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Antibiotics play an important role in disease treatment; however, they are 

also a threat to public health and the ecosystem. Therefore, a bimetallic 

CuCo-ZIFs catalyst was manufactured through the ultrasonic-assisted 

solvothermal method to activate H2O2 towards the removal of tetracycline 

(TC) in an aqueous environment, a polluting broad-spectrum antibiotic 

model. PXRD, SEM, TEM, EDX, TGA, FT-IR, and BET analyses indicated 

that CuCo-ZIFs cubic crystals were successfully synthesized with high 

crystallinity, large specific surface area, and ideal thermal stability. 

Factors affecting the TC removal were investigated, including CuCo-ZIFs 

dosage, H2O2 concentration, treatment time, initial TC concentration, and 

reaction temperature. The results showed that the CuCo-ZIFs/H2O2 

catalytic system was capable of effectively handling TC, with about 93.9% 

of TC removed in the presence of 0.3 g.L-1 CuCo-ZIFs, 0.01 mol.L-1 H2O2 

at room temperature within 30 min. Conclusively, this study contributes to 

expanding the application potential of bimetallic CuCo-ZIFs materials to 

eliminate antibiotic residues in an aqueous environment and inspire 

research on environmental improvement. 
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1. INTRODUCTION 

Environmental pollution, especially water pollution, 

induced by the presence of persistent organic 

compounds, including dyes, pesticides, and 

antibiotics residue, has become an urgent global 

concern. Therein, tetracycline (TC) belongs to the 

group of broad-spectrum antibiotics widely used for 

aquaculture, veterinary purposes, within the 

pharmaceutical industry, and human disease 

treatment (Wang et al., 2022). Therefore, TC is 

frequently present in the aquatic environment via 

organism excretion (Xu et al., 2021). The 

accumulation of tetracyclines (TC) in the 

environment over time can promote the proliferation 

of antibiotic-resistant bacteria, posing a significant 

threat to ecosystem integrity and public health (Ben 

et al., 2019). For these reasons, the removal of TC 

residues from wastewater is a pressing issue that 

needs to be addressed.  

A variety of different methods have been applied to 

address this problem, including adsorption (Liu et 

al., 2021), coagulation (Lu et al., 2021), flocculation 

(Yang et al., 2015), and membrane filtration 

techniques (Liu et al., 2017). However, TC removal 

efficiency of the above approaches is mainly based 

on collecting, concentrating TC molecules, or only 

transferring them into a different phase, without 

actually decomposing TC (Fan et al., 2021). 

Accordingly, advanced oxidation processes (AOPs) 

have been recognized as a potential method to 
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overcome these shortcomings due to their ability to 

mineralize and degrade organic pollutants in water 

based on the generation of highly active oxidizing 

radicals such as hydroxyl (•OH) and sulfate (SO4
•−) 

(Honarmandrad et al., 2023). The oxidants in the 

AOPs are usually activated by irradiation (Lei et al., 

2021), ultrasonication (Ince, 2018), electrochemical 

reaction (Lima et al., 2020), catalysis (Zhang et al., 

2022a) or a combination of the above methods 

(Takdastan et al., 2018). For example, classic 

Fenton process is an effective AOPs based on the 

promotion of •OH radical generated by Fe2+/H2O2 

system. Unfortunately, the process operates in a 

narrow pH range with non-reusable catalysts and 

may cause secondary pollution related to iron sludge 

produced after the reaction (Wang et al., 2021b). 

Hence, the development of catalysts with 

outstanding stability, effective oxidant activation, 

and easy recovery is a challenge to solve. 

In recent decades, zeolitic imidazolate frameworks 

(ZIFs), which are a common sub-family of metal 

organic frameworks (MOFs), have shown potential 

for persistent organic matter removal in water due to 

many outstanding properties. ZIFs consist of 

transition metal ions (such as Zn2+, Co2+) 

coordinating with the 2-methylimidazole ligand 

(Wang et al., 2021a). Inheriting the unique structure 

combining inorganic and organic components from 

MOFs, ZIFs possess a diverse porous crystalline 

structure, large specific surface area, open catalytic 

active sites and tunable pores, and high thermal and 

chemical stability (Ighalo et al., 2022). Among 

them, ZIF-67, composed of cobalt ions and 2-

methylimidazole (2-MIm) bridges, has attracted 

increasing interest because they have most of the 

above characteristics and can be synthesized at 

room temperature and atmospheric pressure (Park et 

al., 2006). Based on the aforementioned features, 

ZIF-67 promises to effectively activate oxidants in 

AOPs. Impressively, bimetallic ZIFs with the 

addition of metal ions to ZIF-67 are reported to have 

improved properties and catalytic performance 

compared to pristine materials (Yao et al., 2021). In 

particular, Abuzalat et al. (2022) reported that the 

bimetallic Co-Zn-ZIF-8 catalyst effectively 

activated H2O2 to degrade methyl orange dye with 

an initial concentration of 10 mg.L-1, achieving 90% 

efficiency in about 50 min. In another study, Zhang 

et al. (2022b) successfully synthesized copper and 

cobalt nanoparticle decorated carbon frameworks 

(Cu/Co@CF) and demonstrated that material 

extended the pore volume and carried more active 

centers than monometallic ZIF-67 with removal 

efficiency of 4-nitrophenol reaching 99.7% within 

only 1 min. 

Herein, bimetallic CuCo-ZIFs were prepared by 

facile ultrasonic-assisted solvothermal method. The 

obtained material has a porous crystalline structure, 

large specific surface area and high thermal 

stability. Under the influence of various metal 

centers including Cu2+ and Co2+ contained in CuCo-

ZIFs and the presence of H2O2, hydroxyl radicals are 

produced and effectively removed for TC 

antibiotics. Factors affecting the reaction process 

were also investigated, including catalyst dosage, 

H2O2 concentration, treatment time, reaction 

temperature and initial TC concentration. This study 

contributes to expanding the application of CuCo-

ZIFs for removing antibiotic residues from water 

using AOPs. 

2. MATERIALS AND METHOD  

2.1. Chemicals and materials 

The chemicals used in this study included 2-MIm 

(C4H6N2, 99%, Acros), copper (II) nitrate trihydrate 

(Cu(NO3)2.3H2O, 99%, China), cobalt nitrate 

hexahydrate (Co(NO3)2.6H2O, 99%, China), ethanol 

(EtOH, C2H5OH, 99.7%, China), hydrogen peroxide 

(H2O2, 30 wt%, China), and tetracycline 

hydrochloride (C22H24N2O8.HCl, China). 

2.2. Preparation of CuCo-ZIFs  

CuCo-ZIFs were synthesized by an ultrasonic-

assisted solvothermal method. The synthesis 

process was conducted according to a reported 

method with slight modifications (Dang et al., 

2021). Herein, the molar ratio of metal salts:2-MIm 

and Cu2+:Co2+ was fixed to 1:4 and 1:1, respectively. 

Typically, the ethanolic solutions of 2-MIm (0.6568 

g/ 20 mL), Cu(NO3)2.3H2O (0.2416 g/ 10 mL), and 

Co(NO3)2.6H2O (0.291 g/ 10 mL) were separately 

prepared. Next, Cu2+ solution was added to Co2+ 

solution and stirred for 10 min. Subsequently, the 

homogeneous salt mixture was added drop by drop 

into 2-MIm solution to form a purple suspension. 

The obtained suspension was ultrasonicated for 15 

min. Then, the mixture was aged for 24 hours to 

facilitate crystal formation. The precipitate was 

collected by centrifugation at 4000 rpm for 15 min, 

washed repeatedly with EtOH and finally dried 

overnight at 60oC. The purple crystals obtained after 

drying were the CuCo-ZIFs. Besides, ZIF-67 (Co-

ZIFs) was also prepared following the same method 

with Co(NO3)2.6H2O (0.5821 g, 2 mmol), and 2-

MIm (0.6568 g, 8 mmol) in 40 mL EtOH, and no 

copper salt (Giao et al., 2019). 
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Furthermore, some other heterogeneous catalysts 

were also synthesised using the previous procedure 

with slight modifications, including FeCo-ZIFs, 

FeZn-ZIFs, NiZn-ZIFs, Co-ZIFs, and Zn-ZIFs. 

Typically, FeCo-ZIFs were synthesised by 24 mmol 

of 2-MIm, 0.25 mmol of FeSO4.7H2O, and 1.25 

mmol of Co(NO3)2.6H2O in 20 mL MeOH (Hu et 

al., 2018). Similarly, FeZn-ZIFs were prepared by 

40 mmol of 2-MIm, 9 mmol of Zn(NO3)2.6H2O, and 

1 mmol of FeSO4.7H2O in 60 mL MeOH (Le et al., 

2023). NiZn-ZIFs were obtained by 20 mmol of 2-

MIm, 1 mmol of Ni(NO3)2.6H2O, and 4 mmol of 

Zn(NO3)2.6H2O in 40 mL MeOH (Yao et al., 2020). 

Zn-ZIFs (ZIF-8) were generated by 4 mmol of 2-

MIm, and 1 mmol of Zn(NO3)2.6H2O in 20 mL 

MeOH (Wang et al., 2020). 

2.3. Characterizations of catalyst 

Structure and morphological characterizations of 

CuCo-ZIFs, Co-ZIFs, and other relevant substances/ 

materials were examined by powder X-ray 

diffraction using Cu Kα radiation (PXRD, 

Empyrean-PANanlytical powder diffractometer). 

Diffraction peaks were recorded in the range from 5 

to 50 degrees for 2θ. Fourier-transform infrared 

spectroscopy was measured from 4000 to 400 cm-1 

to analyse the molecular structure and functional 

group of CuCo-ZIFs (FT-IR, PerkinElmer MIR/NIR 

Frontier instrument). Thermogravimetric analysis 

was conducted with a heating rate of 10°C.min-1 

from room temperature to 900°C (TGA, LabSys 

Evo equipment). The surface topography and 

structure of CuCo-ZIFs were obtained by scanning 

electron microscopy (SEM, Hitachi S-4800), and 

transmission electron microscopy (TEM, JEM-

1400) with an Emax energy for Energy dispersive 

X-ray spectroscopy (EDX) analysis to detect the 

chemical elements. The specific surface areas of the 

CuCo-ZIFs were measured on Brunauer–Emmett–

Teller model (BET). UV-Vis spectrophotometer 

(Labomed, UVD-3500) was used to determine the 

concentration of TC. 

2.4. Catalytic experiments of CuCo-ZIFs 

In the TC removal process, H₂O₂ was employed as 

an oxidizing agent, while CuCo-ZIFs served as a 

heterogeneous catalyst to activate H₂O₂, generating 

free hydroxyl radicals. The TC removal system was 

performed sequentially by changing the levels of the 

investigation factors and fixing the remaining 

factors. The factors affecting TC removal efficiency 

which were investigated including CuCo-ZIFs 

dosage (0-0.5 g.L-1), H2O2 concentration (0.1-0.5 

mol.L-1), reaction time (10-50 min), reaction 

temperature (room temperature to 60oC), and initial 

TC concentration (10-60 mg.L-1). Except for the 

experiment investigating CuCo-ZIFs dosage, the 

experiments were conducted by dispersing 3 mg 

CuCo-ZIFs into 10 mL of 30 mg.L-1 TC solution, in 

the presence of 0.1 mol.L-1 H2O2 at room 

temperature. After 30 min, the solution was 

collected by filtration and UV-Vis spectroscopic 

measured at the maximum absorption wavelength of 

357 nm. TC removal efficiency by CuCo-ZIFs/H2O2 

system was determined by the equation (1). All 

experiments were conducted in triplicate, and the 

results were reported as the mean ± standard 

deviation (SD). 

Removal efficiency (%) = e

0

C
1 100

C
− 

 
 
 

 (1) 

Whereas C0, Ce represented the concentrations of 

the initial TC (mg.L-1) and the residual TC (mg.L-1), 

respectively. 

3. RESULTS AND DISCUSSION  

3.1. Characterization of CuCo-ZIFs 

The results of the structural characteristic analysis 

of CuCo-ZIFs catalyst presented in Figure 1 are 

consistent with the previous research (Dang et al., 

2021). The PXRD results showed that CuCo-ZIFs 

had characteristic crystalline peaks almost identical 

to Co-ZIFs and previously reported CuCo-ZIFs, 

demonstrating that the catalyst was successfully 

synthesized (Figure 1a). Significantly, three 

diffraction peaks in the PXRD pattern of CuCo-ZIFs 

were at positions 7.3o, 10.4o and 12.7o, 

corresponding to the crystal faces of (011), (002) 

and (112), respectively, indicating the obtained 

catalyst had high crystallinity. 
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Figure 1. PXRD pattern of CuCo-ZIFs, Co-ZIFs (a), FT-IR spectrum of CuCo-ZIFs, Co-ZIFs, 2-MIm (b), 

TGA curve of CuCo-ZIFs (c), SEM image of CuCo-ZIFs (d), TEM image of CuCo-ZIFs (e),  

and EDX spectra of CuCo-ZIFs (f)

The FT-IR spectrum of CuCo-ZIFs was compared 

with that of Co-ZIFs and 2-MIm to confirm the 

functional groups on the material surfaces 

(Figure 1b). For all three spectra, the peak at 1581 

cm⁻¹ was assigned to the C=N stretching vibration 

of the imidazole ring, while the range between 2200 

and 3250 cm⁻¹ corresponded to the N–H hydrogen 

bonding interactions among the 2-MIm ligands 

(Ulu, 2020). The 2-MIm characteristic band at 

1846.6 cm-1 (N–H stretching vibration) completely 

vanished in Co-ZIFs and CuCo-ZIFs, which could 

be due to the deprotonation to form a new bond 

between the metal and N. Accordingly, the band at 

425.1 cm-1 appeared in the spectrum of Co-ZIFs and 

CuCo-ZIFs, which was assigned to the metal-N 

stretching vibration, did not presented in 2-MIm, 

indicating that the ion metal was successfully linked 

together through 2-MIm bridges at the N site.  

In addition, TGA curve of CuCo-ZIFs showed that 

the material had high thermal stability of above 

550oC (Figure 1c). Moreover, the surface areas of 

CuCo-ZIFs were determined as up to 1797.5 m2.g-1 

using the BET model with the pore size of 14.6 Å. 

The SEM (Figure 1d) and TEM (Figure 1e) images 

showed that the particles of CuCo-ZIFs exhibited a 

uniform cubic shape with an average size of about 

150 nm. The clear and smooth crystal surface 

indicated that the participation of copper did not 

affect the morphology of the Co-ZIFs framework. 

Finally, the presence of elemental components of C, 

N, Co, and especially Cu, as shown in the EDX 

spectra (Figure 1f), once again demonstrated the 

successful combination of Cu and Co-ZIFs to form 

CuCo-ZIFs. 

3.2. TC removal efficiency of CuCo-ZIFs/H2O2 

system 

Firstly, the role of CuCo-ZIFs in the TC removal 

process was demonstrated by investigating the 

CuCo-ZIFs dosages in the range of 0 to 0.5 g.L-1 

while keeping the remaining factors including H2O2 

concentration of 0.015 mol.L-1, the initial TC 

concentration of 30 mg.L-1, reaction time of 30 min, 

and room temperature (Figure 2). Apparently, only 

about 11.4% of TC was removed by H2O2, which 

was significantly lower than that when adding the 

CuCo-ZIFs catalyst, implying that CuCo-ZIFs plays 

a key role in this study. Accordingly, the increase in 

the dosage of CuCo-ZIFs from 0.1 to 0.3 g.L-1 

increased TC removal efficiency from 78.4% to 

93%, respectively, which may be due to the addition 

of the catalytic metal center that promotes active-

species production. However, when continuing to 

increase the catalyst dosage of CuCo-ZIFs to 0.4 

g.L-1 and 0.5 g.L-1, the efficiency slightly decreased 

to 92.6% and 92.3%, respectively. This may be due 

to the non-selectivity of the produced hydroxyl 

radicals (Nidheesh & Rajan, 2016). Therefore, the 

next experiments were conducted under the 

condition of the CuCo-ZIFs dosage at 0.3 g.L-1. 
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Figure 2. The removal efficiency of TC in 

various CuCo-ZIFs dosages  

Implementation conditions: H2O2 concentration = 0.015 

mol.L-1, time = 30 min, room temperature, initial TC 

concentration = 30 mg.L-1. 

Secondly, as H2O2 acts as an oxidant to provide 

active species under the activation of CuCo-ZIFs 

catalyst, the effect of H2O2 concentrations (0.1-0.5 

mol.L-1) on TC removal efficiency was carried out 

at room temperature, CuCo-ZIFs dosage of 0.3 g.L-

1, the initial TC concentration of 30 mg.L-1 within 

30 min (Figure 3a). The CuCo-ZIFs/H2O2 system 

had a relatively high TC removal efficiency. In 

particular, only a small amount of H2O2 

concentration of 0.005 mol.L-1 could remove 92.1% 

of TC, which increased to 93.9% at an H2O2 

concentration of 0.01 mol.L-1. However, the TC 

removal efficiency tended to decrease to 93%, 

92.5%, and 90.3% when using H2O2 at 

concentrations of 0.015, 0.020 and 0.025 mol.L-1, 

respectively. The excess H2O2 would scavenge the 

active low-selectivity •OH radicals, which can 

attack each other or even H2O2 and reduce the 

overall efficiency of the whole process (Nidheesh & 

Rajan, 2016). Accordingly, the H2O2 concentration 

of 0.01 mol.L-1 was the appropriate level to conduct 

further experiments. 

Thirdly, the TC removal time was considered with a 

series of experiments ranging from 10 to 50 minutes 

at room temperature, CuCo-ZIFs dosage of 0.3 g.L-

1, H2O2 concentration of 0.01 mol.L-1, and the initial 

TC concentration of 30 mg.L-1 (Figure 3b). The TC 

removal efficiency by the CuCo-ZIFs/H2O2 system 

took place relatively quickly, reaching about 86.1% 

removal efficiency in only 10 min. When increasing 

the time from 10 to 30 min, TC removal efficiency 

increased to 93.9%, and then almost levelled out at 

40 min and 50 min with a value of 94%. As a result, 

30 min was chosen to be a reasonable time to ensure 

effective TC removal in this study. 

 

Figure 3. Effect of different parameters on the removal efficiency of TC by CuCo-ZIFs/H2O2 system  

Except for the investigated parameter, the others were fixed at CuCo-ZIFs dosage = 0.3 g.L-1, H2O2 concentration = 

0.01 mol.L-1, time = 30 min, room temperature (RT), and initial TC concentration = 30 mg.L-1
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Fourthly, the effect of four different temperatures of 

room temperature, 40oC, 50oC, and 60oC on TC 

removal efficiency was investigated using CuCo-

ZIFs dosage of 0.3 g.L-1, H2O2 concentration of 0.01 

mol.L-1, an initial TC concentration of 30 mg.L-1 

within 30 min (Figure 3c). Theoretically, the higher 

the temperature, the faster the movement of 

molecules in the reaction, thereby promoting better 

TC removal efficiency (Yuan et al., 2020). In fact, 

when increasing the temperature from room 

temperature to 40oC, the removal efficiency of TC 

increased from 93.9% to 94.6% and tended to 

balance at 95.1% at temperatures of 50oC and 60oC. 

Accordingly, the TC removal efficiency of the 

CuCo-ZIFs/H2O2 catalyst system was high even at 

room temperature, which is a good sign for practical 

applications. Thus, room temperature is suitable for 

the next experiments. 

Finally, the TC removal efficiency was investigated 

with various initial TC concentrations in the range 

of 10-60 mg.L-1 under the optimal conditions 

obtained in the above experiments (Figure 3d). As 

shown in Figure 3d, when the TC concentration 

increased from 10 mg.L-1 to 30 mg.L-1, the TC 

removal efficiency increased proportionally from 

90.5% to 93.9%. However, further raises in the TC 

concentrations, from 30 to 60 mg.L-1, resulted in a 

decrease in the removal efficiency from 93.9% to 

88.9%. This can be explained that high TC 

concentration increases TC density, yet the number 

of available active sites remains the same because 

the CuCo-ZIFs dosage is fixed, hence, TC was not 

effectively removed (Fu et al., 2021). In this study, 

the initial TC concentration was chosen to be 30 

mg.L-1. 

Besides, CuCo-ZIFs were also compared with some 

other ZIFs heterogeneous catalysts on the removal 

of TC (Table 1). 

Overall, CuCo-ZIFs showed the highest TC removal 

efficiency among all the catalysts evaluated in this 

study. Impressively, the TC removal efficiency of 

CuCo-ZIFs reached 93.9%, much higher than the 

monometallic ZIF-8 (Zn-ZIFs) and ZIF-67 (Co-

ZIFs) with values of 86.2% and 75.9%, respectively. 

The outcome indicated that the CuCo-ZIFs/H2O2 

system carries high potential to remove TC in 

aqueous solution. 

Table 1. Comparison of other heterogeneous 

catalysts on the removal of TC 

Catalyst The TC removal efficiency (%) SD 

CuCo-ZIFs 93.9 0.9 

FeCo-ZIFs 90.0 1.3 

FeZn-ZIFs 76.2 1.9 

NiZn-ZIFs 80.9 2.9 

Co-ZIFs 75.9 2.3 

Zn-ZIFs 86.2 2.9 

4. CONCLUSION 

In conclusion, the bimetallic CuCo-ZIFs were 

successfully synthesized by combining copper with 

a monometallic ZIF-67 frameworks via a mild 

ultrasonic-assisted solvothermal method at room 

temperature. The obtained CuCo-ZIFs had a 

relatively uniform size with an average particle size 

of about 150 nm and a high thermal stability of 

above 500oC. Beyond that, CuCo-ZIFs 

demonstrated outstanding catalytic performance in 

activating H2O2 for TC removal due to its diverse 

composition. The impact of factors on the TC 

removal was also investigated, and the removal 

efficiency of TC reached 93.9% under optimal 

conditions at CuCo-ZIFs dosage of 0.3 g.L-1, H2O2 

concentration of 0.01 mol.L-1, initial TC 

concentration of 30 mg.L-1, at room temperature, 

and within 30 min. Given the outstanding properties 

and catalytic activity of CuCo-ZIFs in this study, the 

catalyst demonstrates significant potential for the 

removal of harmful antibiotic residues from aqueous 

solutions, offering a promising and effective 

strategy for practical environmental remediation 

applications. 
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