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Abstract: The use of antibiotics and dyes has resulted in severe water pollution and health risks; 

therefore, it is urgent to remove them from water sources. Among the most common methods for 

removing harmful water contaminants, adsorption and photodegradation are the most economical, 

simple, and reusable. Due to their high porosity, adjustability, and crystal structure, metal-organic 

frameworks (MOFs) are one of the effective adsorbents and photocatalysts. A typical MOF material 

is zeolitic imidazolate framework-8/67 (ZIF-8 and ZIF-67), comprising essentially of the metal atoms 

Zn and 2-methylimidazole (2- MIM). ZIF-8 and ZIF-67 have unique properties that make them effi-

cient in water treatment due to high adsorption capacities and being good hosts for photocatalytic 

materials. In this article, a review study of the design and methods of synthesis of ZIF-8 and ZIF-67 

composites is presented. An introduction to the current research on the role of ZIF-8 and ZIF-67 

compounds as adsorbents and photocatalysts for wastewater pollution removal is provided. In this 

review study, we aim to supply a mechanistic perspective on the use of ZIF-8/67 composites in 

wastewater purification and present novel visions for the development of extremely effective ZIF-

8/67-based adsorbents and photocatalysts. To unlock the full potential of ZIF-8/67 composites in 

dye and antibiotic removal and water recycling, current difficulties will be discussed in detail. 
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1. Introduction 

Water pollution seriously threatens human health and negatively affects the envi-

ronment [1–3]. Therefore, the control and treatment of water pollution is very important 

and urgent. There are plenty of water pollution resources including different substances. 

Many emerging organic pollutants (EOCs) contaminate water supplies, which include 

drugs, cosmetics, and pollutants from industry such as dyes and pigments, etc. [4–6]. Even 

at low concentrations, most EOCs are more difficult to remove through water purification 

due to their physical and chemical features (e.g., highly water soluble) [7]. Dyes are uti-

lized to impart color to materials for different purposes, involving art and protection. Dye 

and pigment are the two basic types of dyes. The compounds in the first group are organic 

and soluble. They impart permanent color to fabric and fiber surfaces and are resistant to 
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light and detergents. Since dyes are soluble in water; they produce bright colors in acidic 

environments [8–11]. However, pigments used in plastics, fibers, and polymeric materials 

are not soluble in the application medium [12]. After the dyeing process, dye-processing 

companies store their wastewater. The wastewater is then discharged into the environ-

ment and pollutes freshwater. Dye compounds are toxic, so it is not acceptable to dis-

charge dyed wastewater into the environment without treatment [13]. It has been shown 

that oxygen dispersion and self-purification in water bodies are disturbed when colored 

wastewater is discharged into the environment [14–16]. Since the density of colored 

wastewater is lower than that of water, a visible layer of color forms on the water surface 

when colored wastewater is mixed with water sources.  Because of the layer of color, sun-

light cannot penetrate the water, preventing life from thriving under the surface, such as 

photosynthesis and respiration [17–19]. The commercialization and usage of antibiotics to 

treat bacterial infections has resulted in many public health advances. It is estimated that 

90 percent of the active ingredients of antibiotics pass into urine and feces, thus entering 

the environment [20]. Pollution of water bodies by antibiotics is a worldwide concern. 

Overexposure to antibiotics leads to both health problems and resistance to antibiotics 

[21–25]. According to several studies, the urban water cycle contains antibiotics. This in-

cludes surface water, groundwater, drinking water, and wastewater [26–28], and domes-

tic wastewater contains nearly 6 mg/L of lead [29,30]. Therefore, antibiotics must be re-

moved from the natural aqueous environment using effective methods. There are various 

approaches for antibiotic removal, including biological treatment [31], electrochemical 

treatment [32], advanced oxidation technology [33,34], membrane filtration [35], adsorp-

tion [36], and photocatalytic degradation [37]. Generally, wastewater is treated via coag-

ulation, filtration, and other techniques. Because of the high maintenance expenditures 

associated with these techniques, these approaches are not optimal [38]. Moreover, the 

conversion of pollutants into nontoxic substances is a major challenge. Treatment of pol-

lutants via adsorption or photocatalysis can be more economical and energy efficient [39–

43]. Researchers are exploring novel materials for the preparation of adsorbents and pho-

tocatalysts to achieve higher removal efficiency of pollutants [44–46]. Recently, a subclass 

of MOFs with zeolitic architecture as a hybrid framework has been synthesized for water 

purification. Among them, zeolitic imidazolate frameworks (ZIFs) have attracted a lot of 

consideration because of their exceptional features such as selective adsorption [47], ca-

pability to transfer electrons, ability to detect pollutants [48], biomedical applications [49], 

antibacterial applications [50], large functionalities [51], unimodal micropores, and stabil-

ity chemically and thermally. ZIFs consist of a tetrahedral coordination of transition metal 

cations (Zn, Co) and an imidazolate linker [52–56]. There are numerous research papers 

in the literature on ZIFs, especially ZIF-8 and ZIF- 67, which are used in the treatment of 

pollutants [57,58]. ZIF-8/ZIF-67 has a sodalite-like structure and consists of 2 MIM or 

Zn/Co ions. In their center, there is a micropore with a diameter of 11.6 Å, which is acces-

sible through tiny openings with a diameter of 3.4 Å [59]. ZIF-8 and ZIF-67 have a very 

high surface area (1970 m2 g) owing to the high porosity of the framework [60]. In addition, 

these substances possess stable chemical and thermal properties. For instance, ZIF-8 is 

able to maintain its framework under boiling water for about seven days, even at 100 °C 

for 24 h in an NaOH aqueous solution (up to 8 M) [61]; in general, the temperature of 

decomposition can reach 550 °C [60]. This review presents an overview of the studies and 

progress in the dyes and antibiotics removal from water using ZIF-67 and ZIF-8. In the 

following sections, we introduce ZIFs and discuss their role in water purification via ad-

sorption, photocatalytic removal, and synthesis strategies. Using ZIF-8 and ZIF-67 com-

posites for the adsorption or photocatalysis of pollutants in wastewater is illustrated by 

analysing some representative examples. 
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2. MOF 

MOFs are porous hybrid materials containing organic and inorganic components, 

also known as absorbent coordination polymers. They have been extensively studied by 

scientists and engineers as a fascinating material [61]. They include inorganic metal ion 

secondary building blocks (SBUs), oxo-clusters, and bridging organic linkers. MOFs can 

have different chemical compositions and shapes within certain structures, which offers 

the possibility of synergistic property combinations [62–65]. MOFs not only have large 

surface areas, ordered pore structures, crystallinity, and polymetallic sites, but also are 

compatible with polymers [66–68]. With their unique properties and structural diversity, 

MOFs are particularly attractive for removing toxic metals or EOCs from wastewater. [69–

72]. In contrast to traditional porous materials, MOFs possess a crystalline nature with a 

large surface area and ultrahigh porosity, mixed with an exceptionally high level of or-

ganic and inorganic composition, which enables them to be used for various applications, 

including membranes, catalysis, gas capture and storage, adsorption, and energy [73,74]. 

Each MOF family, including ZIF (zeolitic imidazolate framework), is distinguished by a 

different metal node or organic linker used in their synthesis. The water stability of any 

MOF is, however, a prerequisite for its use in aqueous solutions [67]. ZIF-8/67 subcatego-

ries of MOFs demonstrate this quality [52]. An overview of the general MOF synthesis 

pathway is shown in Figure 1. 

 

Figure 1. Synthesis pathway for MOFs, reproduced with permission from [75]. Copyright Else-

vier, 2021.  

ZIF materials contain a zeolite framework synthesized using metal sources such as 

Zn and Co and organic ligands such as imidazole or imidazole derivatives [76,77]. In ad-

dition to exhibiting MOF advantages in terms of structure, they also overcome their frail-

ties like poor thermal and chemical stability [78,79]. In 1989, the Chen group synthesized 

ZIF-8 for the first time and named it MAF-4 [80]. Officially, it was named ZIF-8 after 

Yaghi’s research group analyzed it systematically [52]. ZIF-8’s chemical formula is 

Zn(Hmim)2, which is composed of 2 MIM and the metal atom Zn [59,81]. ZIF-8 offers a 

wider range of synthesis strategies compared to other MOF materials. Due to its robust 

bonding structure, ZIF-8 also exhibits higher chemical and hydrothermal stability. A great 

example of the thermal stability of ZIF-8 is its ability to maintain structural stability at 

temperatures equal to 500 °C. Moreover, ZIF-8 retains its porosity and crystallinity even 

after dissolution in water or organic solvents (Figure 2) [82–84]. Another important form 

of ZIFs is ZIF-67, which consists of cobalt cations (Co2+) in combination with organic lig-

ands such as 2- MIM. As a secondary moiety, the Co2+ group coordinates with a 2 MIM 

linker. The ZIF-67 has a cubic crystal structure of unit cell parameters a = b = c = 16.95890 

[85]. In addition to separation, catalysis, water purification, adsorption [57], and carbon 

capture, ZIF-67 also has exceptional capabilities in other fields [54,86–88].  
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Figure 2. ZIF-8 and ZIF-67 structure, reproduced with permission from [58]. Copyright Elsevier, 

2021.  

It is an efficient method to combine ZIF-67 with the other substances or structures, 

creating composites with better performance than ZIF-67 alone. Due to the excellent elec-

trochemical, magnetic, and photoelectric properties of metal oxides and mixed metal ox-

ides, these compounds are appealing because they have unique functional properties [89]. 

Derivatives of ZIF-67 metal oxide mix tailored ZIF-67 porosity with a large number of 

metal oxide framework functions. Several metal oxides for ZIF-67 were synthesized, and 

their performance was investigated as adsorbents, separators, catalysts, sensors, storage 

devices, and microwave-absorbing oxides. (Figure 2) [90].  

There are numerous active sites and facial charge separations on the surface of ZIF-8 

and ZIF-67. Now, ZIF-8/67 materials are widely used in many forms including powders, 

colloid, and membranes or thin films and have been applied to a diverse range of im-

portant fields. New multifunctional composites/hybrids can be formed through the con-

trollable integration of ZIF-8/67 and functional materials; these composites or hybrids ex-

hibit more superior properties than individual components through the collective behav-

ior of each functional unit and have attracted widespread attention [91,92]. To date, ZIF-

8/67 composites have been successfully prepared with active species, such as fibers, met-

als, oxides, polyoxometalates (POMs), polymers, graphene, carbon nanotubes (CNTs), 

and so on. They can maintain the original properties and functions of each phase and also 

make up for the limitation of any single phase in application. Compared with pure mi-

croporous ZIF-8/67, ZIF-8 and ZIF/67 composite material not only enhances the adsorp-

tion capacity and photocatalytic activity of them, but also broadens the application range 

of ZIF-8 and ZIF/67 [44,93]. Table 1 describes some general properties of the ZIFs. 

Table 1. Some general properties of the ZIFs. 

ZIFs Composition Composition Structure 
T/V 1 

(T/nm3) 

Da 2 

(°A) 

Dp 3 

(°A) 
Ref 

ZIF-8 Zn(MeIM)2 

 

2.45 3.4 11.6 [94] 

ZIF-9 Co(bIM)2 

 

2.51 2.9 4.31 [94] 

ZIF-10 Zn(IM)2 

 

2.25 8.2 12.2 [82] 

ZIF-67 Co(MeIM)2 

 

2.46 3.4 11.6 [82] 
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ZIF-71 Zn(dcIM)2 

 

2.06 4.2 16.5 [82] 

ZIF-76 Zn(IM)(cbIM) 

 

1.03 1.9 1.9 [82] 

ZIF-78 Zn(nbIM)(nIM) 

 

2.08 3.8 7.1 [83] 

ZIF-90 Zn(Ica)2 

 

2.33 3.5 11.2 [95] 

ZIF-95 Zn(cbIM)2 

 

1.51 3.7 24 [96] 

ZIF-100 Zn20(cbIM)39(OH) 

 

1.29 3.4 35.6 [96] 

1 T/V is the density of metal atoms per unit volume, 2 Da is the diameter of the largest sphere that 

will pass through the pore, and 3 Dp is the diameter of the largest sphere that will fit into the cages 

without contacting the framework atoms. Pore metrics measurements exclude guests. 

3. Methods of Synthesizing Materials Based on ZIF-67 

3.1. Solvothermal 

This approach is a commonly utilized method in ZIF-67 synthesizing. After the reac-

tants such as sources of cobalt and 2-MIM (Hmim) are dissolved in the solvents, the solu-

tion is usually placed in the autoclave at 50 to 200 °C (Figure 3). Then, after 12 to 72 h, the 

crystals gradually form. Moreover, three important operations are involved in the sol-

vothermal process, i.e., hydrolysis, coordination, and deprotonation, which control the 

properties of the material [97]. Jayashree et al. investigated the preparation of ZIF-67 ma-

terials using Co(NO3)2.6H2O and Hmim in dimethylformamide (DMF) and CH3OH, re-

spectively, for four hours at 60 °C. According to the adsorption-desorption tests of N2 and 

scanning electron microscopy (SEM), the solvent was the most important factor in the 

preparation of ZIF-67 crystals. When methanol and DMF were used as solvents, the syn-

thesized ZIF-67 exhibited a microporous and hierarchical structure [98]. Because of the 

environmental pollution and high energy consumption in the conventional synthesis 

method, the use of new approaches in ZIF synthesis is beneficial to the environment. For 

example, using water as a solvent is one of the most environmentally friendly syntheses 

of ZIFs [99,100]. Zhang et al. reported a new zeolite-imidazole salt scaffold (ZIF-L-Co), 

which is the transition phase of ZIF-67, formed by mixing Co(NO3)2 with Hmim in the 

aqueous medium. Reactant concentration and the molar ratios affected the handleable 

phase and samples morphology. When the Hmim/Co2+ molar ratio is increased, the mor-

phology changes from leaf-like sheets to rod-like frames. The irregular polyhedron 

smooths out with increasing size, and eventually visible edges and corners appear. In gen-

eral, using water as a solvent accelerated the conversion of the ZIF-L-Co phase into ZIF-

67 [101].  



Catalysts 2023, 13, 155 6 of 30 
 

 

 

Figure 3. Synthesis process of solvothermal methods. 

3.2. Surfactant-Assisted 

In this process, the dissolution and dispersion of the product particles are improved 

by adding surfactants to the precursor solution [102,103]. The type and amount of surfac-

tant chosen affect the structure and morphology of the sample [104]. For example, by mix-

ing a cobalt source via an aqueous Hmim solution including cetyltrimethylammonium 

bromide (CTAB), ZIF-67 can be synthesized rapidly (about 5 min). During crystal for-

mation, CTAB acts as a capping agent to modulate the particles size by 50–320 nm [105]. 

Li et al. investigated Fe2O3@-ZIF-67 composite synthesis. After immersing Fe2O3 nanorods 

in DMF, polyvinylpyrrolidone (PVP), Hmim, and Co(NO3)2.6H2O were added. The man-

ufactured product was dried at 80 °C for 12 h. In this reaction, the PVP had the role of 

adjusting the size of the product and increasing the affinity of ZIF-67 and Fe2O3 [106]. 

3.3. Sol–Gel  

The technology of sol-gel has proven to be a practical way for controlling the mixing 

and frameworks of molecules at different length scales [107]. Generally, a suspension of 

colloidal with submicron particles is obtained from MOF precursors in collaboration with 

coagulants via condensation and hydrolysis processes. Subsequently, solid particles are 

formed over the gels due to the spatial structure during heat treatment [108]. Xu et al. 

fabricated an aerogel from Fe3O4/ZIF-67@WA (WA = wood aerogel) by incorporating mag-

netic Fe3O4/ZIF-67 materials into a natural lightweight WA in situ. First, Fe3O4 nanoparti-

cles (NPs) were purified with a Co2þ-containing PVP solution. Then, the Co2þ-containing 

PVP solution and Fe3O4 NPs were anchored on a wood aerogel laminate surface. Due to 

the oxygen groups in the extended cellulose chain, the existence of Hmim, and the strong 

hydrogen bonding, crystals of ZIF-67 grew on the wood aerogel (Figure 4) [109]. 
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Figure 4. Process of Fe3O4/ZIF-67@WA aerogel preparation (a) Converting natural wood to 

Fe3O4/ZIF-67@WA; (b) Final properties of Fe3O4/ZIF-67@WA, reproduced with permission from 

[109]. Copyright Elsevier, 2019. 

3.4. Microwave/Ultrasound-Assisted  

Recently, the production of ZIF-67 using microwave and ultrasonic methods has at-

tracted much interest. The generation of heat and pressure can facilitate the introduction 

of small particles and increase the purity of the phase in a short reaction time [110,111]. 

Niyaz et al. examined the synthesis of ZIF-67@Fe3O4@ESM (ESM = eggshell membrane) 

composite using ultrasound-assisted technology. According to them, the Co(NO3)2 solu-

tion was sonicated, combined via Fe3O4@ESM in the water phase, and sonicated again in 

the Hmim solution until the crystals of ZIF-67 grew. Using the prepared adsorbents, cop-

per cation (Cu2+) capture and dye (Basic Red 18: BR18) adsorption processes have been 

designed and thoroughly studied. In experiments conducted with the ZIF-

67@Fe3O4@ESM composite, it has been found that the adsorption rate and removal per-

centage for both types of contaminants are faster and higher than that of pure ZIF-67 when 

compared with the composite. (Figure 5) [112].  

  

(a) (b) 

Figure 5. (a) Green synthesis of ZIF-67 @Fe3O4@ESM; (b) adsorption mechanism, reproduced with 

permission from [112]. Copyright Elsevier, 2019. 
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4. Methods of Synthesizing Materials Based on ZIF-8  

4.1. In Situ 

The in-situ process is a straightforward approach. However, it requires special con-

ditions for the properties of the materials. In this method, some unique functional groups 

and surface properties of the elemental substances should be used to propagate the inter-

actions and biochemical reactions and achieve binding without modifying them [113]. Lee 

and Hwang et al. studied the fabrication of PS @ZIF-8 core-shell particles. Polystyrene 

microspheres (PS) are utilized as supports and then successively integrated by ZIF-8 via 

the groups of hydroxyl linking the PS microspheres to ZIF-8. Modification of the nuclei 

via a negative charge for adsorbing Zn2+ causes ZIF-8 to grow near the nuclei. ZIF-8 shell 

thickness can be modified through growth cycle control [114].  

4.2. Modifying Surfaces  

In the modifying surfaces method, the core particles surface is treated using coupling 

agents, surfactants, and crystal nuclei to enhance the binding and adsorption strength 

among ZIF-8 and the NPs and to achieve a close mixture between them. The ease of use 

and good applicability are two major advantages of this approach [115,116]. Lu et al. in-

vestigated the encapsulation of various inorganic NPs in ZIF-8 using PVP to functionalize 

the NPs. First, they succeeded in encapsulating functional guests in situ in ZIF-8 crystals 

[91]. Then, they succeeded in encapsulating most of the nanoparticles, rods, and spheres. 

To enhance the mixture of NPs and ZIF-8 materials, two nonpolar denominators were 

combined with an organic ligand. The secondary seed crystal growth method is a kind of 

surface modification technology; nanoscale seed particles of ZIF-8 are used as an alterna-

tive method of loading and modifying carrier particles using chemical reagents, and the 

growth of the ZIF-8 crystals is accelerated under the influence of the lead structure of seed 

crystals. Finally, a continuous and dense shell of ZIF-8 is generated around the carrier. 

The modifying surfaces method reduces ZIF-8 crystals’ sensitivity to environmental fac-

tors of synthesis and crystallization from solution [44].  

4.3. Template Synthesis  

This approach is classified into two groups: the process of soft template (using some 

molecular systems) and the method of hard template (some materials with rigid struc-

ture), in which threshold limitations affect the growth of the shells and the size of the 

nuclear particles at a given location. Surfactants and ions are generally utilized for stabi-

lizing the pre-synthesized NPs and caps. In the next step, the NPs are placed in a solution 

containing ZIF-8 molecular structure blocks, and ZIF-8 is applied to the NPs. In research, 

comparing ZIF-8 to conventional porous materials like zeolites, ZIF-8 is an effective host 

for guest materials because the modifiable pores and high porosity of ZIF-8 allow rapid 

access to entrap particles and accelerate mass transfer [117,118]. The microemulsion ap-

proach is counted among the soft template process. The fundamental is based on the for-

mation of an emulsion using two incongruent solvents under the surfactants action; the 

reactants nucleate in the center of the microbubbles or on the outer wall and then fuse to 

make core-shell particles that are monodisperse or monodisperse hollow due to excellent 

interfacial properties [44]. 

5. Advantages and Disadvantages of ZIF8/67 

Due to their zeolitic topology, high flexibility and multifunctional properties are po-

tential advantages of ZIFs. The fine dispersion and better absorptivity of ZIFs make them 

excellent candidates for electrochemical sensing. Even when organic solvents reflux, alka-

line solutions are present, and water is present, ZIFs show consistent performance in gas 

adsorption [119]. Among ZIF shapes, ZIF-67 is closely related to a cage-like shape and 

essential for hollow and core-shell structures. This structure facilitates mass transfer, pre-

vents dissolution, and shortens the time required for ions to disperse. This makes ZIF one 
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of the most important starting materials for super capacitor electrodes [120]. Several het-

erogeneous catalytic reactions are carried out with ZIF-67-based materials, including re-

dox reactions, addition reactions, esterification, hydrogenation, and hydrogenation-dehy-

drogenation [100]. With a degree of inhibition of 81%, the epoxy-coated cobalt-based na-

noporous ZIF-67 showed good corrosion protection properties [121]. Synthesized ZIF-8 

nanostructures with a high surface area, good porosity distribution, and bimetallic ions 

were characterized by their solvothermal properties. In the detection of nitrogen dioxide, 

ZIF-8 nanostructures are highly selective and responsive sensors [122]. Another major ad-

vantage of ZIF-8/67 is their ability to change the pore size and structure as efficiently as 

possible. In addition, the conventional microporous ZIF-8 has been greatly enhanced by 

the mesoporous development and multilayer porous ZIF-8. There are many active sites 

on ZIF-8 surface, as well as a separation of facial charges. There are several important 

applications for ZIF-8 materials, involving powders, colloid materials, membranes, and 

thin films [83]. The surface area of porous materials is the main criterion for determining 

their porous nature. ZIFs have a large surface area, which can be determined by measur-

ing Brunauer–Emmett–Teller (BET). Partial or low activation of the samples can some-

times lead to low surface area [123]. Nitrogen adsorption/desorption, Langmuir, and BET 

analyses are performed for evaluation [124]. In general, ZIF-8 NPs possess a special sur-

face area of 1500–2500 m2 g−1, a higher surface area than most other adsorbents. By com-

bining functional materials, ZIF-8 composites achieve better stability in water, ability to 

recycle, and higher porosity and pore size [44,125]. ZIF-67 possesses a large surface area 

(about 1700 m2 g−1) providing large active sites, and the macrospores (pore diameter of 

about 0.340 nm) are advantageous for reactions owing to their guest molecule attachment 

[126,127]. The cost of ZIFs is always the biggest problem for industrial production and 

large-scale applications. Solvothermal synthesis of ZIFs usually uses organic solvents 

such as CH3OH, DMF, and NMP for production and input of energy throughout synthe-

sis. Up to 70% of the production cost of ZIFs is due to high-cost precursor substances, such 

as metal salts and organic ligands and solvents [128]. To save costs, environmentally 

friendly and simple methods for the production of ZIFs are essential. For instance, using 

a hydrothermal process rather than a solvothermal process for preparing ZIFs is an effec-

tive way to avoid hazardous organic solvents. Furthermore, some ZIFs are produced with-

out the use of electricity at room temperature. In recent years, ZIFs have been synthesized 

using dry gels and mechanochemical processes, reducing organic ligand use or solvents 

and offering commercial potential [129]. To make ZIF-based materials a more efficient, 

novel method for inexpensive synthesis, we need to know more about the crystallization 

mechanism of ZIF. Chemical waste recovery can further reduce production costs through 

continuous synthesis processes [130,131]. Secondary pollution of the environment may 

result from ZIFs entering water during wastewater treatment. ZIFs have stability prob-

lems that can cause them to naturally enter water. A ZIF surface formed from the chemical 

combination of zinc ions, cobalt ions, and imidazole is relatively hydrophobic and insol-

uble in water. In addition, in recent research, it has been observed that soaking ZIFs in 

water causes them to lose their central metal ions [132,133], and the hydrolysis or defor-

mation of ZIFs in water has now been confirmed by several researchers [134–136]. To pre-

vent ZIFs from collapsing due to attacks on the metal coordination bonds, their stability 

must be improved. The use of ZIF powder may lead to clogging of the pipelines and loss 

of adsorbents during treatment. The importance of separating the spent ZIFs from the 

treatment chambers quickly and efficiently cannot be overstated. Several solutions are 

currently being aimed at assuring adequate contact of contaminants with ZIFs and safe 

reuse of ZIFs. These include bonding ZIFs with effortlessly reusable magnetic materials, 

mixing ZIFs with filter membranes, and applying ZIFs to macrosubstrates [92,112,137–

141]. 
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6. Application of ZIFs in Removing Pollutants from Wastewater  

ZIFs have excellent properties that allow them to be utilized as adsorbents and pho-

tocatalysts to efficiently eliminate various wastewater pollutions. The potential for their 

application in wastewater regeneration is immeasurable. The adsorption process is effec-

tive methods of wastewater treatment owing to its simplicity, cost efficiency, and lack of 

unwanted byproducts. A necessary component of the adsorption process is the research 

of highly effective sorbents. Therefore, it is ideal to enhance the adsorption capability of a 

particular adsorbent by improving its structure and morphology [44]. Due to its revolving 

door effect, ZIF-8 is able to adsorb large molecules exceeding its pore size. Yaghi’s exper-

iments have also shown that ZIF-8 can be easily modified and synthesized so that it can 

be mixed with other materials to form a highly effective adsorbent [52]. Unlike conven-

tional adsorbents, composites of ZIF-8 are able to reduce the adsorbents aggregation, and 

the adsorbent can be separated from water more efficiently. In the removal of water con-

taminants, ZIF-8 composites show better adsorption capacity and recyclability than indi-

vidual components [45,142]. For adsorption applications, an excellent level of stiffness and 

robustness is required for ZIFs to maintain their structural stability under high pressure. 

The structure of the pores is determined by acid-base interactions, electrostatic interac-

tions, π-bonds, stacking, coordination interactions, and hydrogen bonding [76]. In this 

way, molecules that fit perfectly into the pores are preferentially adsorbed, while mole-

cules that are too big or too tiny are excluded [143]. One of the current methods for treating 

water pollutants is catalytic oxidation, which includes photocatalytic oxidation, catalytic 

Fenton oxidation, ozone oxidation, and electrochemical catalysis. Photocatalysis is char-

acterized by consuming little energy under mild circumstances, which makes it an ideal 

method for reducing organic pollutants and other harmful contaminants [144,145]. A pho-

tocatalytic process is capable of degrading organic pollutants more efficiently than ad-

sorption. In the decomposition of mental iron, photocatalysis usually produces undesira-

ble byproducts. It can, however, effectively remove many organic pollutants from water 

by converting them to carbon dioxide and water , and inorganic contaminants can be con-

verted to harmless compounds via oxidation and reduction. Currently available photo-

catalysts have two main problems: their low quantum yield and poor conversion of solar 

energy limiting their application in wastewater purification [146]. The advancement of 

photocatalysts with increased activity and low cost, especially photocatalysts that respond 

to visible light, would considerably improve the efficacy of using sunlight. Semiconductor 

materials are frequently utilized as photocatalysts because of their great efficacy in con-

verting solar energy. Since TiO2 has a wide photosensitivity bandwidth and is suitable for 

UV radiation, it is widely used as a photocatalyst [147]. CdS, ZnO, WO3, and ZnS are also 

synthesized as semiconductors with photocatalytic activity. Photocatalytic degradation 

materials have the potential to be used for pollution control, but most of them require 

ultraviolet light irradiation to degrade pollutants, and the solar energy utilization is gen-

erally insufficient. It is possible to develop novel photocatalytic materials by using com-

posites based on MOFs. Table 2 compares the efficiency of ZIFs with some other catalysts. 

The organic functional groups in ZIF-8 have the potential to exhibit catalytic activity, and 

the wide pore volume makes it suitable for use as a catalyst. For ZIF-8 to be used as a 

catalyst, catalytically active particles must be combined to promote bulk diffusion. At the 

same time, the porous structure acts as a molecular separator to achieve selective catalysis. 

Once ZIF-8 with semiconductor properties is exposed to UV light, electrons and holes are 

generated, which is the first reaction step of photocatalysis. Because of the large band gap 

of ZIF-8 (4.90–5.10 eV) and insufficient electron release capability, its photocatalysis per-

formance is generally worse than that of conventional semiconductors. Different proce-

dures have been used to decrease the band gap and improve the efficiency of electron 

discharge. For example, ZIF-8 has been combined with metal oxides or various linkers or 

metal centers have been used to improve the photocatalytic activity [148,149]. ZIF-67 de-

rivatives can also be used as photocatalysts. There are two crucial components for this 
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process: transition metal cations (Co) and active organic ligands (imidazolates), which ex-

hibit charge separation properties and broad visible absorbing, catalytic properties, ad-

justable pore size configurations, and chemical and thermal stability. According to Park 

et al., ZIF-67 exhibits photocatalytic abilities under the conditions of the entire light spec-

trum. Consequently, it was found that it can contribute to the study of effective photo-

catalytic reactions capable of capturing and utilizing the entire light spectrum [150].  

Table 2. A comparison of dye and antibiotic removal efficiency using different catalysts. 

Catalyst Pollutant Operating Conditions Findings Ref 

Fe2O3-TiO2 Methyl blue 
[Catalyst] = 0.4 g 

[MB] = 1 × 10−5 mol/L 

Maximum MB degradation was obtained 

using 5 wt.% Fe -TiO2@ 600 ◦C. 

Degradation efficiencies of 87%, 78.5%, 

and 69.2% were achieved for the first, 

second, and third cycles, respectively. 

[151] 

Fe3+-TiO2 
Acid orange 

(AO7) 

[Catalyst] = 25–300 mg/L 

[AO7] = 50 mg/L 

pH = 3, 5, and 9 

[H2O2] = 15 mg/L 

[air, k] = 2.49 h−1 

[NaCl, k] = 2.54 h−1 

UV-light: complete degradation and 91% 

mineralization was obtained in 2.5 h us-

ing 3 wt.% Fe3+TiO2 

Visible light: complete 

degradation and 92.8% mineralization 

was obtained in 7 h using 2 wt.% Fe3+ 

TiO2. 

The photocatalytic system 

exhibited photochemical 

stability for at least 6 runs with degrada-

tion loss <9%. 

[152] 

P-Fe2O3-TiO2 

Sulfamethoxa-

zole 

(SMTZ) 

[SMTZ] = 10 mg/L 

Complete degradation of SMTZ and 30% 

mineralization were obtained under opti-

mum conditions of P doping (1.2 wt.%), 

solution pH (3), and catalyst dosage (1.25 

g/L). 

SMTZ degradation efficiency remained 

stable up to three cycles. 

[153] 

WO3/SiO2 

Methyl blue and 

imidacloprid 

(ICD) 

[Imidacloprid] = 5 mg/L 

[MB] = 10 mg/L 

pH 7.5 

Light source: 65 W lamp, λ > 420 

nm, 125 W/m2. 

Degradation of ICD and MB was ob-

tained 59% and 91% in 60 min and 120 

min, respectively. 

[154] 

Ag/AgCl@ZIF-

8/gC3N4 
Levofloxacin 

Mass ratio of Ag/AgCl@ZIF-8 to 

g-C3N4 = 10%, 87.3% 

LVFX was degraded 94.5% within 60 min 

in the presence of 2.0 mM PMS. 
[155] 

ZIF-8/Fe2O3 Reactive Red 198 

ZIF-8/Fe2O3 composite nano-

fibers (ZFCN) with different 

amounts of Fe2O3 nanofiber (5, 

10, and 20%). 

ZFCN showed the highest dye degrada-

tion and removed Reactive Red 198 

(RR198) at almost 94%. 

[156] 

6.1. Adsorptive Dye and Antibiotic Removal from Wastewater by ZIF-8 and ZIF-67 

Organic pollutants are more common in wastewater than inorganic pollutants, such 

as organic dyes, organic pollutants that are particularly harmful to the environment, and 

pharmaceuticals and personal care products (PPCPs). Dye wastewaters are one of the 

complex wastewaters, both domestically and internationally, because of their high chem-

ical oxygen demand (COD), biochemical oxygen demand (BOD), and refractory proper-

ties. Organic dyes not only enhance the hue of water, but also affect the appearance of 
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water. In addition, the water is prevented from absorbing sunlight and there is a reduction 

in dissolved oxygen. Aquatic organisms suffer from these effects, and even the whole eco-

system of the waterbody may be destroyed, so proper management is required [157,158]. 

Anionic MO dyes, cationic rhodamine B (RhB) dyes, malachite green (MG), methylene 

blue (MB) dyes, etc. are common persistent dyes [159,160]. The decomposition of organic 

contaminants is complex, and their residues are easily visible in water. Most PPCPs are 

present in wastewater at low concentrations, including pharmaceuticals, fragrances, cos-

metics, sunscreens, hair dyes, and other substances [161]. It has been reported that various 

composites of ZIF-8 can eliminate dyes from water, e.g., Fe3O4@ZIF-8, ZIF-8/PC-SMM, 

TiO2@ZIF-8, etc. [162,163]. Dai et al. used an aqueous solution of MG to evaluate the func-

tion of a newly formulated ZIF-8 [164,165]. In this research, ZIF-8 grew uniformly on the 

surface of supermacroporous polyacrylate carboxyl microspheres (PC-SMM) and made 

ZIF-8/PC-SMM composites. In addition to the adsorption properties of ZIF-8, the pre-

pared ZIF-8/PC-SMM had a spherical shape so that the NPs of ZIF-8 came into contact 

with the molecules of MG. The ZIF-8/PC-SMM composites had a 128-fold larger specific 

surface area than the PC-SMM microspheres, based on the characterization of BET. Since 

MG could not penetrate the ZIF-8 pores and reach the inner part of PC-SMM, most of the 

MG adsorption occurred at the surface of ZIF-8. The charging effect could lead MG to be 

adsorbed by ZIF-8, while the imidazole rings could bind to the MG benzene rings. The 

results of the last experiment show that ZIF-8/PC-SMM adsorption capacity reached 

101.20 mg.g−1, which was more than that of pure ZIF-8 and the commonly used resin ma-

terials. Moreover, the recovered composites of ZIF-8/PC-SMM successfully retained 98.8% 

of their original MG adsorption capability after three recycling cycles. Currently, dye deg-

radation can also be achieved with enzyme-based ZIF-8 materials [166]. Yu et al. coated 

Fe3O4@ZIF-8 particles with laccase and prepared Fe3O4@ZIF-8-Lac composites for dye ad-

sorption (Figure 6) [163]. Immobilization of laccase eliminated the volatility of free laccase 

and limited recycling. Fe3O4@ZIF-8-Lac showed higher thermal stability and longer stor-

ing stability and activity than laccase alone in thermal tests. In addition, Fe3O4@ZIF-8-Lac 

showed good performance in multiple dye degradation processes. 

 

Figure 6. Process of Fe3O4@ZIF-8 synthesis, reproduced with permission from [163]. Copyright 

Elsevier, 2019. 

ZIF-67 showed excellent adsorption abilities to remove various harmful impurities 

such as Cr (VI), benzotriazole, methyl orange (MO), MG, phenol, and 1-naphthol. The 

high absorption of ZIF-67 for organic compounds is attributed to its surface structure, 

affinity for Co cations, hydrophobic pores, coordination of unsaturated points, and higher 

durability. However, the separation of ZIF-67 from wastewater is extremely energy inten-

sive as it requires a very high centrifugation speed. A hybrid material of Fe3O4 and ZIF-67 

was developed as a solution to the problem. Yang et al. synthesized Fe3O4-PSS/ZIF-67 

(PSS = polystyrenesulfonic acid) with a core-shell structure, named MZIF-67. The shell 

morphology can be attributed to polystyrenesulfonate (PSS), which has the functional 

group -SO3-. In addition to their biocompatibility, these composites exhibited excellent se-

lectivity and magnetic features, so that they are effortlessly separated from wastewater 

with an external magnetic field. In addition, MZIF-67 showed rapid adsorption during 

the first seven hours of contact, and then a slow rate of adsorption, indicating that equi-

librium can be reached after 24 h of contact. To examine the magnetic features of MZIF-

67, MO removal from the MO/MB solution was also examined. Before and after magnetic 
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separation, UV-Vis spectra of the MB/MO mixed solution were observed with a separation 

efficiency of 96%, where the MO anions were bound to MZIF-67 and the MB cations re-

mained in the solution [88]. Li et al. reported a microporous Fe3O4/ZIF-67 with a rhombic 

dodecahedral structure, which has a specific surface area of 528.90 m2.g−1, a pore size dis-

persion of 0.65–1 nm, and a pore volume of 0.26 cm3/g. The synthesis of Fe3O4/ZIF-67 fol-

lowed the same method as Yang, but PSS was omitted. As a result, ZIF-67 formed a uni-

form dodecahedral structure to which spherical Fe3O4 particles were attached [167,168]. 

This composite was used in the removal of blue 80 (DB80, azo dye) directly from water. 

In addition, the impact of various factors such as contact time, adsorbent dose, tempera-

ture, pH, and initial concentration on the adsorption capacity was analyzed. The outcomes 

show that the adsorbent Fe3O4 can be easily separated due to its magnetic properties. A 

magnetization saturation of 6.620 emu g−1 was found in the sample, indicating a paramag-

netic character. As a result, Fe3O4/ZIF-67 can be easily separated using an external mag-

netic field [169]. A composite of bio-based magnetic particles based on ZIF-67 (ZIF-

67/Fe3O4/ESM) was synthesized by Mahmoodi et al. to study the heavy metals (Cu2+) ad-

sorption and removal of dyes. In this study, ESM was used as a low-cost, environmentally 

friendly polymer and magnetized to improve adsorption. An analysis of the effects of var-

ious operating parameters on ZIF-67/Fe3O4/ESM adsorption was performed, and optimal 

circumstances for the procedure were selected: pH = 5, room temperature, Cu2+ concen-

tration = 15 mg/L, and adsorbent dosage = 0.006 g [112]. Among the PPCPs, ciprofloxacin 

(CIP) is a representative compound. The compound is stable in terms of its chemical prop-

erties and stays in a natural condition for a long time because of its antibacterial proper-

ties. Yuan et al. investigated the use of konjac glucomannan (KGM)-based aerogels immo-

bilized with ZIF-8 particles to CIP adsorption. The KGM/ZIF-8 composites consisted of 

3D open-pore structures [146]. KGM was a cost-effective and biodegradable material that 

could be converted into aerogels with a high specific surface area via facial deacetylation 

[144]. The combination of ZIF-8 with KGM-based aerogels resulted in a more positive 

charge, and KGM/ZIF-8 could adsorb most of the CIP via electrostatic interactions. The 

combination of ZIF-8 with KGM-based aerogels resulted in a more positive charge, and 

KGM/ZIF-8 was able to adsorb most of the CIP via electrostatic interactions. A ZIF-8 com-

posite fiber, PDA, and PAN was synthesized with electrospinning and utilized by the 

Chao group to adsorb tetracycline (TC) [69]. Due to its flexible and durable properties, 

polyacrylonitrile (PAN) has always been used as a template for electrospinning fibers. By 

incorporating PDA into PAN fibers, the hydrophilicity of PAN was improved, and ZIF-8 

was loaded onto PAN fibers. The ZIF-8/PDA/PAN adsorption process on TC was ana-

lyzed by Chao et al. using the model of Weber–Morris. They concluded that intraparticle 

diffusion and surface adsorption have a crucial role in the adsorption procedure. The sur-

face functional groups of ZIF-8 mainly adsorb TC; the open metal Zn adsorbs TC via co-

ordination interactions because Zn and oxygen form strong chemical bonds. TC can also 

be removed by p-p stacking interactions between imidazole rings of ZIF-8 because they 

can act as aromatic molecules. The ZIF-8/PDA/PAN adsorption efficacy was compared to 

the ability of single functional materials after five cycles and achieved above 85% of the 

primary capacity. Chen et al. (2019) developed a simple one-point method to prepare hi-

erarchical porous ZIF-8 (HpZIF-8) to remove TC and CAP. Polydiallyldimethylammo-

nium chloride (PDDA) was used as a patterning agent to regulate the growth of mi-

croporous ZIF-8. Despite a smaller BET surface area, the modified material had a larger 

adsorption capacity than microporous ZIF-8 prepared under reflux heat [170]. It was suc-

cessfully demonstrated that CIP could be eliminated from the aqueous phase by utilizing 

a nanoporous carbon (NPC) derived from the carbonization of ZIF-8 at 700 C° (NPC-700). 

CIP had the highest sorption capacity (416 mg/g) compared to other adsorbents. The ma-

terial could be reused up to seven times [171]. The effectiveness of ZIF-8 in removing a 

mixture of TC and oxytetracycline hydrochloride (OTC) was investigated. ZIF-8 simulta-

neously removed 90.7% of TC and 82.5% of OTC in batch experiments. Both TC and OTC 

had a maximal adsorption capability of 303.0 and 312.5 mg/g, separately. The TC and OTC 
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adsorption at 303 K, TC, and OTC had pseudo-second order kinetics that best fit the Lang-

muir adsorption model with R2 = 0.9630 and 0.9810, respectively. ZIF-8 had a high specific 

surface area (1158.20 m2·g−1), and SEM and transmission electron microscopy (TEM) 

showed that antibiotics were adsorbed on its surface. ZIF-8, after reaction via X-ray pow-

der diffraction and Fourier transform infrared spectroscopy, showed benzene ring struc-

tures on its surface associated with both contaminants, confirming adsorption. ZIF-8 also 

exhibited C=O double bonds on its surface, suggesting the presence of antibiotics. It is 

likely that the mechanism causing adsorption involves the presence of π-π interactions 

among the coupled groups in TC/OTC and the ZIF-8 imidazole rings [172]. Ahmadi et al. 

investigated ZnO@ZIF-67, containing various concentrations of ZnO (0.03, 0.05, and 0.09 

g) and named as ZnOZ (0.03), ZnOZ (0.05), and ZnOZ (0.09), respectively. The synthesis 

of ZIF-67 and ZnOZ composites was carried out at room temperature. FTIR, SEM-, EDX, 

XRD, and BET analyses were performed on the synthetic materials ZIF-67, ZnO, ZnOZ 

(0.03), ZnOZ (0.05), and ZnOZ (0.09) to remove TC from water. Various parameters of the 

aqueous medium were also investigated, involving pH, initial concentration of pollution, 

dose of adsorbent, contact time, and temperature. TCC was removed using pseudo-sec-

ond order kinetics and the Langmuir isotherm. Moreover, thermodynamic data confirmed 

that adsorption of TCC was spontaneous and endothermic. The ZnO@ZIF-67 nanocom-

posite was a good adsorbent for the removal of pharmaceutical impurities from aqueous 

media [173]. Another study showed that an adsorption composite material, ZIF-67@ WA, 

could be prepared by anchoring rhombic ZIF-67 dodecahedra in wood aerogel synthe-

sized via selective lignin and hemicellulose removal from wood. The lamellar structure of 

WA creates suitable attachment sites for ZIF-67, and 32.65 wt% ZIF-67 was present in the 

composite. The crystallinity of ZIF-67 with a grain size of 1 mm was not influenced by the 

introduction of WA on the surface. TC adsorption was studied as a function of pH, contact 

time, concentration at incubation, temperature, coexisting ions, and humic acid. The ad-

sorption capacity of the composite was great (273.84 mg g−1 at 298 K), and the Langmuir 

isotherm and pseudo-second order kinetic models reflected the adsorption well. A ther-

modynamic study of the adsorption determined that it was an endothermic and sponta-

neous procedure. Moreover, a feasible adsorption mechanism was suggested. The elimi-

nation efficiency of TC decreased after 3 cycles, from 94.09% to 80.27%, indicating that the 

composite can be reused. The measured cobalt leaching was in the acceptable range, indi-

cating that the composite does not cause serious secondary contamination. TC can be ef-

fectively removed from water with ZIF-67@ WA due to its excellent performance of ad-

sorption, compressibility, light weight, and easy separation (Figure 7) [174].  
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Figure 7. Process of ZIF-67@WA fabrication, reproduced with permission from [174]. Copyright 

Elsevier, 2021. 

6.2. Equilibrium Isotherm and Kinetics Modeling 

A significant aspect in the adsorption systems development is the isotherm of ad-

sorption. An adsorption study provides information on how contaminants interact with 

adsorbents [175]. Consequently, it can have a crucial role in finding the adsorption capac-

ity and enhancing the adsorbent effectiveness when used in a suitable adsorption system 

[176]. Different adsorbate concentrations have been used to determine the adsorption iso-

therms for some synthetic materials [177,178]. In adsorption systems designing, the equi-

librium relationships provide information about the surface properties and capacities of 

adsorbents [179]. The Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D-R) 

isotherm models have been utilized to study adsorption equilibrium data. These models 

provide important data about the adsorption mechanism [180]. The adsorption equilib-

rium occurs in the form of a reversible chemical equilibrium among the surface of the 

adsorbent and the adsorbate solution according to the Langmuir adsorption isotherm 

model [175]. In this model, adsorption occurs at specific homogeneous sites on the surface 

of the adsorbent without in-plane diffusion of the adsorbate. The Freundlich isotherm is 

based on single-layer, reversible, and non-ideal adsorption, which is utilized in multilayer 

adsorption on heterogeneous surfaces via various adsorption affinities and energies [180]. 

According to the Temkin isotherm model, the heat of adsorption reduces linearly via in-

creasing the surface coverage of the adsorbent. One of the features of this model is the 

uniform dispersion of the binding energy. As another empirical model, the Dubinin–Ra-

dushkevich isotherm describes the adsorption of molecules on heterogeneous surfaces 

with a Gaussian energy dispersion [181]. Table 3 shows the Langmuir model explains the 

experiments more accurately (with R2 = 0.999) [178,180,182,183]. This is because the model 

has a better correlation coefficient (R2). However, other statistical ratios besides R2 should 

be considered in this evaluation. The model supposes that adsorption happens in a mon-

olayer and is based on the assumption that the surfaces of the adsorbents have active sites 
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with uniform adsorption energies [182,184]. One method of representing the interaction 

between adsorbents and processes is adsorption kinetics. Optimal operating conditions 

for a batch adsorption system are determined via kinetic studies [180]. Various pollutions’ 

adsorption kinetics on ZIF have been investigated in a series of experiments. Using the 

adsorption kinetics to determine the rate of adsorption is important in batch adsorption 

process designing [185]. To obtain helpful information on the factors influencing the rate 

of reaction, models of chemical kinetics must totally account for the adsorbent’s chemical 

and physical features [186]. Pseudo-first order and pseudo-second order intraparticle dif-

fusion models were used to find the contaminant adsorption kinetics on ZIFs. In most 

cases, the pseudo-second order model fits the experimental data best, with R2 values rang-

ing from 0.9855 to 1.000. A mesopore in ZIF-8/67 increases the adsorption affinity by al-

lowing diffusion of different adsorbates. A second-order kinetic model governing the ad-

sorption rate and adsorption capability based on chemisorption was well fitted to all ki-

netic curves studied in the work under review [187]. It is obvious that large specific surface 

areas, porous structures, and active adsorption sites correlate with high adsorption capac-

ity [188]. Owing to the empirical nature of the pseudo-second order model, current deri-

vations of chemisorption have been criticized [189]. According to research carried out by 

Igwegbe et al., the pseudo-second order model provides insufficient information to indi-

cate the surface heterogeneity of the adsorbent, especially when the linear plot varies 

[190]. To understand the surface heterogeneity of the adsorbent, a two-sided pseudo-sec-

ond order model can be utilized. According to this two-sided pseudo-second order model, 

there are two adsorption sites on the adsorbent, a and b. Adsorption at site a reaches equi-

librium earlier than at site b, and adsorption kinetics data at site b follow the pseudo-

second order model [191]. The solution initial concentration offers essential details about 

the driving force that overcomes the adsorbate total resistance during mass transfer 

among the ZIP surface and the aqueous solution [192]. Thus, a high initial concentration 

of contaminant accelerates the adsorption procedure. As the pollutant concentration in-

creases, the pollutant molecules diffuse more slowly within the boundary layer and dif-

fuse into the solid’s pores [193]. 

Table 3. Modeling of equilibrium isotherms and kinetics. 

ZIFs Pollutant Best Kinetics Model R2 
Best Isotherm 

Model 
R2 Ref 

ZIF-8/APTMS Acid blue 92 Pseudo-second order 0.9970 Langmuir 0.9990 [180] 

ZIF-8 Trichloroethylene Pseudo-second order 0.9820 Langmuir 
0.9930 

 
[194] 

ZIF-67 CR Pseudo-second order >0.9000 Freundlich >0.9700 [193] 

CTAB-ZIF-67 Diclofenac Pseudo-second order 0.9920 Langmuir 0.9930 [195] 

ZIF-8/PAN MB Pseudo-second order 0.9980 Langmuir 0.9940 [196] 

ZIF-67 CIP Pseudo-second order 0.9990 Langmuir 0.9920 [197] 

ZIF-

8/PDA/PAN 
TC Pseudo-second order 0.9990 Freundlich 0.9860 [69] 

6.3. Photocatalytic Removal of Dyes and Antibiotics by ZIF-8 and ZIF-67 

There has been extensive research on using ZIF-8 and ZIF-67 for water contaminant 

removal using a photocatalytic approach. Using Ag/AgCl NPs anchored on the ZIF-8 sur-

face, Fan and his co-workers provided a composite Ag/AgCl/ZIF-8 in 2017 [198]. Typical 

procedures include dispersing ZIF-8 evenly in the solution of ZnCl2, adding AgNO3 solu-

tion, and stirring the prepared suspension for 30 min. In a photo-reduction process, UV–

vis light irradiation of white products resulted in an Ag/AgCl/ZIF-8 composite. Ag/AgCl 

removed approximately 60% of RhB in one hour, whereas Ag/AgCl/ZIF-8 entirely re-

moved the dye. Acetaminophen and MB degradation by the Ag/AgCl/ZIF-8 composite 
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was reported by other researchers, [199] and [200]. Due to their wide energy band, AgCl 

and ZIF-8 cannot be inspired by visible light illumination in this photocatalytic system, 

but Ag/AgCl can because of surface plasma resonance. The absorbed photons can then be 

converted into e- and h+ by Ag/AgCl/ ZIF-8. Due to Ag NPs’ lower Fermi level compared 

to AgCl, the photoexcited e- will rapidly transfer to Ag NP. The strong adsorption ability 

of Ag NPs, combined with the power reduction of ZIF-8, would then result in the transfer 

of the e- on Ag NPs to the CB of ZIF-8, leading to active O2 generation (Figure 8a) [201,202]. 

In addition, h+ oxidizes Cl- ions in AgCl to produce Cl• radicals, which may also degrade 

pollutants. With overdose Ag+, Fan’s research group [203] developed Ag/AgCl/Ag nano-

film/ZIF-8 (AFZ) material. The MB photocatalytic degradation by AFZ was higher than 

that by Ag/AgCl/ZIF-8 (AZ). Photocatalytic systems AZ and AFZ removed 42.25% and 

53.39% of TOC, separately, after 12 min of visible light irradiation. There is evidence that 

the nanofilm of Ag on ZIF-8 acts like an electronic mediator between ZIF-8 and SPR me-

tallic Ag, allowing e- to be transported from Ag/AgCl to ZIF-8 (Figure 8b) [203]. Separat-

ing photoexcited e- more effectively produces an enhanced amount of O2 •−. 

 

Figure 8. (a) Ag/AgCl/ZIF-8 composite degradation mechanism, reproduced with permission from 

[200]. Copyright Elsevier, 2018; (b) transfer of electrons from plasmonic metal to AZ and AFZ, re-

produced with permission from [203]. Copyright Elsevier, 2017.  

Jing et al. investigated the ability of ZIF-8 to eliminate MB under UV light irradiation. 

The stability and ZIF-8 degradation were also analyzed in terms of the influencing factors, 

kinetics, and mechanisms. As confirmed by the detection of hydroxyl radicals (•OH) via 

fluorescence, the ZIF-8 photocatalyst showed efficient photocatalytic activity for the MB 

degradation under UV irradiation. A pseudo-kinetic first-order model explained the re-

moval of MB by the ZIF-8 photocatalyst. A strong alkaline environment increased the ad-

sorption potential of ZIF-8 and degradation efficiency in a pH range from 4.0 to 12.0. In 

strong alkaline environments, ZIF-8 works more efficiently due to its higher charge (pH > 

pHpzc) and its higher yield of OH. ZIF-8 could remove MB via photocatalysis. ZIF-8 was 

considered to be an effectual photocatalyst for the organic contaminants decomposing in 

this study [203]. A TiO2@ZIF-8 composite was prepared by encapsulating TiO2 nanotubes 

in ZIF-8 and used for visible light dye degradation. ZIF-8 acted as a host during the syn-

thesis to make sure that TiO2 did not condense. The UV-DRS spectra clearly showed that 

the microenvironment of TiO2 nanotubes was modified in the ZIF-8 cages, which de-

creased the TiO2 band gap and increased the photocatalytic activity [204]. The paint can 

be completely removed after 2 h of catalysis. In the case of MB, TiO2@ZIF-8 can remove 

87.5% of the dye, which is three times faster than TiO2 nanotubes alone. According to this 

study, TiO2@ZIF-8 had a high rate of recycling in comparison to ZIF-8 and TiO2, while 

TiO2 nanotubes showed low catalytic efficiency after the second degradation. Using 

ZnO@ZIF-8 hetero structures, Wang et al. tested the selective photocatalysis function of 

dye effluent consisting of MB and Cr(VI) [205]. Since ZnO@ZIF-8 exhibited a band gap of  
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3.3 eV, it was promising that enhanced selective photocatalysis could be achieved. Colloi-

dal ZnO beads were utilized to purify dye sewage, and both Cr(VI) and MB were removed 

simultaneously, but MB was degraded faster than Cr(VI). MB was entirely eliminated af-

ter 80 min, but 50% of Cr(VI) was still present. For the ZnO@ZIF-8 core-shell hetero struc-

tures used to purify dye wastewater, photocatalytic selectivity elimination was enhanced 

over Cr(VI), such that only 12% Cr(VI) was still present after 240 min. In contrast, more 

than half was left at MB when the equilibrium of degradation was reached after 80 min. 

The results indicate that ZnO@ZIF-8 was able to selectively photocatalyze Cr(VI) while 

slowing down the MB decomposing [206]. In another work [207], an ultrasonic cavitation 

technique was used to prepare ZIF-8-supported BiFeO3 photocatalysts. SEM and Raman 

spectroscopy were utilized to characterize the synthesized substances. In this study, the 

synthesized photocatalysts were evaluated for their ability to decolorize the dye rhoda-

mine-B under ultraviolet and visible light. To understand the role of the photocatalyst in 

decolorizing rhodamine-B, various operating parameters such as the amount of ZIF-8 in 

the composite, catalyst dosage, initial concentration of dye, and solution pH were studied 

at the beginning. The result was that the composite of ZIF-8 and BiFeO3 at 40.7 wt% 

showed the best photocatalytic behavior in decolorizing the rhodamine B dye. An acidic 

pH was more effective in removing Rh-B dye. Compared with ZIF-8 MOF and BiFeO3, the 

hybrid ZIF-8/BiFeO3 is more effective in decolorizing Rh-B dye. Under ultraviolet and vis-

ible light, the synthesized ZIF-8/BiFeO3 demonstrated exceptional photocatalytic activity 

for Rh-B dye removal from aqueous solutions. Rui Li et al. developed a ZIF-8@TiO2 com-

posite using a hydrothermal process. Charge transfer paths were possible between ZIF-8 

and TiO2 due to Zn-O-Ti formation at the interface (Figure 9). By transferring TiO2’s pho-

togenerated carriers to ZIF-8, O2 adsorbed on ZIF-8 can be provided with photogenerated 

electrons, so that more •O2 was generated. According to an alternative catalytic pathway, 

TiO2 photogenerated carriers can react with O2 and H2O and produce •OH and •O2− that 

could be used to degrade antibiotics. Furthermore, C and N elements were doped into 

TiO2 while the composite was being prepared, which reduced the band gap; it would also 

improve the usage rate of visible light. However, in the mixed materials, ZIF-8 primarily 

served as an antimicrobial adsorbent, while TiO2 served as a catalytic agent, and they 

acted synergistically to remove antibiotics [208]. 

 

Figure 9. Mechanism of photocatalysis, reproduced with permission from [208]. Copyright Else-

vier, 2020. 



Catalysts 2023, 13, 155 19 of 30 
 

 

Dyed organic compounds can be easily removed from water with Fe3O4/ZIF-67. 

There are several reasons for this, including a large surface area, the possibility of recy-

cling, and flower-like morphology. In Guan’s study, a highly stable Fe3O4/ZIF-67 nano-

composite was developed using the magnetic properties of Fe3O4 and its photocatalytic 

efficacy for the elimination of Congo red (CR) in the visible light wavelength range. Since 

Fe3O4 NPs were immobilized on ZIF-67, their magnetic effects were rapidly transferred to 

the external magnetic field, which facilitated their separation from aqueous solutions 

[209]. In another study, ZIF-67@CoWO4@CoS hetero structures showed good performance 

in the degradation of dyes under visible light MB. Various surface characterization tech-

niques have been utilized for analyzing the optical, structural, and morphological features 

of this material, including XRD, FE-SEM, EDX, UV-DRS, VSM, and BET. After 10 min of 

irradiation, the photocatalyst ZIF-67@CoWO4@CoS showed higher photocatalytic degra-

dation efficiency than its complementary components (about 100%). Moreover, the ZIF-

67@CoWO4@CoS photocatalyst showed higher activity than the ZIF-67@CoWO4 and ZIF-

67@CoS nanocomposites. The produced ZIF-67@CoWO4@CoS hetero structures exhibited 

enhanced photocatalytic degradation efficiency due to the synergistic impacts of ZIF-67, 

CoWO4, and CoS NPs and the narrow energy band gap. MB is degraded via photocataly-

sis according to a pseudo-first order kinetic model (K1 = 0.1050 min-1). Furthermore, the 

ZIF-67@CoWO4@CoS photocatalyst showed exceptional stability and could be reused 

eight times with no significant reduction in its decomposing activity. The study demon-

strates the effectiveness, low cost, and easy availability of the ZIF-67@CoWO4@CoS pho-

tocatalyst in degrading a variety of organic contaminants in wastewater [210]. Chen et al. 

developed a composite photocatalyst of molybdenum disulfide and zeolitic imidazolate 

framework-8 (MoS2/ZIF-8), which increased the CIP and TC degradation rates by 1.21 and 

1.07, respectively. The catalysis processes tentatively identified the conversion products 

for CIP and TC. Compared to MoS2, the ZIF-8 nanocomposites produce 1.790 times more 

hydrogen than MoS2. In this study, original and effective 1T/2H-MoS2/MOF-based pho-

tocatalysts were investigated by optimizing the design of the surface nano-heterojunction 

structures. Stability testing revealed that the assembled photocatalyst is durable and ex-

hibits a high level of catalytic performance. Therefore, the application of photocatalysts 

based on 1T/2H-MoS2/MOF for the degradation of antibiotics is very promising [211]. Ac-

cording to Guo et al., an in-situ co-precipitation process was used to form a direct Z-

scheme heterojunction with a coexisting Ag+/Ag0 system. By exchanging Ag+ and Zn2+ 

ions, it was confirmed that Ag+ and Ag0 exist on the ZIF-8 surface. The band gap of ZIF-8 

decreased in accordance with X-ray diffraction (XRD) and X-ray photoelectron spectros-

copy. In the degradation of antibiotics with multiple residues under visible light irradia-

tion for 60 min, the 12 wt% Ag@ZIF-8/g-C3N4 nanocomposites showed the best adsorptive 

photocatalytic activity. Compared with pure g-C3N4, they showed a degradation efficacy 

of 90% and an apparent 10.27 times higher reaction rate constant. It was demonstrated 

that ̇ O2- and ̇ OH have a crucial role in the process of photocatalytic degradation in radical 

scavenging experiments. Moreover, they proposed that an internal electric field is created 

to compensate the interfacial mediators among Ag@ZIF-8 and g-C3N4, a possible direct 

photocatalytic Z-scheme mechanism. To achieve this improvement, Ag@ZIF-8 and g-C3N4 

were prepared in a direct Z-scheme heterojunction. In this way, the redox capability of 

Ag@ZIF-8/g-C3N4 and the electrons and holes separation can be accelerated. The combi-

nation of adsorption and photocatalysis is a promising approach for the degradation of 

various antibiotics. The high surface area and high orienting adsorption capacity of ZIF-8 

make it ideal for integrated adsorption-photocatalytic antibiotic removal. Consequently, 

this investigation provided novel perceptions about improving the redox potential to ef-

ficiently degrade several antibiotics under visible light [212]. On the basis of a plain hy-

drothermal synthesis method based on ZIF-67, Askari et al. constructed a ternary MOF-

based heterojunction catalyst from CuWO4/Bi2S3/ZIF-67, and the central conformal design 

was utilized to find the optimal operating factors of the photocatalytic degradation oper-
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ation for cephalexin and metronidazole. Under optimal conditions and visible light irra-

diation, the cephalexin and metronidazole PPCPs showed degradation efficiencies of 

90.1% and 95.6%, respectively, with maximum total organic carbon elimination of 74% 

and 83.20% each. The new triple photocatalytic removal with MOFs has a considerably 

enhanced performance compared to the binary catalyst CuWO4/Bi2S3 alone [213]. Hou et 

al. synthesized the ZIF-67 catalyst using Co(NO3)2 and 2 MIM at room temperature. Hy-

drogen peroxide promotes excellent degradation of TC by ZIF-67 catalysts. It was also 

shown that the concentration of hydrogen peroxide, the catalyst dose, and the dose of TC 

affected the degradation of TC. The experimental results showed that ⋅OH was the domi-

nant active species. ZIF-67 was effectively reutilized four times without any significant 

reduction in degradation efficacy, demonstrating its excellent reusability and stability 

[214].  

7. Desorption and Reusability 

Analysis of the reusability and regenerability of a used adsorbent is critical to the 

possibility of using an adsorbent for industrial applications where cost is an important 

consideration [215,216]. The commercial usage of the adsorbent technology depends on 

its reusability degree. This is because the effectiveness of a selected adsorption process 

increases when the adsorbent is validated for reusability. The recovery of the adsorbent 

after the uptake of impurities and the continuous utilization of the adsorbent while main-

taining its properties after repeated regeneration are also significant features of an adsor-

bent used in industry [194]. Table 4 summarizes the results of the different adsorbents for 

ZIFs in terms of desorption and reusability. For example, Panda et al. investigated ZIF-8 

to remove reactive blue-4 (RB4) from aqueous media through physical adsorption. In this 

study, electrostatic attraction, pore-filling effects, and hydrogen bonding interactions 

were discussed in light of the adsorption of RB4. The adsorption capacity of ZIF-8 for three 

consecutive adsorption-desorption cycles was compared, and according to the result, ZIF-

8’s adsorption-desorption capacity decreased by 30% after three cycles [217]. NaCl solu-

tions have also been used to revive ZIFs for electrostatic adsorption of contaminants 

through the electrostatic attraction force. During washing of used ZIF-67, Seo et al. used 

a high concentration of NaCl (15 wt%) as the eluent. The results showed that rinsing with 

NaCl solution can demonstrate good and stable regeneration efficiency upon multiple cy-

cles of analysis [218]. Several researchers have also used C2H5OH as an eluent for washing 

used ZIFs. Lin et al. used MRGO/ZIF for the removal of MG. Multiple-cycle MG adsorp-

tion using regenerated MRGO/ZIF revealed that MRGO/ZIF can be recovered and reused, 

demonstrating high efficiency and stability of the recyclability. The rate of its adsorption 

after four cycles was 100% [219]. Due to their excellent regeneration properties, ZIF-8/ZIF-

67 were excellent adsorbents for the elimination of various pollutants from polluted water. 

Various methods were used to study the desorption of contaminants from spent ZIFs such 

as the use of different eluents and pH variations in aqueous solutions [138]. By washing 

the adsorbents utilized with eluents such as NaOH [180,220], methanol [221], acidic etha-

nol [222], NaCl [223], ethanol [217,223], and HCl [223], etc., ZIFs can be regenerated. ZIFs 

can be regenerated and reused for further adsorption processes; they are then filtered and 

dried for recovery.  
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Table 4. Rate of desorption, adsorption of ZIF-8 and ZIF-67. 

Type of ZIFs Pollution Eluent 
Rate of  

Desorption 

Cycle 

Number  

Rate of Adsorption  

after N Cycles 
Ref 

ZIF-8 Reactive blue-4 C2H5OH - 3 70 [217] 

ZIF-67 CR C2H5OH - 3 90 [223] 

ZIF-8/APTMS Acid blue 92 NaOH 100 4 82 [180] 

ZIF-8/PAN MB C2H5OH - 3 85 [196] 

ZIF-8 CIP CH3OH 97 7 85 [188] 

ZIF-67 CIP C2H5OH - 5 80 [197] 

CTAB-ZIF-67 Diclofenac NaCl - - 80 [218] 

MRGO-ZIF-67 MG C2H5OH 98 4 100 [222] 

8. Perspective 

Despite the extensive and ongoing research on dye and antibiotic adsorption and 

photocatalytic degradation by ZIFs, further attention should be paid to practical applica-

tions. With respect to dyes and antibiotics, ZIFs face several critical challenges in practice: 

1. Any research result must not only be socially and environmentally friendly, but also 

be transferred from laboratory research to industrial application. Therefore, in addi-

tion to capacity of adsorption and degradation, selectivity adsorption, photodegra-

dation of pollutants, and recyclability are critical for practical application. To opti-

mize the ZIF-8/67 composites for photocatalytic elimination of pollutions, future 

studies should improve the adsorption efficacy of sunlight and minimize electron-

hole pair recombination. Production cost remains a bottleneck in the industrializa-

tion of ZIF-8/67 as a key evaluation metric in engineering applications. On the other 

hand, a ZIF-8/67 composite must withstand acidic situations, high temperatures, and 

complex organic solvent systems and must exhibit long-term water stability in 

wastewater treatment. Therefore, more cost-effective synthesis strategies need to be 

developed and composites recycled. 

2. MOFs (ZIFs) are currently used to remove antibiotics and dyes from laboratory beak-

ers. In the future, it is expected that these materials will be utilized in reactors and 

even water purification plants. The problem appears to be solved by combining ZIF-

based photocatalysts with membrane reactors and support-based adsorbents.It is not 

only water quality that is threatened by antibiotics. As a result of the accumulation 

of antibiotics in water, microbial resistance genes are formed. Currently, resistance 

genes limited to ZIF-8/67 have not been researched in depth. 

3. Current research focuses on the removal of antibiotics in the mg/L range. Neverthe-

less, most antibiotics in natural waterbodies and urban wastewater are dissolved at 

concentrations of µg/L, making the application of ZIFs for adsorption and photocata-

lytic antibiotics removal difficult. 

4. While the rate of antibiotics and dyes removal is hopeful when processed with ZIF-

8/67, the removal rate of COD is relatively low, indicating that antibiotics and dyes 

are not mineralized to their maximum potential. Many intermediates are involved in 

the photodegradation process, so the research of the intermediates is also important. 

9. Conclusions 

MOFs are very efficient in adsorption and photodegradation due to their composi-

tion of metals or metal clusters and organic coupling agents. The efficiency of MOFs can 

be improved by enhancing their pore structure, functionality, and metal doping. Because 

of their excellent thermal and chemical stability, ZIF-8 and ZIF-67 are successful materials 

for wastewater treatment and can overcome the drawbacks of MOFs. ZIF-8/67 composites 

are gaining popularity in water purification and wastewater remediation owing to their 

high porosity and active sites. However, there are some weaknesses, especially in terms 
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of the synthesis cost of ZIFs and the problem of secondary pollution of the environment, 

which may result from ZIFs entering water during wastewater treatment. Using environ-

mentally friendly approaches, such as a hydrothermal process for preparation of ZIFs, can 

be very cost-effective, and bonding ZIFs with effortlessly reusable magnetic materials, 

mixing ZIFs with filter membranes, and applying ZIFs to macrosubstrates can solve these 

significant limitations, respectively. 

Here, we reviewed the literature on the application of ZIF-8/67 as adsorbent and pho-

tocatalyst for the elimination of water contaminants such as dyes and antibiotics, followed 

by an introduction to the synthesis strategies for ZIF-8/67 composites and their general 

application. Accordingly, further studies should aim to determine the mechanism of bio-

logical effects of ZIF-8/67, allowing fine-tuning at the molecular level and, consequently, 

effective action on biological targets and minimal toxicity. In addition, biomedical re-

search should be conducted with solution-stable MOFs under physiological circum-

stances and concentrations. 
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