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Abstract: Photocatalysis is one of the alternatives for wastewater treatment. The photocatalytic 

performance of MOFs degrading dyes and other pollutants are compared in this review. Most MOFs 
exhibit great degradation activity, even reaching 100% dyes successfully degraded while using MIL-
125(Ti) and UiO-66-NH2@CNT types of MOFs. Factors such as pH, catalyst concentration, lighting 
conditions, the structure of materials, stability, and reusability, as well as techniques for 
characterizing MOF degradation pathways and limitation of MOFs for photodegradation, are also 
discussed. 
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1.  Introduction  
The textile industry, one of the world's largest industrial 

sectors, operates globally with a total revenue of $1 
trillion. It constitutes 7% of the world's total exports and 
plays a significant role in the global economy1). However, 
the industry is also a substantial source of environmental 
pollution in various countries. Fast fashion trends have 
contributed to worldwide apparel manufacturing and 
consumption during the last five decades2,3). The leading 
cause of this problem is the inability of the textile industry 
to dispose of its wastewater correctly4,5). This wastewater 
affects not only human health but also the species that live 
in the surrounding area, threatening the general 
sustainability of the environment6,7).  

The textile industry generates many wastes, including 
hazardous metal components, fabric and yarn scraps, and 
textile dyes8,9). Textile dyes, being water-soluble and 
highly stable to temperature, light, and other substances, 
present challenges in decomposition and resist removal 
during conventional water treatment processes10). These 
dyes persist in the environment for extended periods 
without intervention11). In Indonesia, the problem of water 
pollution has emerged as the primary focus of concern for 
Indonesian researchers at present12). Researchers have 
explored many treatment options in response to the 
challenge of dye waste removal: mechanical, 
physicochemical, and biological methods13). Various 
techniques such as adsorption, ion exchange, coagulation-

flocculation, and the cutting-edge technology of advanced 
oxidation processes (AOPs) are also explored14,15). AOPs 
comprise approaches such as Fenton oxidation, photo-
Fenton, ozonation, electrochemical oxidation, and 
photocatalysis6). 

The photocatalysis method is one of many methods in 
the advanced oxidation process, wherein reactive oxygen 
species (ROS) are generated to break down organic 
contaminants into non-toxic by-products16,17). During the 
photocatalyst process, reactive oxygen species are 
generated, specifically hydroxyl radicals (•OH) and 
superoxide radicals (O2

•-), which possess powerful 
oxidative properties18). Consequently, these radicals can 
be involved in chemical reactions with organic pollutants, 
such as dyes, forming less harmful substances19). One of 
the materials that can be used as a catalyst in this 
photocatalyst process is metal-organic framework 
material, which can exist in pure and hybrid forms20). 

Metal-organic frameworks (MOFs) are a recently 
developed group of coordination compounds that consist 
of metal-oxo groups and organic linkers connected 
through coordination interactions, leading to the 
formation of two- or three-dimensional skeletal 
structures20,21). MOFs provide several benefits, including 
well-organized structure and clusters, high porosity, 
convenient modification, extensive surface area, and 
excellent thermal stability22). Furthermore, MOFs are 
widely used in many chemical fields, such as separation 
materials, gas storage, drug delivery systems, and 
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catalysts23–25) due to the flexibility of their surface 
structure.   

MOFs have also emerged as promising materials for 
photocatalysis due to their tunable band gaps, which 
enable them to absorb light and generate electron-hole 
pairs necessary for photocatalytic reactions. The band gap, 
the energy difference between the valence band (VB) and 
the conduction band (CB), determines the wavelength of 
light that MOFs can absorb. By carefully designing the 
organic ligands and metal nodes in MOFs, researchers can 
adjust the band gap to match the energy of visible or UV 
light. This tunability allows MOFs to harness light energy 
effectively, facilitating the generation of reactive species 
such as hydroxyl radicals and superoxide ions, which are 
crucial for degrading pollutants. Among the various types 
of MOFs utilized for photocatalytic applications, there are 
several noteworthy MOFs with suitable band gaps for 
photocatalysis purposes (Fig. 1). Firstly, UiO-type MOFs, 
characterized by their robustness and large pore sizes, 
have shown excellent performance in photocatalytic 
reactions, owing to their high surface area and stability 
under harsh conditions. MIL-type MOFs, featuring open 
metal sites and tailored pore structures, also exhibit 
enhanced light absorption and charge separation 
properties, making them efficient photocatalysts for 
various transformations. 

Moreover, with their inherent porosity and chemical 
stability, ZIF-type MOFs have demonstrated significant 
potential in photocatalytic applications, particularly in 
hydrogen evolution and pollutant degradation. These 
examples illustrate the diverse range of MOF architectures 
that can be tailored for photocatalysis, offering 
opportunities to develop advanced materials for 
sustainable energy and environmental remediation 
applications. Many other types of MOFs and composites 
also showed promising activity for photodegradation.  

 

 
Fig. 1: Band gap of the different MOFs26–28) 

 
Hence, this review article will discuss the utilization of 

MOF materials as photocatalysts for photodegrading 
organic dyes and other pollutants. It will also discuss some 
parameters that affect their activity, challenges, and 
limitations of MOFs as photocatalysts.  

 
2.  Metal-Organic Frameworks 

MOFs are crystalline materials constructed from 
inorganic metal ions or clusters linked by organic ligands 
through coordination interactions (Fig 2)29,30). The 

versatility of MOFs lies in the virtually limitless 
possibilities for tailoring their chemical properties by 
selecting and combining different metal ions and organic 
linkers. This allows for precise control over porosity and 
functionality, making them highly adaptable for various 
applications31,32) Recently, there has been growing interest 
in using MOF-based materials as catalysts for thermo-, 
photo-, and electrocatalytic processes because of their 
excellent thermal stability, wide surface area and porosity, 
and the ability to control their acidity and basicity25,29).  

 
Fig. 2: Metal-organic Frameworks 

 
Hoskin and Robson pioneered the synthesis of MOFs in 

the early 1990s. These materials feature a scaffold-like 3D 
structure constructed from octahedral/tetrahedral metal 
centers linked by organic ligands21). MOFs have attracted 
considerable research interest in photocatalysis due to 
their effectiveness as catalysts. Researchers have explored 
various techniques to enhance further the photocatalytic 
properties of pure MOFs, including metal/ligand mixture 
strategies, ligand functionalization, dye sensitization, and 
metal/ligand ion immobilization30). These modifications 
can influence charge transfer efficiency during 
photoexcitation, light absorption, and the subsequent 
utilization of absorbed energy30,33). Modifying the ligand 
orientation can impact the accessibility of the pore and 
ultimately determine the selectivity of MOF catalysts32). 
In addition to their pure state, MOFs can also undergo 
modification through composite formation with other 
materials, such as H2O2, metal, metal oxides34), 
bimetallic35), ternary metal36), or polymetallic37). 
Enhancing its chemical and thermal stability can also 
influence its physiochemical characteristics, including 
electrical conductivity and magnetism. Composite 
materials consisting of MOFs and other substances 
promote uniform dispersion of chemical components and 
enhance the active surface area for catalytic activity, 
resulting in higher catalyst activity efficiency31). 

 
3.  Introduction of Photocatalysis 

Photocatalysis shares similarities with photochemistry, 
both operating on principles analogous to natural 
photosynthesis in plants. Both processes harness light 
energy to convert it into chemical forms. However, unlike 
photosynthesis, which employs chlorophyll, 
photocatalysis utilizes semiconductor materials known as 
"photocatalysts" to facilitate the process38). 

Photocatalysis occurs when ROS, free radicals with at 
least one unpaired electron, are generated. These free 
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radicals are crucial in breaking down pollutants with 
complex and large chemical structures16,33). During 
photocatalysis, electron/hole pairs are produced, resulting 
in the formation of hydroxyl radicals (•OH) and 
superoxide radicals (O2

•-), both of which possess powerful 
redox properties14,39). Photocatalysis reactions depend on 
only light as the exclusive energy source to activate the 
photocatalyst. The photocatalyst utilizes light energy to 
stimulate electrons in the valence band, causing them to 
transition to the energy band and generate photogenerated 
carriers40). This process is favorable due to its low cost, 
environmental friendliness, and cleanness41). 
Photocatalysis also offers several advantages for pollutant 
removal, including faster degradation rates, mild 
operating conditions42), and tunable product selectivity43). 

In 1972, Fujishima and Honda made a significant 
breakthrough in photocatalysis by demonstrating that 
sunlight can separate water into hydrogen and oxygen 
using a TiO2 electrode39,40). Photocatalysis can 
degrade organic pollutants, including dyes, using several 
catalysts such as metal nanoparticles, metal oxides, carbon 
polymers, perovskites, covalent-organic frameworks, and 
metal-organic frameworks40). The photodegradation 
process works by mixing photocatalytic material into 
polluted air and irradiating it with light44)

. 
 
4. Photocatalytic Degradation Mechanism of 

Pollutants by MOFs 
In general, photocatalysis occurs when the catalyst is 

exposed to light45). Several electrons (e-) will leave the 
valence band (valence band, VB) towards the conduction 
band (conduction band, CB) and leave holes (h+) (Fig. 3). 
The photogenerated electrons (e-) and holes (h+) possess 
distinct chemical potentials determined by their position. 
Each plays a crucial role in facilitating the corresponding 
redox processes. Valence band vacancies, or holes (h+), 
undergo a reaction with H2O  in solution, forming •OH. 
Similarly, electrons in the conduction band react with O2 
to produce O2

•-. The two radicals mentioned can degrade 
organic contaminants, specifically dyes. The byproducts 
of this degradation process include carbon dioxide (CO2) 
and water (H2O)39,46–48). 

 

 
Fig. 3: Radical generation process 

 

Based on the catalyst phase, AOPs can be categorized 
into heterogeneous and homogeneous photocatalysis. In 
heterogeneous photocatalysis, light irradiation of a 
semiconductor catalyst induces charge separation, 
producing ROS49). These solid-state catalysts are easily 
separated from the reaction mixture. However, active sites 
could be more frequently defined, leading to reduced 
initial reaction rates and the possibility of undesired 
byproducts. Conversely, homogenous processes suffer 
catalyst loss and rapid deactivation. As a result, 
heterogeneous photocatalysis using MOFs is a popular 
option for wastewater treatment due to the catalyst's 
reusability, which reduces costs and environmental impact. 
However, the accessibility of active sites inside the MOF 
structure can be a limiting issue, as reactant and product 
diffusion are slow44). 

The ability of MOFs to capture and utilize light energy 
is an essential factor when selecting them for 
photocatalysis. The highly versatile MOF framework 
enables precise design and modification to improve 
photocatalytic activity. Certain MOFs containing metal 
ions, such as Fe, Cr, Zr, and Ti, can successfully utilize 
and absorb solar energy. These MOFs frequently have a 
narrow bandgap, allowing them to be triggered by visible 
light, making them exciting candidates for the degradation 
of organic pollutants. Furthermore, organic linkers in 
MOFs enable variable light absorption and effective 
charge separation, resulting in longer excited state 
intervals in the microsecond range44). 

Mahmoodi et al. successfully synthesized MIL-100 
(Fe) to degrade the textile dye basic blue 41 (BB41). This 
process is initiated by UV light excitation of MIL-100 (Fe), 
which triggers the formation of electron (e⁻) and hole (h⁺) 
pairs within the MOFs. This generation of e⁻/h⁺ pairs is 
the first step in photocatalysis. Upon light absorption, 
electrons are promoted from the VB to the CB, leaving 
behind holes in the VB (Fig. 4). These excited electrons 
and holes can then migrate to the MOF surface. Surface 
electrons reduce O2 to O2

•-, which can further react to form 
•OH. Simultaneously, VB holes oxidize water molecules 
to generate additional •OH radicals. These highly reactive 
•OH are the primary species responsible for breaking 
down BB41 into non-toxic molecules42). 

 
Fig. 4: Photocatalytic BB41 degradation by the MIL-10042). 
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Sharma et al. used energy level diagrams to describe the 

photocatalytic mechanism for organic pollutant 
degradation in a Bi2O3@Fe-MOF composite50). Figure 5 
shows that the VB and CB of Bi2O3 have higher positive 
potentials than the LUMO and HOMO of Fe-MOF. Bi2O3 
and Fe-MOF are both excited by visible light, leading to 
the formation of e⁻ and h⁺. Electrons from Bi2O3's 
conduction band move to Fe-MOF's VB due to the internal 
field at the heterojunction interface, triggering greater 
charge separation. Electrons on Fe-MOF and holes on 
Bi2O3 create reactive radicals (O2

•- and •OH) that break 
down organic pollutants like rhodamine B and triclopyr. 

 

 
Fig. 5: Mechanism of charge transfer in Bi2O3@Fe-MOF for 

photocatalytic degradation50) 
 

5. Photocatalytic Degradation of Organic 
Dyes using MOFs 
In recent decades, MOFs have shown significant 

promise in the photocatalytic degradation of organic 
pollutants. MOFs such as ZIF-8, MOF-5, MIL-125, and 
UiO-66 exhibit properties analogous to semiconductors, 
comprising metal ions and organic linkers, function akin 
to discrete semiconductor quantum dots equipped with 
light-absorbing antennae. The description of metal ions 
and organic linkers that construct the structures of some 
MOFs above can be seen in Table 1. 

  
Table 1. Some MOFs exhibit semiconductor-like behavior. 

MOFs Empirical Formula Metal Linkers 

MOF-5 Zn4O(BDC)3 

BDC=1,4-benzene 

dicarboxylate 

Zn 

 

MIL-125 Ti8O8(OH)4(BDC)6 Ti 

 

UiO-66 (Zr6O4(OH)4(BDC)6) Zr 

 

ZIF-8 Zn(2-methylimidazole)2 Zn 

 
 
Currently, scientists are in the process of synthesizing 

many types of MOFs that have the potential to be utilized 
in the process of photocatalysis. Table 2 displays the 
research that uses MOFs for dye degradation. The light 
source utilized for the process might vary, ranging from 
visible, UV, and LED light to direct sunlight. The 
parameters employed in photocatalysis experiments differ 
among studies, covering factors such as the photocatalyst 
dosage, the reaction duration, and the type of light source 
used. Within the scope of this review article, the 
parameters of temperature and pH should be given more 
attention, except for a few research. The studies 
referenced in51),52), and53) have established that the pH 
levels during the photocatalyst reaction were 6, 7, and 1, 
resulting in degradation efficiencies of 99%, 99%, and 
91.70%, respectively. Regarding the temperature 
parameter, most of the examined studies used room 
temperature for the reaction. As in54) and55), the 
temperature was maintained using a water bath during the 
reaction process. 

Regarding the results shown in Table 2, it is crucial to 
observe the most significant level of degradation, 
amounting to 100%, using MIL-125(Ti) and PCN-
250(Fe2Mn). Both individuals utilized visible light as a 
light source, with reaction times of 80 minutes and 290 
minutes, respectively. However, the degradation 
efficiency of Fe-BTC56) was also relatively low, at just 
62% in 90 minutes. Both individuals utilized UV light as 
the light source during the photocatalysis procedure. The 
band gap energy is 6.63 eV. 

Additionally, specific MOFs can be combined with 
H2O2 during photocatalysis to hinder the recombination of 
electrons and holes51). H2O2 acts as an electron inhibitor, 
preventing the excited electrons from returning to the 
valence band and reducing the number of holes 
generated57).  It will enhance the production of hydroxyl 
radicals, increasing the degradation process's 
effectiveness51). In the previous study58), the degradation 
rate was only 58% before H2O2 was added. However, after 
adding H2O2, the degradation rate considerably increased 
to 93%. 

The degradation efficiency findings reported from each 
investigation exhibit variability. Multiple variables 
influence the decrease in efficiency of the photocatalysis 
process. The light intensity and wavelength of the light are 
two characteristics that have an influence47,59). The 
electron/hole recombination rate is elevated at low 
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intensities, impacting reactive oxygen species generation 
47). Moreover, the degradation efficiency is significantly 
influenced by the quantity of catalyst used59). The 
degradation efficiency will be proportionally enhanced 
with the amount of catalyst utilized, as this improves the 
number of active sites on the photocatalyst surface, 
amplifying the formation of •OH radicals60). The pH level 
significantly influences the degradation of pollutants 
during photocatalysis47,59). The influence of pH on the 
photodegradation process occurs mainly in three stages of 
the photocatalysis process: (1) direct oxidation by 
positively charged holes, (2) the activity of •OH radicals, 

and (3) direct reduction by electrons in the conduction 
band47). The photocatalysis process is influenced by 
temperature, with higher temperatures often leading to 
increased photocatalysis activity59). 

Nevertheless, temperatures beyond 80°C result in an 
elevated electron or hole collision rate60). Studies with 
degradation efficiency below 70% may overlook certain 
variables, such as pH and temperature, which can reduce 
overall degradation efficiency. Furthermore, the quantity 
of catalyst employed and the light intensity used 
throughout the reaction process may also be factors to 
consider. 

 
Table 2. Different MOFs used as photocatalysts and their corresponding degradation efficiency 

Materials Dyes 
Band gap 

(eV) 
Dosage 

Duration 
(minutes) 

Light 
Source 

Degradation 
(%) 

Ref. 

NNU-36 + H2O2 Rhodamine B 2.28 15 mg 60 Visible light 96.20 61) 

Cu3(BTC)2 + H2O2 Rhodamine B 3.68 0.5 g/L 60 Visible light 99 51) 

MIL-125(Ti) Rhodamine B 2.70 10% wt 80 Visible light 100 62) 

Zn-BTC + H2O2 Rhodamine B 2.84 2 mg 90 Visible light 85 63) 

NNU-15(Ce) + H2O2 Rhodamine B 2.11 30 mg 12 Visible light 99 57) 

BiOBr/CAU-17-2h Rhodamine B 2.86 - 50 Visible light 85.70 64) 

Fe3O4@ZnO@ZIF-8 Rhodamine B 2.58 5 mg 100 
Xenon/ 
visible 
Light 

98 65) 

BiOI/NH2-MIL-
125(Ti) 

Rhodamine B 
dan p-
chlorophenol  

2.41 - 240 Visible light 73 66) 

Bi–Fe MOF 
(AGV/HBF)  

Rhodamine B 2.62 - 120 Xenon light 99.40 67) 

Chitosan/MnO2@ 
MOF-801 

Rhodamine B 1.65 - 45 Sunlight 95 68) 

N-ZnO@NC Methylene Blue 3.16 - 15 Visible light 50.30 69) 

Fe-BTC Methylene blue 6.63 150 mg 90 UV light 62 56) 

{[Cu2(TTB)(SO4) 
(OH)]·H2O·MeCN}n 

Methylene blue 2.21 20 mg 60 UV light 80.10 70) 

Dy-MOF + H2O2 Methylene blue 3.11 5 mg 25 Visible light 93 58) 

{[hmt][Cu4I5]-

[H2O]5[NH4]+}n 
Methylene blue 1.55 - 40 Visible light 70 71) 

Zn4O(BDC)3 MOF Methylene Blue 3.2 - 60 UV light  72) 
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PCN-250(Fe2Mn) Methylene blue - 20 mg 290 Visible light 100 54) 

Sm-TCPP Methylene blue 2.31 100 mg 100 
50 W xenon 

lamp 
73.80 73) 

[Na2Zn3(btc)2(μ-
HCOO)2(μ-H2O)8]n 

Methylene blue 3.27 20 mg 80 Sunlight 93.69 74) 

ZIF-
8@TA/CaAlg@TA 

Methylene blue - 3% 40 UV light 95.50 75) 

MIL-100(Fe)@PAN Methyl orange 2.17 
0.0616 ± 
0.0147 g 

60 Visible light 99 52) 

SOS-SH@ZIF-8 Methyl orange - 120 mg/L 240 UV light 85.70 76) 

UiO-
66/Palygorskite/TiO2 

Methyl orange 3.18 20 mg 90 UV light 78 77) 

[Zn2(odpt)(bpy)(H2O)
](bpy)0.5] 

Methyl orange 3.60 50 mg 40 UV light 91.7 53) 

[Cd(NDC)(biim-
4)]·0.5H2O 

Methyl orange 3.46 20 mg 180 UV light 92 78) 

UiO-66-NH2@CNT 
Methyl orange, 
rhodamine B 

2.77 30 mg/L 30 LED light 100.93 79) 

NH2-UiO-
66/BiOBr/PVDF 

Methylene blue, 
methyl orange, 
rhodamine 

- - 180 
Visible 

light 
99.2 80) 

BiOI/ZnFe2O4/MIL-
88B(Fe) 

Acid blue 92 2.1 10 mg 120 LED light 80 55) 

NH2-MIL-101(Fe) Turquoise blue - 125 mg/L 1140 
Visible 

light 
86 81) 

CdS/Ce-MOF Crystal violet 2.91 50 mg 40 Sunlight 90 82) 

[Mn2(L)(1,10-
phen)(H2O)]·H2O 

Methyl violet - 50 mg 100 UV light 72.5 83) 

[Dy2(La)2(ox)(H2O)4] Methyl violet - 40 mg 40 UV light 74.3 84) 

[Pb4Cu2I2(pdc)4 

(DMF)6]n 
Congo red 2.68 20 mg 25 UV light >90 85) 

ZIF-8/HKUST-1  Congo red  3.73 10 mg 50 UV-LED 91.8 86) 

JUC-138 Azure B 3.34 - 240 UV light 90 87) 

AlOOH-ZrO2-PCN Orange II 3 20 mg 60 UV light 58 88) 

Ag2O/ZnO/CuO Acid Blue 92 3.30 - 45 
Mercury-
UV light 

- 89) 

CuO-ZnO/ZIF-8 Acid Orange 7 1.96 0.1 g 100 
Visible 

light 
98.1 90) 

Dyes@Cu-MOF 
(BY24@1, BR14@1 
and MB@1) 

Reactive Blue 
21  

2.19, 2.10 
and 1.76 

35.81 
mg/L 

660 
Visible 

light 
89.0, 91.5 and 

97.3 
91) 
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6. Photocatalytic Degradation of Other 

Pollutants  
MOFs can be employed in the photodegradation 

process of many advanced pollutants, oxidation reactions, 
and dye photocatalysis. Table 3 below provides a visual 
representation of this information. As mentioned in Table 
2, another type of pollutant that also exists in wastewater 
is phenolic compounds like p-nitrophenol. The previous 
research has conducted the synthesis of MOFs with two 
different metals, i.e., Zn and Cd, into MOFs 
[Zn2(L)(H2O)(bib)] and [Cd2(L)(bib)], (5,5-(1,4-
phenylenebis(methyleneoxy)diisophthalic acid (H2L); 
1,1'-(1,4-butanediyl)bis(imidazole) (bbi), and then tested 
these materials to degrade p-nitrophenol. The result of the 
studies showed that the [Zn2(L)(H2O)(bib)] performs 
better photocatalytic activity than [Cd2(L)(bib)], 
achieving 90.01% of degradation of p-nitrophenol in 50 
minutes92)  

In MOFs, NH2-UiO-66 is already known as a material 
for photocatalytic degradation because of its high 
absorption capacity.  However, the low electron transport 
of this material must be solved by incorporating it with 
other high-conductivity materials like SAO (SrAl2O4: 
Eu2+, Dy3+). SAO has high thermal stability and has the 

properties to save energy after illumination. The 
solvothermal method has already been used to synthesize 
SAO/NH2-UiO-66. The SAO/NH2-UiO-66 was then 
employed to photodegrade pesticide waste imidacloprid 
under visible light, and it showed excellent 
performance.93) 

Qin et al.94) have synthesized, characterized, and 
applied CdS/Zr-MOF. The synthesis of CdS/Zr-MOF 
necessitates the completion of multiple processes, one of 
which involves the synthesis of Zr-MOF. The G/Zr-MOF 
was synthesised using in situ G loading, followed by mild 
pyrolysis at 240 oC to obtain the CdS/Zr-MOF. HR TEM 
images and EDX mapping characterization have 
confirmed the successful synthesized CdS/Zr-MOF. The 
resulting material was tested to photodegrade synthetic 
plastic Polyvinyl chloride (PVC). Unlike the general 
mechanism reactions of photocatalysis CO2 and H2O as 
products in PVC degradation, this research aims to 
degrade or convert the PVC into a smaller compound, i.e., 
acetic acid. CdS/Zr-MOF performs high photocatalytic 
activity, as shown by the percentage of PVC conversion 
reaching 76.5%. This material, CdS/Zr-MOF, is promising 
for degrading waste like PVC and yielding another 
valuable chemical. 

 
Table 3. Photocatalysis of pollutants other than dyes using MOFs 

Materials Pollutants Reference 

Hf-NU-1000 Methyl phenyl sulfide 95) 

Ru@dpdhpzBASF-A520 Hydrogen evolution reaction 96) 

α-Fe2O3@MIL-101(Cr)@TiO2 Paraquat 97) 

[Zn2(L)(H2O)(bbi)] p-nitrophenol 92) 

Ni3(BTC)2·12H2O 4-nitrophenol (4-NP) 98) 

SAO/NH2-UiO-66 Imidacloprid 93) 

SYD-1-CuNi CO2 reduction reaction and hydrogen evolution reaction 99) 

Fe3O4/MIL-125 Tetracycline hydrochloride 100) 

CdS/Zr-MOF Polyvinyl chloride (PVC) 94) 

UiO-66-NH2(Zr/Ti) Cr(IV) & Cr(III) 101) 

MOF@COF U(VI) 102) 

MIL-53(Al)@ZnO Naproxen, ibuprofen and methyl orange 103) 

Zr-MOF/GO Carbamazepine 104) 

CoCeOx/g-C3N4 Carbamazepine 105) 

MIL-53(Fe) Phenol, metoprolol 106) 

Zn-MOF-74 Glyphosate 107) 

g-C3N4/UiO-66-NH2 Acetaminophen  108) 

TiO2 /HKUST-1/CM Ammonia 109) 
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6. Techniques for Characterizing the 

Degradation Pathways of MOFs During 
Pollutant Breakdown 

To effectively utilize MOFs in pollution control, it is 
crucial to understand how these materials break down 
pollutants. This analysis requires a combination of 
advanced characterization techniques that reveal the 
degradation pathways and mechanisms. Liquid 
chromatography−mass spectrometry (LC-MS) is vital for 
understanding pollutant degradation mechanisms. Ray et 
al. used LC-MS to trace the norfloxacin (NFX) 
photodegradation pathway and identify reaction 
intermediates, revealing processes like ring opening, 
dihydroxylation, defluorination, and piperazinyl group 
cleavage, which reduce the pollutant's toxicity. They also 
highlighted the importance of ultraviolet-visible diffuse 
reflectance spectroscopy (UV-vis DRS) for evaluating 
band gap energy and light absorption in photocatalysis. 
Co-Zn-MOF-derived Co/C/N-ZnO nanoflakes with NixPy 
showed enhanced visible range absorption and improved 
photocatalytic performance110). In other work, Ray et al. 
explored the photodegradation mechanism of N₂ and H₂ in 
ZnO-NixPy composites under UV-vis light111). They also 
found that effective charge transfer at the 
semiconductor/electrolyte interface was verified through 
Electrochemical Impedance Spectroscopy (EIS), 
alongside observed charge migration and separation 
behavior within the ZnO-NixPy composite 112,113). 

Behera et al. utilized UV-vis DRS and MS analysis to 
elucidate the photocatalytic mechanism of the CNZ/BCN-
NixPy-2 nanocomposite. UV-vis DRS and MS analysis 
revealed CB and VB positions of C/N−ZnO (CNZ) as 
−0.69 and 2.42 V versus standard hydrogen electrode 
(SHE) and for /B-doped g-C3N4 (BCN) as −0.91 and 1.61 
V versus SHE. Following a double charge transfer 
mechanism, photoinduced electrons move from BCN’s 
higher CB to CNZ’s lower CB under light irradiation, with 
holes migrating oppositely. X-ray photoelectron 
spectroscopy (XPS) analysis supports a Z-scheme charge 
transfer mechanism in H2O2 degradation, further validated 
by radical trapping tests114). 
 
7. Influences on the Photocatalytic Efficiency 

of Metal-Organic Frameworks 
7.1. pH 

pH level impacts the photocatalytic reaction process. 
This impact is due to its interference with the formation of 
active oxidants, the deionization of pollutants, and the 
alteration of the surface charge of the photocatalyst. 
Adding HCl to the GO(10)-ZIF-8/HKUST-1 surface 
caused a change in pH from 11 to 5, resulting in a positive 
charge on the surface. This effect of pH increased the 
degradation of congo red (anionic dye)86). The impact of 
pH on the degradation of carbamazepine on UiO-66/GO-
05 was investigated within the pH range of 4-6. It was 

shown that carbamazepine degradation increased as the 
pH approached neutrality104). 

Furthermore, methyl orange degradation's pH was 
optimized using UiO-66/TiO2 at a pH of 5. It was shown 
that the degradation of methyl orange increased at this pH 
level77). Adding TC-HCl to H-MIL-53 resulted in an 
accelerated degradation rate, which had the most 
significant impact at a pH value of 3115). According to prior 
research, the optimal pH range for the degradation of 
phenol and metoprolol in MIL-100 (Fe) is pH 4106). The 
pH impacts the glyphosate degradation process in Zn-
MOF-74, where the negatively charged surface of the 
catalyst increases the degradation rate at pH 7.1107). The 
positive charge of Ag2O/ZnO/CuO is adversely affected 
by a pH of 6.5, resulting in degradation89). The impact of 
pH on ACE in the presence of g-C3N4/UiO-66-NH2 
enhances the photocatalytic degradation process, with the 
most favorable pH value being 4.15108). The 
photocatalytic activity of CuO-ZnO/ZIF-8 in degrading 
AO7 is enhanced at pH 7116). 

The optimum pH for photodegradation can vary 
depending on the specific MOFs and the degraded target 
pollutant. However, many MOFs are generally stable 
across a broad range of pH values, typically between 3 and 
9. It is important to note that while pH can influence the 
stability and activity of MOFs, other factors, such as the 
composition of the MOFs, the nature of the pollutant, and 
the light source used for photodegradation, also play 
crucial roles. Therefore, the optimal pH for 
photodegradation by a particular MOF would likely need 
to be tested experimentally under various pH conditions. 

 
7.2. Concentration of Catalyst 

The amount of catalyst is a crucial determinant of the 
rate at which the photocatalytic process occurs. Enhancing 
the amount of catalyst can improve the number of reaction 
sites, accelerating the photocatalytic reaction rate. 
Nevertheless, it is essential to note that excessive catalyst 
utilization does not consistently yield favorable catalytic 
efficiency. An excessive catalyst concentration might lead 
to light scattering, reduced light penetration, and catalyst 
aggregation117). 

 
7.3. Conditions of Light Irradiation 

MOF materials can potentially undergo photochemical 
degradation when exposed to different lighting118). The 
impact of light conditions relies upon the wavelength and 
intensity of the light, wherein distinct wavelengths 
correspond to varying band gaps in the material118). Some 
studies mentioned above extensively use ultraviolet and 
visible light. However, in some studies, the composite 
catalyst exhibits enhanced degradation and superior 
performance within the visible light range. For instance, a 
study demonstrates that the Zn-MOF-74 composite has an 
absorption band at around 594 nm in visible light, 
resulting in a 75% degradation rate. This degradation is 
associated with a band gap of 2.09 eV107). Some papers 
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utilize UV light with absorption wavelengths below 387.7 
nm on titania catalysts to induce a shift in the VB electrons 
with semiconductor surfaces72). 

 
7.4. The Structures of Materials 

The photodegradation capabilities of MOFs are 
significantly impacted by their structural properties. First, 
analyzing and investigating the structure, morphology, 
elemental composition, electrochemical properties, and 
band structures requires a broad range of characterization 
techniques119). Multiple elements contribute to this 
phenomenon, such as crystal structure120), the porosity of 
the MOFs, which dictates its capacity to sustain a porous 
structure without collapsing, the accessibility of its pores, 
its surface area121), volume, connectivity, and particle size. 
Increasing the pores' size can improve the ability of the 
active sites to be reached, facilitating a more effective 
interaction between the MOFs and the desired molecules. 
As a result, the effectiveness of photodegradation is 
enhanced. Moreover, a larger pore size can improve the 
diffusion of the desired molecules into the MOF structure, 
resulting in interaction with the photocatalytic sites. 
Conversely, a smaller pore size could restrict the access of 
the target molecules to the active sites, which may 
decrease the effectiveness of photodegradation122).  

The photocatalytic activity of MOFs is also influenced 
by the characteristics of the ligand and the integration of 
different functional elements122,123). The ligand is an 
organic linker in the MOFs, and the substituents can 
change its energy band. Substituents with varied electron 
donating and withdrawing capacities can change the band 
energy of MOFs, influencing their light absorption and 
photocatalytic activity124). Late transition metal cations, 
N-containing ligands, and co-ligands are commonly used 
due to their strong coordinating ability with metal 
ions(110). As shown in Table 2, Zn MOFs with the BPEA 
ligand (NNU-36) exhibit outstanding performance, 
achieving up to 96.20% degradation in 60 minutes as 
opposed to only 85% for the Zn MOF with the BTC ligand 
in 90 minutes61,63). It indicates that the BPEA ligand is 
more effective in enhancing the degradation ability of Zn 
MOFs. 

Moreover, metal ions and their arrangement inside the 
MOFs can influence their capacity for photodegradation 
126). For instance, Brahmi et al. have already investigated 
the impact of various metal ions on the degradation rate of 
acid black dyes. The MIL-53 (Cr)/polymer composite 
exhibited a degradation efficiency of 96% for acid black 
within 30 min, whereas the HKUST-1 (Cu)/polymer 
composite required 45 minutes to achieve a similar level 
of degradation127). Analysis of Table 2 reveals superior 
performance by the MOFs containing Cu metal ions in 
rhodamine B degradation compared to Zn. Cu3(BTC)2 + 
H2O2 achieves 99% degradation within 60 minutes, 
significantly surpassing the 85% achieved by Zn-BTC + 
H2O2 in 90 minutes51,63). This ability suggests a higher 
catalytic activity for Cu metal ions in degradation. 

Furthermore, the type of ligand also influences the 
degradation efficiency of MOFs.  

Although there is no direct correlation between the 
predicted band gap values and the photocatalytic capacity 
of MOFs, it is possible to adjust their structural and 
electronic characteristics to improve their efficiency as 
photodegradation catalysts128). This method, such as 
doping, can avoid electron-hole pair recombination129). 
Hence, the design and engineering of the structure of 
MOFs are vital in determining their photodegradation 
ability34,130). 

 
7.5. The Stability and Reusability of Materials 

Ensuring the durability and recyclability of materials 
are crucial factors in their utilization. It is essential to 
consider the amount of metal ions released from the metal-
containing material known as MOFs throughout usage, as 
it indicates the material's stability. The stability of the 
solid was evaluated by examining the structure after the 
final cycle. It was found that the well-defined g-
C3N4/UiO-66-NH2 did not exhibit a decrease in 
intensity108). 

Numerous investigations have been carried out to 
comprehend the modifications in material structure that 
occur upon reuse. One of the experiments involved 
performing five consecutive reuse tests to evaluate the 
effectiveness of g-C3N4/UiO-66-NH2 in removing 
acetaminophen (ACE). The results showed that ACE was 
eliminated after 180 minutes108). Lun Pan et al. reported 
that MOF-derived C-doped ZnO exhibits reusability, 
maintaining its activity after five degradation cycles131).  
Similarly, Chen et al. demonstrated the reusability of ZIF-
8@TA/CaAlg@TA for methylene blue degradation, 
showing effectiveness for up to 10 cycles75). 

 
8. Challenges and Limitations of MOFs as a 

Photocatalyst 
MOFs have shown considerable promise as 

photocatalysts due to their tunable structures, large 
surface areas, and potential for integrating various 
functional groups. However, several challenges and 
limitations hinder their practical application in this field. 
One significant challenge is the stability of MOFs under 
photocatalytic conditions. Many MOFs are prone to 
degradation when exposed to light, moisture, and reactive 
intermediates generated during photocatalysis. Also, 
utilizing MOFs in water purification technologies requires 
water-stable MOFs. These water-stable MOFs are 
characterized by their ability to maintain structural 
integrity when exposed to water molecules132). This 
instability can lead to a loss of catalytic activity over time, 
making long-term applications difficult. Moreover, 
synthesizing highly stable MOFs that can withstand harsh 
photocatalytic conditions without compromising their 
structural integrity remains a complex and resource-
intensive task.  
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Another drawback is the efficiency of light absorption 

and charge separation in MOFs. Even though MOFs can 
be designed to include light-absorbing elements, their 
inherent photophysical properties often lead to poor 
absorption of visible light and inefficient charge 
separation. This inefficiency hinders the production of 
photo-induced charge carriers needed for photocatalytic 
reactions. Additionally, the recombination of electron-
hole pairs within the MOF structure can significantly 
decrease the quantum efficiency of the photocatalytic 
process. Improving the light-harvesting capabilities and 
charge separation within MOFs necessitates innovative 
design strategies and adding extra components, such as 
co-catalysts or photosensitizers, which increase 
complexity and cost. Besides, MOFs' effectivity for 
photodegradation depends on pH and types of oxidants 133). 

Lastly, MOFs' scalability and economic feasibility as 
photocatalysts pose considerable challenges134). The 
synthesis of MOFs often involves expensive starting 
materials, solvents, and conditions that could be more 
easily scalable. Furthermore, the production processes 
must be meticulously regulated to attain the targeted 
structural and functional characteristics. For MOFs to be 
feasible for extensive industrial applications, it is essential 
to develop synthesis methods that are both cost-efficient 
and scalable. Additionally, integrating MOFs into 
practical photocatalytic systems, such as reactors or 
devices, necessitates overcoming challenges associated 
with material handling, dispersion, and compatibility with 
current technologies. Overcoming these economic and 
practical constraints is vital to adopting MOFs as effective 
photocatalysts. 

 
9. Conclusion and Outlook 

MOFs exhibit significant potential as photocatalysts for 
dye degradation, presenting a promising solution to the 
environmental pollution caused by synthetic dyes. Their 
highly porous structures, tunable chemical properties, and 
large surface areas facilitate efficient light absorption and 
the generation of reactive species necessary for dye 
degradation. Recent studies have demonstrated that MOFs 
and their composites can degrade various dyes under 
visible light, highlighting their versatility and effectiveness. 
However, challenges such as stability under operational 
conditions, potential toxicity, and the cost of large-scale 
production remain areas needing further research and 
development. 

The future of MOFs as photocatalysts for dye 
degradation is promising, with ongoing advancements in 
materials science and engineering likely to address current 
limitations. Innovations in synthesis techniques may 
enhance the stability and reusability of MOFs, making 
them more practical for industrial applications. 
Additionally, combining MOFs with other materials, such 
as semiconductors or metal nanoparticles, could improve 
their photocatalytic efficiency and broaden their 
applicability. As our understanding of the photocatalytic 

mechanisms of MOFs deepens, it will be possible to design 
more efficient and targeted MOFs for specific dye 
pollutants, further optimizing their performance. 

Future research on MOFs as photocatalysts should focus 
on several key areas to maximize their potential. First, 
developing more robust and cost-effective synthesis 
methods is essential for scaling production. Second, 
comprehensive studies on MOFs' long-term stability and 
recyclability in various environmental conditions are 
necessary to ensure their practical application. Third, 
exploring MOFs' ecological and health impacts will be 
crucial to address any potential risks associated with their 
use. Finally, interdisciplinary approaches combining 
computational modeling, advanced characterization 
techniques, and experimental validation will accelerate the 
discovery of new MOFs with enhanced photocatalytic 
properties for efficient and sustainable dye degradation. 

 
Nomenclature 

Ref.  References 

Ev Electron volt 

LED Light-emitting Diode 

HR TEM  High Resolution Transmission 
Electron Microscopy 

EDX Energy-dispersive X-ray 
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