80.0% and then increased to 94.4% at 10  min. After 
that, the removal process reached equilibrium yield with 98.1% at 20  min and 
30 min, and slightly increased to 98.5% at 50 min. Therefore, 20 min could be 
considered as the optimal reaction time.

In wastewater, the dye concentration varies, therefore, the initial dye concentra-
tion must be studied. The initial MB concentration in this work was modified from 
30 to 70 ppm.

The result presented in Fig. 7 shows the effect of initial MB concentration from 
30 to 70 ppm. The MB degradation efficiency remained unchanged at about 99% 
with the concentration varied from 30 to 50 ppm, and remarkably downed to 93.4% 
at 60 ppm. At high concentration, there were more dye molecules, and it required 
more oxidant and free radicals to degrade all dyes, which caused the cost effective-
ness. Hence, 50 ppm was chosen as the optimal MB initial concentration.

The mechanism of MB mineralization could be suggested by a Fenton-like pro-
cess and illustrated as in Fig. 8.

In the MB degradation process, there were two stages proposed. The first stage was 
the decomposition of PMS under the activation of Co(II) in ZnCo-ZIFs. The interac-
tion between Co(II) and PMS induced the SO4·‾ radicals, while Co(II) transferred 
into Co(III). The catalyst is converted by the reaction of HSO5- anion and Co(III) to 
re-form Co(II) and at the same time generate more free radicals SO4·‾. In the second 
stage, the SO4·‾ species attacked to the MB molecules, broke down the structure of dye 

Fig. 7   Effect of initial MB 
concentration on the degra-
dation of MB catalyzed by 
ZnCo-ZIFs in the presence of 
PMS (Initial pH 3.0, ZnCo-ZIFs 
dosage = 50 mg L.−1, ZnCo-
ZIFs:PMS mass ratio = 1:3, 
reaction temperature = 30 °C, 
contact time = 20 min)

Fig. 8   Mechanism of MB degradation catalyzed by ZnCo-ZIFs in the presence of PMS, following Fen-
ton-like reaction
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to turn the dye into harmless matters. Finally, after many intermediate reactions, the 
degraded products were proposed as CO2, H2O, and other small and harmless inorganic 
molecules.

In addition, to emphasize the catalytic ability of ZnCo-ZIFs, the catalytic activity of 
ZnCo-ZIFs in the presence of PMS was also compared with other oxidation agents at 
the optimum experiment parameters, including 0.005 g ZnCo-ZIFs, 0.0488 × 10–3 mol 
of oxidants (equal to 0.015 g of PMS), 20 min in room temperature and MB concentra-
tion of 50 ppm. The result was shown in Table 1.

In Table  1, degradation efficiency between various oxidation conditions was pre-
sented and an apparently distinctive difference between those experiments was 
observed. This result emphasized the Fenton-like catalytic role of ZnCo-ZIFs, the 
strong oxidation agent PMS and the synergetic effect by the combination of bimetal-
lic ZnCo-ZIFs/PMS systems. Detailed, the degradation efficiency of ZnCo-ZIFs asso-
ciated with PMS was highest as desirable, while alone PMS also performed but the 
degradation efficiency was moderate, just 63.1%. Another oxidizing agent, H2O2 was 
also used, and the efficiency was extremely low, only 0.85%, and the activation H2O2 
by ZnCo-ZIFs did not react as high efficiency as proposed as well. The reason could be 
due to the different strength of PMS and H2O2 and the free radicals generated by each 
oxidant, which SO4·‾ is stronger than ·OH (standard reduction potential: 2.5–3.1 V vs. 
1.8–2.7 V). The ZnCo-ZIFs alone also presented the removal efficiency on MB; how-
ever, this might be because of the adsorption process and the slight photo-catalysis, and 
the removal was ineffective.

The homogeneous catalysts were used to compare the catalytic capacity with ZnCo-
ZIFs, including cobalt nitrate salt, zinc nitrate salt and 2-MIm, which were the precur-
sors to synthesize ZnCo-ZIFs. Some well-known heterogeneous catalysts, namely acti-
vated carbon, zeolite, ZIF-8 and ZIF-67, were also studied in the MB removal process 
under the same conditions.

As shown in Fig. 9, the removal of MB was high with ZnCo-ZIFs and cobalt salt, 
and worse with zinc salt and 2-MIm. The high degradation efficiency achieved by 
cobalt salt could be due to the dissociation of Co(II) into solution and then Co(II) ions 
active PMS for the degradation process. The effect achieved when using 2-MIm and 
Zinc salt could be explained by the reaction conditions, under stirring speed and the 
decomposition of PMS under visible light and stirring [39].

(3)HSO−
5
+ h� → SO⋅−

4
+ ⋅OH

Table 1   Comparison of ZnCo-
ZIFs activated PMS and other 
oxidation on the degradation of 
MB catalyzed by ZnCo-ZIFs in 
the presence of PMS

Oxidation conditions Degradation 
efficiency (%)

ZnCo-ZIFs (g) PMS (g) H2O2 (mL)

0.005 0.015 0 97.4
0.005 0 0.001 6.68
0 0.015 0 63.1
0 0 0.001 0.85
0.005 0 0 7.62
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In heterogeneous catalysts comparison, the ZnCo-ZIFs also showed an excep-
tional efficiency, which was 99.3%. ZIF-67 and ZIF-8 reached a degradation effi-
ciency of 96.2% and 71.1%, respectively. The metal centers in those ZIFs acted on 
PMS and that could degrade dye molecules. The degradation efficiency was low by 
using zeolite and activated carbon, because the removal process occurred mainly 
throughout the adsorption to the porous structure of these materials.

Reusability of ZnCo‑ZIFs catalyst

The important property of heterogeneous catalysts is the reusability. The repeating 
experiment set was conducted to evaluate the using cycles of ZnCo-ZIFs and the 
results are shown in Fig. 10.

After five times of using, the dye degradation efficiency still maintained at 
above 90% and decreased very little after each cycle. The degradation efficiency 
slightly decreased from 98.5% to 98% at the first two cycles, then dropped down to 
96.6%, 94.5% and 93.6% at the next cycles. The reason for high degradation effi-
ciency of reused ZnCo-ZIFs might be due to the heterogeneous metal ions Co(II), 
which linked structurally with the frameworks and did not lose after many times of 
using. Hence, it can be confirmed that ZnCo-ZIFs possessed the reusability for MB 

(4)HSO−
5
+ ⋅OH → SO⋅−

5
+ H2O

(5)2SO⋅−
5

+ H2O → 2HSO−
4
+ 3∕21O2

Fig. 9   Comparison of homogeneous catalysts and heterogeneous catalysts on the degradation of MB 
catalyzed by ZnCo-ZIFs in the presence of PMS (Initial pH 3.0, ZnCo-ZIFs dosage = 50  mg L.−1, 
catalyst:PMS mass ratio = 1:3, reaction temperature = 30  °C, contact time = 20  min, MB concentra-
tion = 50 ppm)
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degradation in aqueous solution. In addition, the structural stability of ZnCo-ZIFs 
catalyst was examined by PXRD and FT-IR analysis.

The crystal structure of the material was provided with PXRD patterns. The 
result from Fig. 1 shows the completed match of the fresh and reused material, there 
was almost no change in the XRD patterns of the reused material compared to the 
fresh one. The intact specific sharp peaks at 2θ of 7.2 and 12.6 degree correspond-
ing to the lattice (011) and (112) proved the highly crystalline structure of ZnCo-
ZIFs after 5 times of using. To assess the functional groups and featured bonding in 
the reused materials, the FT-IR of reused ZnCo-ZIFs was assigned and compared 
with the fresh material (Fig. 2). The FT-IR spectrum of reused materials presented 
the similar peaks from 3900  cm−1 to 1500  cm−1, which originally was the oscil-
lations from 2-Mim ligands, with the broad transmittance and noise. The featured 
peaks of C-metals bonding moved a little from 425.06 cm−1 to 425.87 cm−1, proving 
the stable featured bonding of metal ions and organic linkers. There were two small 
peaks at 2200–2500  cm−1, where was measuredly C≡N stretching. Another new 
broad peak appeared at 1700–1800 cm−1 was assigned as the stretching oscillation 
of carboxylic acid C = O, which could be one of the small molecules degraded prod-
ucts. These peaks could demonstrate that the immediate and final products of MB 
breakdown process were adsorbed in the pores of the catalyst, causing the decrease 
in degradation efficiency after five cycles.

Conclusions

The bimetallic ZnCo-ZIFs was successfully synthesized and applied as a heteroge-
neous catalyst to activate PMS for MB removal via Fenton-like reaction. The prop-
erties of ZnCo-ZIFs were illuminated by characterization techniques, i.e., PXRD, 
FT-IR, TGA, BET, SEM, AAS. The MB degradation optimal condition was con-
firmed with 50 mg L−1 of catalyst dosage, initial MB concentration of 50 mg L−1 
with ZnCo-ZIFs:PMS mass ratio of 1:3 at room temperature within 20  min. The 
reusability of ZnCo-ZIFs was also confirmed that it could perform high catalytic 
efficiency with more than 90% after 5 times of recycling. The stepwise mechanism 

Fig. 10   The degradation 
efficiency of MB catalyzed 
by ZnCo-ZIFs in the presence 
of PMS at different recycles 
(Initial pH 3.0, ZnCo-ZIFs 
dosage = 50 mg L.−1, ZnCo-
ZIFs:PMS mass ratio = 1:3, 
reaction temperature = 30 °C, 
contact time = 20 min, MB 
concentration = 50 ppm)
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and intermediate products of the MB degradation process should be investigated 
by HPLC technique for further understanding. Finally, ZnCo-ZIFs, with its excep-
tional properties, is a potential catalyst for contaminants degradation in wastewater 
treatment.
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