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Abstract: Water pollution is one of the main challenges that severely affects human health and
aquatic ecosystems. Chemical pollutants, including industrial waste, agricultural runoff, and clinical
sources, can contaminate water. Photocatalytic processes present clean, renewable, and efficient
techniques for degrading organic contaminants in wastewater. Metal-organic frameworks (MOFs)
are one of the more efficient materials in wastewater remediation due to their significantly high
surface area and tunable structures. This review summarizes the development of novel composite
materials based on MOFs for the photocatalytic decomposition of dye contaminants in wastewater.
Different synthesis methods of MOFs and composite materials are explored. Several strategies for
enhancing the photocatalytic activity of MOFs are discussed. Photocatalytic reaction conditions
and suggested mechanisms are summarized, particularly for eliminating dye contaminants using
MOF-based composite materials. The designed composite materials demonstrate improved stability
and photocatalytic activity. This review provides strategies for designing MOF-based composite
materials and improving their efficiency and stability for the photocatalytic elimination of dye
pollutants in wastewater. Additionally, the review addresses challenges in advancing MOF-based
composite materials.
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1. Introduction

Because of continuous population growth and industrialization, environmental pollu-
tion is one of the main global challenges [1-3]. Contaminants from industries, agricultural,
personal care, and clinical sources play a significant role in water pollution [4]. Synthetic
dyes are widely used in textile printing, paper coloring, and food additives, as well as in the
pharmaceutical and cosmetic industries [5]. Some of these dyes are toxic, carcinogenic, and
persistent in the environment, which could affect human health and aquatic ecosystems [6].
Using traditional methods like biological treatment, adsorption, and membrane separation
has drawbacks like high costs, low efficiency, and formation of secondary contaminants [5].
Recently, advanced oxidation processes (AOPs) have been employed for wastewater reme-
diation. AOPs are characterized by their strong oxidative capabilities, rapid reaction rates,
broad applicability, and reduced production of secondary pollutants. Photocatalytic, sono-
chemical, electrochemical, Fenton, plasma-based oxidation, and ozonation reactions are
the most common AOPs. Among those, the photocatalytic oxidation process can degrade
pollutants into less-toxic compounds [1,6]. This technique has some advantages, including
its simplicity, use of environmentally catalysts, low cost, and high efficiency. A promising
photocatalyst has a broad light-absorption range, high number of active sites, efficient
charge separation, tunable bandgap, and strong redox capabilities. The structure of the
photocatalysts could also be engineered to boost the reactive oxygen species generation and
thus improve the degradation of organic contaminants [5]. Most current photocatalysts,
like TiOy and ZnO, are activated by UV light, have relatively high electron-hole pair recom-
bination which limit their practical usage [6]. In this regard, researchers have developed
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efficient photocatalysts with perovskite metal oxides [5], polyoxometalates [7], carbon
quantum dots, carbon nitride [8], MXene [9], bismuth oxybromide [10], and metal-organic
frameworks (MOFs) [11] for the degradation of organic pollutants in wastewater.

MOFs are a prominent category of porous materials with exceptional physical and
chemical properties [2,12]. MOFs with high surface area get considerable attention in
wastewater treatment due to their tunable structure, ease of operation, cost-effectiveness,
and regulated functions [13]. In 2007, Garcia et al. highlighted the semiconducting proper-
ties and charge separation properties of photoactive MOF-5 [14], which ignited interest in
the photocatalytic properties of MOFs [15]. The incorporation of redox-sensitive metals
and light-harvesting ligands in the structure of MOFs improves their photocatalytic activity.
Furthermore, the ultrahigh surface area of MOFs increases the photocatalyst—pollutant
interaction, supplying sufficient sites for charge separation and effective photocatalysis. Ad-
ditionally, the porous structure of MOFs hosts and stabilizes photocatalytic nanomaterials,
supplying high accessibility, and allows further modification. Furthermore, MOF material
reduces the agglomeration of photocatalysts, acts as electron transfer units, and reduces
electron-hole recombination [16]. Additionally, MOFs have applications in drug deliv-
ery [17], gas storage, separation [18], energy storage [19], and catalysis [20]. MOFs have
been used as an efficient catalyst in biodiesel [21], oxygen and hydrogen evolution reac-
tions, and degradation of organic pollutants in wastewater [22,23]. However, some pristine
MOFs show poor light absorption and poor stability in water, which limits their practical
applications. To address these limitations, integration of MOFs with functional materials,
including metal nanoparticles, metal oxides [24,25], polymers [26], MXene [27], graphene
oxide [28], graphitic carbon nitride [29], and metal chalcogenides [15], was investigated.

Recently, prominent development has been made in the designing of MOF-based
composite materials to control confinement of guest molecules within specific spaces of
MOFs [15]. By efficiently combining the advantages of MOFs and functional materials, the
composite materials exhibit improved photocatalytic activity and higher recyclability in
comparison to the pristine MOFs. This review aims to examine the literature on MOF-based
composite materials for photocatalytic decomposition of dye contaminants in wastewater.
It should be noted that catalytic application of MOFs or their composite materials has been
extensively reviewed elsewhere. Most of those reviews focused on synthesis methods of
MOFs and their applications in different fields [22,23]. In this review, we have limited the
scope to photocatalytic degradation of dye pollutants with MOF-based composite materials.
In this review, the recent advances in synthesis, characterization, and the photocatalytic
activity of MOF-based composite materials towards dyes are summarized. Based on the cur-
rent progress made in this research field, challenges and future development opportunities
are proposed and discussed.

2. Dye Pollutants

Dyes are classified as ionic and non-ionic based on their surface charge. Furthermore,
dyes can be categorized by the structure of their chromophore unit into azo, xanthene,
indigoid, thiazine, triphenyl methane, diarylmethane, triarylmethane, etc. [6]. Table 1.
summarizes common dyes that have been included in this review.

Table 1. List of dyes included in the present review.

Dye Abbreviation Charge Class
Crystal Violet (@Y Cationic Triphenylmethane
Methylene Blue MB Cationic Thiazine
Rhodamine B RhB Cationic Rhodamine
Azure B AB Cationic Thiazine
Basic Blue 41 BB41 Cationic Azo
Basic Red 46 BR46 Cationic Azo

Methyl Orange MO Anionic Azo
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Table 1. Cont.

Dye Abbreviation Charge Class
Congo Red CR Anionic Azo
Reactive Black 5 RB5 Anionic Azo
Acid Black 1 AB1 Anionic Azo
Rose Bengal RB Anionic Xanthene

3. Metal-Organic Frameworks (MOFs)

MOFs are a class of crystalline porous materials consisting of metal nodes connected
by organic linkers forming diverse architectures. The metal ions form complexes with
distinct coordination modes, including tetrahedral, square planar, trigonal bipyramidal,
and octahedral geometries [1]. The common metal ions for synthesis of MOF are zinc,
iron, titanium, aluminum, copper, and zirconium [11]. MOFs are categorized into groups
according to their organic linkers as, for example, isoreticular metal organic frameworks
(IRMOFs), materials of Institute Lavoisier (MILs), pocket-channel frameworks (PCNs),
University of Oslo (UiOs) frameworks, and zeolitic imidazolate frameworks (ZIFs) [30].
The pH of the reaction mixture, temperature, pressure, reaction time, reactant concentration,
and solvent are some parameters that affect the physical and chemical characteristics of
MOFs [30,31]. The solvothermal technique is the most common method for preparing
MOFs. However other procedures included co-precipitation and slow evaporation, as well
as sonochemical, electrochemical, and microwave-assisted processes [30,32]. More details
are inserted in Figure 1. Moreover, MOFs can be designed according to specific adsorbate
targets to increase the related interactions and improve the adsorption performance [30].
The stability and reusability of MOFs are crucial factors that should be considered in the
development of photocatalysts for wastewater remediation. Some MOFs demonstrate low
stability, which is affected by parameters like humidity, pH of solution, and temperature.
Addressing these issues is essential to optimizing the photocatalytic activity of MOFs [30].

Classification Synthesis methods

Stage of synthesis Solvothermal )

Framework structure Slow evaporation

Stimuli Sonochemical

Morphology Electrochemical
Microwave-assisted

MOFs

Properties Applications

High surface area Separation-purification

High porosity Gas/energy storage

Tunable structure Sensing

Crystallinity Catalyst

Electronic and optical Drug delivery

Figure 1. Schematic presentation of the classification, synthesis, properties, and applications of MOFs.

3.1. Fundamentals of MOFs for Photocatalytic Process

MOFs are popular materials in the environmental and clean energy fields because
of their tunable structural advantages and chemical characteristics [33]. The selection of
metal ions, organic linkers, and a proper solvent for their synthesis are critical factors in
broadening their application in catalytic and clean energy processes. Using non-toxic metal
ions, bio-based linkers, and green solvents are some of the primary approaches for this
improvement [34].
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The photocatalytic performance of MOFs includes absorption of light by the photo-
sensitive units, formation and transfer of electron-hole pairs, and the subsequent redox
processes on the surface of the photocatalyst (Figure 2). When light with proper intensity ir-
radiates the catalyst, it leads to excitation of electrons to the conduction band, while leaving
positively charged holes in the valance band [35]. Then, the excited electrons react with the
dissolved oxygen, and holes react with water molecules to generate reactive radical species.
These radicals contribute to the breakdown of organic contaminants [31]. The highly crys-
talline structure of MOFs enables a fast flow of electrons and energy from photo-excited
MOFs to active sites in different photocatalytic reactions. The photocatalytic efficiency of
MOFs depends on their organic linkers and the metal nodes. The organic linkers act as a
photosensitizer, capturing photons and transferring the photogenerated electrons into the
secondary building block (SBU). The metal nodes act as a direct semiconductor photocata-
lyst and charge-transfer system, increasing the movement of charge carriers. The nanoscale
SBUs minimize charge recombination and prevent self-quenching [31]. Adjusting the
bandgap of MOFs is a crucial factor in enhancing their performance as visible light active
photocatalysts. Modifying linkers and doping with other metals can tune their bandgaps.
The strategic design of MOF-based composite materials with bandgap engineering can
improve their practical usage in environmental treatment [15].

Step 2 Step 3
Charge separation Reduction
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Figure 2. Schematic illustration of the photocatalytic process with MOFs. Vg and Cp denote the
valence band and conduction band, respectively.

3.2. Functionalized MOFs

Functionalities introduced into different elements of the MOF structure consist of
metal ions/clusters, linkers, and the vacant spaces within their cavities [36]. MOFs contain
multiple functional linkers that can be pre-modified before synthesis of MOFs or post-
synthesized. For example, various functional characteristics can be attained by modifying
functional groups like -NHj, -SO3H, -OH, or -COOH on the benzene ring of linkers [22].
Most linkers are electron-rich and have intense absorption bands, which is tunable towards
visible light by linker functionalization, metal ion immobilization, enzyme immobilization,
and mixed metal/linker methods. Linker functionalization in MOFs can reduce their
bandgap. MIL-125(Ti) is a UV-activated photocatalyst with a bandgap energy of 3.6 eV. Syn-
thesis of NH-MIL-125(Ti) with 2-aminoterephthalic acid leads to a reduction in bandgap
to 2.6 eV, which creates a visible light activated catalyst [37,38]. The synergistic effect of
NH;-MOFs improves their adsorption of opposite charged entities, molecule trapping,
and interactions, exhibiting their effectiveness in diverse applications. Additionally, their
responsiveness toward temperature, pH, and light irradiation expands their applications in
photocatalysis and drug therapies [39].

The photocatalytic activity of functionalized MOFs can be modified at the molec-
ular level by modifying the organic linkers to achieve hybridization or partial overlap
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with the metal cluster’s conduction band/valence band edge. Generally, in MOF-based
photocatalysts, there are several photoexcitation pathways, consisting of ligand-to-ligand
charge transfer, ligand-to-metal charge transfer, metal-to-metal-to-ligand charge transfer,
and metal-to-ligand charge transfer [23].

Designing an effective photocatalyst relies on controlling the electron transfer pro-
cesses to improve its performance [40]. Transition metals, with their delocalized electrons,
can promote catalytic reactions. Also, preparing nanoscale materials maximizes the ac-
cessible active sites. Sometimes, these materials can agglomerate, resulting in reduced
catalytic activity [41]. Incorporating silver or gold nanoparticles into UiO-66-NH, to create
MNPs /UiO-66-NH,; heterostructure effectively increases the visible-light photocatalytic
efficiency of UiO-66-NH,. The interface between MNPs and UiO-66-NH, promotes the
separation of electrons and holes, enhancing quantum efficiency. Additionally, the pore
confinement effect within UiO-66-NH, reduces the movement and aggregation of MNPs,
resulting in higher stability [42]. Furthermore, MOFs can incorporate photosensitizers
or catalytic components in their structure by immobilizing active sites on metal nodes or
linkers or by encapsulating guest molecules within their pores.

3.3. Photocatalytic Activity of MOFs and Functionalized MOFs Towards Dye Pollutants

MOFs have several advantages for use in photocatalytic reactions: (1) the band struc-
ture and light absorption of MOFs are adjustable because of their flexible structure, (2) the
porosity of MOFs offers more catalytic sites and enables the swift transport of reactants,
and (3) the well-defined structure of MOFs is easily adaptable for the specific design of
catalytic active sites, facilitating the study of catalytic mechanisms [15]. MOFs, as emerging
eco-friendly catalysts, present noteworthy potential in eliminating organic contaminants
in wastewater [22,31,43]. In theory, photocatalytic processes involve the excitation of a
photocatalyst by light, which generates photoinduced charge carriers that engage in redox
reactions [23]. Zhao et al. designed a new MOF, JUC-138, using In(Il) and a pyrene-based
linker, via a solvothermal method [44]. Crystallography results revealed that it crystallized
in the monoclinic crystal system. In its structure, each In>* is connected to four linkers in a
bidentate chelate mode (Figure 3a—e), and its bandgap was calculated as 3.34 eV. JUC-138
could degrade 90% of Azure B (AB) dye within 4 h under UV light irradiation (Figure 3f).
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Figure 3. (a) Coordination geometry of In3* and (b) coordination geometry of HSTIAPy in JUC-138.
(c) 2D square sheet in direction [100], (d) hydrogen bonds constructed 3D supramolecular structure,
(e) The tcj topology of JUC-138, (f) UV-vis spectra of photodegradation of AB solution with JUC-138.
Adapted with permission from [44]. Copyright 2017 American Chemical Society.

Li et al. prepared UIO-66 and hydroxyl-modified UIO-66, named UIO-66-20H(2,3),
with a solvothermal method. BET-BJH measurements revealed the surface area of UIO-66
and UIO-66-20H (2,3) as being 1050 m? g~! and 570 m? g~!, respectively. The bandgap
of UIO66-20H (2,3) was calculated as 2.6 eV. UIO-66-20H (2,3) could degrade 100% of
methylene blue (MB) molecules upon exposure to visible light for 100 min. Its photocat-
alytic activity reached 99.5% after five cycles [45]. Jing et al. synthesized ZIF-8, [Zn(2-
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methylimidazole),-2H, O] under the slow evaporation method, using imidazolate as an
organic linker. Its bandgap was calculated as 5.16 eV. BET surface area, and the total pore
volume of ZIF-8 was measured as1799.6 m? g~ ! and 0.6866 cm3 g~!. ZIF-8 degraded 82.3%
of MB molecules in 120 min in the presence of UV light irradiation and followed a first-
order kinetics model. ZIF-8 demonstrated enhanced activity in a strong alkaline condition
resulting from the higher charged ZIF-8 (pH > pHy, (pH in point of zero charge)) and the
elevated yield of hydroxyl radicals facilitated by the increased hydroxide concentration [46].

MILs are a group of MOFs with excellent porosity, ultrahigh surface area, and nu-
merous active sites. Furthermore, their surface activities, light response range, and charge
separation effectivity are tunable [47]. The linkers in the MILs lattice can provide ac-
tive chromophores for light absorption. At the same time, metal nodes act as isolated
semiconductor quantum dots that can be activated with light irradiation. Generally, bare
MILs can be directly used as photocatalysts. Interestingly, Fe-based MILs can be excited
with visible light. MIL-53(Fe), constructed by 1,4-benzene dicarboxylic acid and Fe (III)
metal clusters, is widely used in photocatalytic processes because of its visible light active
iron-oxo clusters [47]. MIL-53(Fe) was prepared under a solvothermal reaction at 150 °C
for 2 h. The bandgap of MIL-53(Fe) was calculated as 2.88 eV. MIL-53(Fe) completely
degraded Rhodamine B (RhB) within 50 min in the presence of hydrogen peroxide and
visible light [48].

In another study, Rezaei et al. synthesized MIL-53(Fe) by a solvothermal method at
150 °C overnight. Its bandgap was measured as 2.76 eV. SEM images showed hexagonal
bipyramid morphology for MIL-53(Fe). Its surface area was calculated as 222 m? g~!, with a
pore size of 1.85 nm and pore volume of 0.041 cm® g~!. TOC removal for photodegradation
of MB with MIL-53 (Fe) was 58% under visible light irradiation [49].

MIL-100(Fe) is a rigid Fe-MOF with two types of permanent pores, and its water
stability depends on aqueous pH and co-existing anions. MIL-100(Fe) acted as a Lewis
acid, enhancing interactions with the target organic contaminants. The Fe-O clusters in
MIL-100(Fe) can absorb visible light and generate electron-hole pairs, which enhance
photocatalytic reactions [50]. Mahmoodi et al. synthesized MIL-100 (Fe) by a hydrothermal
procedure, using trimesic acid as an organic linker. Various metal sources, including
iron(III) chloride, iron(III) nitrate, and iron(IlI) sulfate, were used to produce MOFs with
bandgaps of 5.41 eV, 5.44 eV, and 5.71 eV, respectively. The catalysts degraded Basic
Blue 41 (BB41) following first-order kinetics. MIL-100(Fe) showed good photocatalytic
activity over three catalytic cycles [51]. Similarly, MIL-100(Fe) was prepared at room
temperature using benzene tricarboxylic acid as a linker. The estimated surface area of
the MIL-100(Fe) was 1974 m? g~! by BET. Its bandgap was calculated as 3.08 eV. MIL-
100(Fe) degraded 64% of MO molecules in 7 h under UV light irradiation [52]. In another
study, Xia et al. synthesized Cd-TCAA by the hydrothermal reaction at 110 °C for 2 days,
using 4,4’ ,4"-tricarboxyltriphenylamine, and (E)-1,2-di (pyridin-4-yl) diazene as organic
linkers. Cd-TCAA showed an efficiency of 81% for the degradation of MB within 175 min
under visible light irradiation. The kinetic of the photocatalytic reaction was fitted to a
first-order rate equation with rate constant of 0.01 min~!. FT-IR, XRD and BET results
confirmed its stability during photocatalytic reactions [53]. Li et al. synthesized a 3D
Cu-MOFE, {[Cu(L)o5 (H,0),]14H,Oln (HPU-4) under solvothermal reaction at 80 °C for 72 h.
It degraded only 20% of MB molecules in 60 min under visible light irradiation [54]. In
another study, MIL-88A was prepared via a hydrothermal method at 65 °C for 12 h. SEM
images showed hexagonal microrod morphology for MIL-88A. Its bandgap was 2.05 eV.
MIL-88A could degrade only 12% of MB molecules in 80 min under visible light. The
mechanism suggests €OH and eO, ™ as key species in the photodegradation process [55].
Abdi et al. synthesized UiO-66 and UiO-66-NH, with a solvothermal reaction at 120 °C for
24 h, using terephthalic acid and 2-aminoterephthalic acid as organic linkers, respectively.
The bandgaps of UiO-66 and UiO-66-NH; were estimated to be 4.05 and 2.93 eV. By adding
amine groups, the bandgap of UIO-66 decreased significantly, and UiO-66-NH, was a
visible light active photocatalyst. The BET surface area of UiO-66 and UiO-66-NH, crystals
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were 1120 m? g~ ! and 1113 m? g1, respectively. The photocatalytic efficiency of UiO-66
and UiO-66-NH for degradation of RhB under visible light irradiation was 42% and 60%,
respectively, within 30 min [56]. In another study, Ao et al. synthesized Cu-doped NH;-
MIL-125(Ti). SEM images showed the undoped and Cu-doped NH;-MIL-125(Ti) presented
regular octahedron morphology. Doping of Cu facilitated effective electron trapping and
reduced e” /h* pair recombination. Cu-doped NH;,-MIL-125(Ti) could degrade 98.2% of
MO molecules in 90 min under visible light. The rate constant of the 1.5 wt% Cu-NH;-
MIL-125(Ti) was 10.4-fold higher than NH,-MIL-125(Ti). Also, it showed exceptional
structural stability and high photocatalytic efficiency across four cycles [57]. Over the
last decade, many studies have been carried out to integrate linkers with coordination
networks of MOFs as a new technique for the development of efficient photocatalysts.
MOFs with mixed linkers show multifunctional MOF characteristics such as designable
topologies, tunable porosity and functionality, and different surface environments [58]. Jin
et al. synthesized UiO-66-NO; (1), UiO-66-NH; (2), and UiO-66-NO, /UiO-66-NH, (3) and
studied their photocatalytic efficiency for the degradation of RhB solution. Under UV light
irradiation, 1 and 2 only degraded 25% and 57% of RhB in 50 min, while 3 showed the best
efficiency, with a degradation of 95.5%. Mixing linkers led to a reduction in the rate of hole—
electron pair recombination and improved the photocatalytic efficiency and reusability
of UiO-66-NO,/UiO-66-NH,; over the respective single component counterparts. The
trapping experiments indicated O, ™ as the main active species during the photocatalytic
reaction [59].

The efficiency of MOFs has also been compared with common photocatalysts like
TiO,, ZnO, and SnO,. TiO, is considered the most ideal semiconductor material due
to its high stability, low cost, and its general consideration as an environmentally safe
product. Rutile and anatase both have tetragonal crystal structures with bandgaps of 3.0 eV
and 3.2 eV, respectively [60]. Duran et al. studied the photocatalytic degradation of dye
pollutants using TiO, thin film. The estimated bandgap of the TiO; thin film was 3.24 eV.
The comparison study showed it could degrade only 19.6% of MB molecules under UV
irradiation [61]. In another study, TiO, nanoparticles were used for the degradation of
MB under UV light irradiation. TEM images show uniform particles with sizes in the
range of 25-30 nm. TiO, degraded 40% of MB molecules in 90 min [62]. In another study,
SnO, was synthesized with a sol-gel method, followed by calcination at temperatures
of 300600 °C. The XRD pattern confirmed the successful synthesis of materials without
impurities. TEM images demonstrated particle sizes of 6 to 15 nm for the synthesized
SnO; nanoparticles. Its bandgap was in the range of 4.15 eV to 3.92 eV. Under UV-vis
light irradiation, SnO, NPs degraded 93% and 86% of MB and RhB solution, respectively,
within 90 min [63]. In a similar study, pure ZnO, SnO,, and ZnO-SnO; nanostructures
were prepared under a hydrothermal reaction at 230 °C for 12 h, followed by annealing
at 700 °C for 8 h. The bandgaps of ZnO, SnO,, and ZnO-SnO; were calculated as 3.37 eV,
3.6 eV, and 2.84 eV, respectively. All materials were used for the degradation of MB under
visible light. The results revealed efficiencies of 38.5%, 32.7%, and 82.4% for ZnO, SnO,,
and ZnO-5n0O;, respectively, within 120 min. The enhanced photocatalytic activity of
the ZnO-SnO; heterostructure is due to the high separation of charge carriers and the
interface of the heterostructure. The results confirmed that synthesis of a heterojunction
could improve the photocatalytic efficiency of bare metal oxides significantly [64]. For more
details, the photocatalytic reaction condition and degradation efficiency of the discussed
photocatalysts are summarized in Table 2.
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Table 2. Comparison of the photocatalytic efficiency of MOFs with common metal oxides towards dyes.

Catalyst Light Dye Dye C(irllc. %a;:?;: Beactio.n Degre(x)dation Ref.

Source (mg L-1) ( -1 Time (min) (%)

mg mL—1)

TiO, uv MB 10 - 300 19.6 [61]
TiO, uv MB 0.05 mM 1 90 40 [62]
SnO, UV-vis MB - 0.3 90 93 [63]

5nO, UV-vis RhB - 0.3 90 86
ZnO Vis MB 10 0.1 120 38.5 [64]
SnO, Vis MB 10 0.1 120 32.7 [64]
ZnO@SnO, Vis MB 10 0.1 120 824 [64]
JUC-138 uv Azure B - - 240 90 [44]
UIO-66-20H Vis MB - - 100 100 [45]
ZIF-8 uv MB 10 0.2 120 82.3 [46]
MIL-53(Fe) Vis RhB 10 4 50 100 [48]
MIL-100(Fe) uv MO 5 0.33 420 64 [52]
Cd-TCAA Vis MB 28 uM 0.1 175 81 [53]
HPU-4 Vis MB 12.75 0.3 60 20 [54]
MIL-88A Vis MB - - 80 12 [55]
UiO-66 Vis RhB 15 0.3 30 42 [56]
UiO-66-NH, Vis RhB 15 0.3 30 60 [56]
NH,-MIL-125(Ti) Vis MO 10 0.4 90 37 [57]
Cu-doped NH,-MIL-125(Ti) Vis MO 10 04 90 98.2 [57]
UiO-66-NO; (1) uv RhB 10 1 50 25 [59]
UiO-66-NHj; (2) uv RhB 10 1 50 57 [59]
UiO-66-NO, /UiO-66-NH, (3) uv RhB 10 1 50 95.5 [59]

3.4. Effect of Various Parameters on the Photodegradation of Dyes with MOFs
3.4.1. Light Source

In the photocatalytic processes, the intensity and wavelength of light, as well as the
irradiation time, play important roles. The light intensity affects the catalytic reaction rate
by enhancing the excitation of the photocatalyst and generation of electron-hole pairs.
Additionally, the wavelength of irradiation can affect the electronic and optical properties
of the catalyst, some catalysts requiring UV irradiation while others functioning using
visible light [65]. Accordingly, the bandgap energy is an important parameter that needs to
be determined and reported for each developed photocatalyst.

3.4.2. Initial Concentration of Dye Solution

Generally, the efficiency of the photocatalyst decreases as the initial concentration of
the dye solution increases, because it may lead to a higher concentration of the intermediate
species resulting in competition between the dye molecules and the intermediate species
for the active sites. Blockage of the active sites of the catalyst leads to low catalytic efficiency.
Furthermore, a high concentration of dyes can hinder the light permeability and decrease
the photocatalytic efficiency [65,66]. For example, the effect of increasing the concentration
of dye in the photocatalytic process was studied with ZnO@HKUST-1, by keeping the
catalyst dosage fixed and varying the initial concentration of RB (20-80 mg L~!). Under
sunlight irradiation, the highest efficiency of 97.4% within 45 min was reported for RB
solution with a concentration of 20 mg L~!. Upon further increasing the dye concentration,
the catalytic activity of the composite material decreased due to blockage of the catalyst
active sites by dye molecules. Furthermore, the dye molecules absorb light, limiting it from
reaching the catalyst surface and leading to reduced catalytic activity [67].

3.4.3. Initial pH of Dye Solution

The initial pH of the dye solution plays an important role in controlling photocat-
alytic reactions. It can affect the photocatalytic reaction by changing the charge of the
photocatalyst surface and influencing particle aggregation. Furthermore, the acidity of
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the solution influences the electrostatic interactions between the surface of photocatalyst,
solvent molecules, and charged reactive species [24,65]. The pHpzc of the catalyst is influ-
enced by solution pH, and reporting zeta potential values enables the proper evaluation
of newly developed photocatalyst materials. At pH close to the pHpyzc, the charge of the
catalyst is near neutral, minimizing broad electrostatic forces. At pH values either below
or above the pHpyzc, the catalyst has a net charge, which can attract or repel charged dye
molecules [65].

3.5. Stability and Regeneration of MOFs

While MOFs have remarkable potential for photocatalytic applications, there are some
challenges regarding their stability and regeneration. Much research has been done to
address these challenges by developing synthetic methods and structural modifications
of MOFs [34]. Chemical stability and regeneration of MOFs affect their efficiency in
environmental applications [33].

The chemical stability of MOFs can be tuned by modifying the linkers, metal ions, and
reaction conditions. The strength of metal-ligand bonds of MOFs plays an important role
in their stability. According to Pearson’s hard and soft acids and bases principle, MOFs
with suitable metal-linker pairs show high stability in catalytic reactions. Furthermore, the
pH of the reaction solution can affect the chemical stability of MOFs [16,34]. Combination
of carboxylate-based linkers, as hard base, with high-valent, hard acid metal ions like
Zr* Fe*, A1**, and Ti** can lead to the synthesis of stable MOFs. Ti** and Zr** require
more ligands to balance their charges, leading to higher connectivity and greater stability.
Also, surface modification that increases its hydrophobicity reduces the impact of water
molecules on the internal MOF structure. Therefore, increasing hydrophobicity of MOFs
via post-modification is another method to improve their chemical stability, which includes
linker functionalization and surface coating. Hence, designing a suitable MOF according to
the conditions of the catalytic reaction process is an important step and should be considered
when using MOFs in challenging solution environments [16,33]. Furthermore, the synthesis
of composite materials is another good option to improve the catalytic efficiency and
recyclability of MOFs.

4. Photocatalytic Activity of MOF-Based Composite Materials

MOFs with high porosity and significantly high surface areas are excellent hosts
for loading guests. These composite materials improve and expand the usage of MOFs
in different fields [68]. A composite material is a combination of two or more different
substances that retain their characteristics while improving the properties of the overall
system [68,69]. Several functional materials have been used for synthesizing compos-
ite materials with MOFs, with some of the common materials being polymeric materi-
als [70,71], porphyrins [72,73], graphene oxide [28], graphitic carbon nitride [74,75], carbon
quantum dots [76], metal nanoparticles [77,78], metal oxides [79,80], and metal chalco-
genides [81,82]. Generally, MOF-based composite materials are classified into five main
groups: metal-MOFs, nonmetal-MOFs, bio-MOFs, polymer—-MOFs, and semiconductor—
MOFs [11]. Moreover, the critical parameter for applying MOFs on a large scale is their
stability and reusability, particularly in water [83]. Composite materials reveal significant
advantages in chemical and physical properties such as mechanical strength, conductivity,
stability, and catalytic activity [1]. Composites of MOFs with semiconductors has a synergis-
tic effect and decreases the drawbacks of both materials. In heterojunction systems, MOFs
act as electron trappers, reducing electron-hole recombination while holes remain in the
semiconductor surface, both assisting in reactive species generation [11,23]. Furthermore,
the porosity and high surface area of MOFs facilitate the dispersion of the incorporated
semiconductors, which prevents the aggregation of semiconductors and increases the
number of available active sites [1].
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4.1. Metal-MOF Composite Materials

The goal of combining MOF with metal nanoparticles is generally to enhance the
physicochemical properties of one or both constituents [11]. Liaqat et al. constructed
Ni-MOF using 4-methyl thiophene-2-carboxylic acid as an organic linker under reflux
reaction. Mo-doped Ni-MOF composite materials (Mo@Ni-MOF) were prepared using
the same technique. The reduced bandgap from 1.96 to 1.83 eV for Mo@Ni-MOF revealed
that the composite material can potentially suppress the recombination of carriers. EDX
and elemental mapping analyses confirmed the presence of Mo in the composite materials.
Introducing Mo into Ni-MOF resulted in a superior MB degradation, with an efficiency
of 84%, compared to pure Ni-MOF (68%) within 70 min under solar light irradiation.
The scavenger experiments identified superoxide anion radicals as key species in the
photodegradation reaction. Mo@Ni-MOF showed high stability and reusability after four
successive runs [40]. In another study, Cu@MOFs were synthesized using the incipient
wetness impregnation method. The effect of Cu loading on synthesized MOFs containing
MIL-100(Fe), NH,-MIL-53(Al), Zr-BDC, and NH,-Zr-BDC was studied. The composite
materials were used for photodegradation of RhB under visible light irradiation. The
impregnation of Cu induces a slight decrease in the bandgap in all MOFs. Cu,@NH,-Zr-
BDC (with 2 wt% Cu loading) showed the best results in the degradation of RhB, with an
efficiency of 93%, upon exposure to visible light for 170 min. Scavenger tests suggested
holes as the most active species in the photocatalytic process [77].

Ag@MOF-801/MIL-88A(Fe) nanocomposite was synthesized through template effects
in MOFs. The bandgaps of MOF-801, MOF-801/MIL-88A (Fe), MIL-88A(Fe), and Ag@MOEF-
801/MIL-88A(Fe) were calculated as 4.4 eV, 2.8 eV, 2.66 eV, and 2.6 eV, respectively. The
nanocomposite showed the highest efficiency of 91.7% for the degradation of Reactive
Black 5 after 30 min under visible light irradiation. AgNPs demonstrate surface plasmon
resonance (SPR) that leads to reduction of electron-hole recombination. Additionally,
MIL-88A(Fe) has a photo-Fenton effect that can improve the photocatalytic activity of the
nanocomposite. The main active species in the photocatalytic degradation were hydroxyl
radicals and holes [78]. Gua et al. synthesized Ag@MOF-525 composite materials by a pho-
toreduction method using porphyrin-based MOF. The synthesis scheme of the composite
material is shown in Figure 4a. The BET surface areas of MOF-525 and Ag@MOF-525 were
measured as 2690 m? g~ ! and 2247 m? g~!. XRD, HRTEM, and UV-DRS analyses demon-
strated the successful loading of singlet Ag. Furthermore, XPS analysis of Ag@MOF-525
confirmed the presence of C, N, O, Zr, and Ag in a manner consistent with the SEM map-
ping images. The composite demonstrated higher photocatalytic activity than MOF-525; it
degraded 91% of RhB molecules in 60 min and 81% of tetracycline (TC) in 200 min under
visible light. Ag serves as an electron trap, leading to effective suppression of electron—hole
recombination, enhancing the electron transfer and improving the photocatalytic activity
of Ag@MOF-525 (Figure 4b). The trapping experiments indicated that h* and O, are the
main active species for the photocatalytic reaction [72].

In another study, Ag@MIL-125(Ti) was synthesized by a hydrothermal reaction, fol-
lowing photo-reduction. TEM images demonstrated that AgNPs with a diameter of 40 nm
are dispersed on MIL-125(Ti) microspheres. The presence of AgNPs in the structure of the
composite material enhanced visible light absorption significantly. Ag(3 wt%)@MIL-125(Ti)
showed the highest efficiency, with complete degradation of RhB in 40 min. Scavenger
experiments indicated that ¢O,™ and eOH were the main reactive species. The catalyst
was reused for five cycles without significant changes in its catalytic performance [84].
ZIF-8 was prepared using 2-methylimidazole as a linker, at room temperature. Ag-X@ZIF-8
composite materials with different silver contents were synthesized by photo-irradiation.
The elemental mapping analysis of Ag@ZIF-8 confirmed a uniform distribution of C, N,
Zn, and Ag elements. The bandgaps of the ZIF-8 and Ag-doped ZIF-8 were estimated at
around 5.44 eV and 3.2 eV. SEM and TEM images showed that ZIF-8 displayed the rhombic
dodecahedron morphology, and the composite materials showed the same morphology as
ZIF-8. Among the synthesized catalysts, Ag-15%@ZIF-8 showed the best result, with 100%
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and 93% efficiency for methyl orange (MO) and RhB, respectively, in 30 min under visible
light irradiation. The composite material maintained its photocatalytic performance after
four cycles. Trapping studies indicated that hydroxyl radicals and photo-generated holes
are the main active species in the photocatalytic elimination of both dyes [85]. In a similar
study, Chandra et al. synthesized multi-core-shell AgNPs@ZIF-11 by in situ encapsulation
of AgNPs in ZIF-11. ZIF-11 was prepared by stirring at room temperature, using benzimi-
dazole as an organic linker. The composite materials AZ1, AZ2, and AZ3 were synthesized
with 150, 300, and 500 pL, respectively, of AgNPs suspensions (1 mg of AgNPs dispersed
in 2 mL methanol). Encapsulation of AgNPs (particle size: 11.8 + 2.3 nm) was confirmed
by TEM. XPS spectra and mapping images confirmed the presence of AgNPs in the AZ1
composite material. The UV-DRS spectra showed the lowering of the bandgap of ZIF-11
from 4.36 eV to 4.21 eV for AgNPs@ZIF-11. AZ1 exhibited excellent photocatalytic activity
(almost 100%) toward MB molecules under UV-visible light irradiation. The AZ1 was
reused for up to three cycles with the same efficiency of 100%. Scavenger analysis revealed
that h* and eOH played an important role for the photocatalytic reaction [86]. Ag/UiO-66-
NH; composite materials were synthesized in two steps, involving wet impregnation of
silver nitrate into UiO-66-NH,, followed by chemical reduction with sodium borohydride.
TEM images of Ag/UiO-66-NH,-30% showed that the spherical AgNPs, with sizes of less
than 10 nm, are well dispersed throughout the UiO-66-NH,. Ag/UiO-66-NH»-20% could
degrade 96.4% of RhB in 40 min under UV-vis light and in the presence of hydrogen perox-
ide. The composite material exhibited higher photocatalytic performance in comparison
with bare MOF (74.3%). The enhanced photocatalytic activity of composite materials can
benefit from the built-in heterostructures that can increase the electron-hole separation
and the absorption of the visible light. Ag/UiO-66-NH; demonstrated good reusability
with a slight drop in efficiency after three consecutive runs [42]. For more details, the
photocatalytic reaction condition and efficiency of the discussed metal@MOF composite
materials is listed in Table 3.
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CO,+H,0+NH,*

Figure 4. (a) The synthetic route of composite catalyst Ag@MOF-525 and (b) diagram of the degrada-
tion process. Adapted with permission from [72]. Copyright 2023 Elsevier.
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Table 3. Comparison of the photocatalytic efficiency of metal@MOF composite materials towards

dye pollutants.
. Catalyst . .
Light Dye Conc. Reaction Degradation
Catalyst Source Dye (mg L-1) Dosagfel Time (min) (%) Ref
(mg mL—1)

Ni-MOF solar MB 10 0.2 70 68 [40]
Mo@Ni-MOF solar MB 10 0.2 70 84 [40]
Ag@MOF-525 Vis RhB 20 1 60 91 [72]

Ag@MIL-125(Ti) Vis RhB - 1 40 100 [84]
Vis MO 15 0.8 30 100

AgOZIFS Vis RhB 15 0.8 30 93 [85]

AgNPs@ZIF-11 UV-vis MB 1.6 - 40 100 [86]

Ag/UiO-66-NH, UV-vis RhB 2 x10° mol L7} 0.33 40 9 [42]

4.2. Nonmetal-MOF Composite Materials

Carbon-based materials, including carbon nanotubes, graphitic carbon nitride,
graphene-based materials, and MXene, are commonly used for developing composite
materials. Carbon-based materials show excellent light absorption, high conductivity, and
stable structure. Since some MOFs suffer from poor conductivity and low stability, compos-
ing MOFs with carbon-based materials is a key solution to overcome these drawbacks of
pristine MOFs [15,87]. Quang et al. synthesized bismuth-MOFs@carbon nanotube, labelled
as BIBTC@CNTs (BTC: trimesic acid, CNT: carbon nanotube), using a microwave-assisted
solvothermal procedure. SEM images showed a rod-shaped morphology for BiBTC, while
BiBTC@CNTs retained the rod-shaped morphology of MOF, interwoven with the fiber
structure of the CNT. The bandgap of BiBTC and BiBTC@CNTs-2 were calculated as 3.7 eV
and 3.5 eV, respectively. BIBTC@CNTs-2 showed the best results, with a degradation ef-
ficiency of 98% toward RhB in 180 min under visible light. The increased separation of
electron-hole pairs via a built-in electric field in the composite material was a key factor
enhancing photocatalytic efficiency. The superoxide anion radicals and electrons played
crucial roles in the photodegradation of RhB [88]. Porous g-C3Ny was fabricated using
thermal polymerization and used to synthesize g-C3N4/UiO-66 (CNU) composite materi-
als. The g-C3Ny4 nanosheets were grown onto UiO-66 to synthesize composite materials.
The bandgaps of UiO-66, g-C3N4, and CNU-0.5 were calculated as 3.96 eV, 2.88 eV, and
2.92 eV, respectively. CNU-0.5 degrades 100% of RhB solution upon exposure to visible
light for 70 min, which was 6.46- and 10.56-fold faster than that of pure g-C3N4 and UiO-66,
respectively. The formation of a heterojunction improved the photoelectron transfer and re-
duced the electron—hole recombination. Scavenger studies revealed O, ", h*, and ¢OH as
active species in this reaction [89]. Zhang et al. prepared MIL-101(Fe)/Ce/g-C3N4 (MCCN)
composite materials with different molar amounts of Ce/g-C3Ny (Figure 5a). The bandgap
values of Ce/g-C3Ny4, MIL-101(Fe), MCCN-1, MCCN-3, and MCCN-5 were reported as
2.50 eV, 2.46 eV, 2.40 eV, 2.34 eV, and 2.48 eV, respectively. The introduction of Ce/g-C3Ny
decreased the bandgap and enhanced the absorption of visible light in the composite
material. SEM images (Figure 5b,c) showed octahedral and 2D layered morphologies for
MIL-101 (Fe) and Ce/g-C3Ny, respectively. The SEM image of MCCN-3 (Figure 5d) demon-
strated that g-C3Ny layers covered the surface of octahedral MIL-101(Fe) particles. The
optimum photocatalyst (MCCN-3) exhibited the highest performance, degrading 90.36%
of RhB and 88.17% of MB molecules in 75 min of exposure to visible light. The results are
shown in Figure 5f,g. The enhanced light absorption, formation of a heterojunction, and
effective electron-hole transfer enhanced the photocatalytic performance of the composite
material [90].
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Figure 5. (a) Schematic illustration for synthesis of composite material; SEM images of (b) MIL-
101(Fe); (c) Ce/g-C3Ny; (d) MCCN-3; (e) MCCN-5; and (f,g) kinetics study of catalysts for elimination
of RhB and MB, respectively. Adapted with permission from [90]. Copyright 2023 Elsevier.

Ce-MOF/g-C3Ny (Ce-CN) composite materials were developed by in situ deposition
of Ce-MOF onto g-C3N,. Ce-CN-TS (solvothermally treated carbon nitride) exhibited a
bandgap of 2.45 eV. The photocatalytic performance of the Ce-CN-TS composite material
was remarkably superior to bare materials, achieving a 96.5% elimination of MB upon
exposure to UV-visible light for 120 min, its degradation efficiency decreasing to 80.5%
by the fourth cycle [91]. MOF-5 was synthesized by stirring at room temperature and
used to develop composite materials with graphene oxide (GO). The MOF-5/GO5 and
MOF-5/GO10 composites containing 5% and 10% weight fractions of GO were prepared.
The photocatalytic elimination of MB was 64% for MOE-5, 85% for MOF-5/GO5, and 92%
for MOF-5/GO10 over 390 min under UV light. The MOF and graphene oxide composition
reduced electron-hole recombination and enhanced charge transfer. The reactive oxygen
species ¢O,~, HO, e, and ¢OH were the main contributors to the photocatalytic activity [28].

Recently, graphene quantum dots (GQDs) have gained much attention in various
usages due to their nano size, photostability, non-toxicity, and biocompatibility. Mukher-
jee et al. synthesized MIL-100(Fe)/GQD composite materials using GQD and MOF precur-
sors. The bandgaps of MIL-100(Fe) and the composite material were 2.35 eV and 1.93 eV,
respectively. MIL-100/GQD showed a maximum efficiency of 93.8% within 5 min for degra-
dation of Congo Red (CR) under visible light irradiation. Incorporating GQD increased
charge separation in the composite material, which was confirmed by photoluminescence
(PL) spectra. The trapping experiment demonstrated h* and O, as the active species
in the degradation of CR. The composite material exhibited appreciable reusability after
four cycles [92]. Carbon quantum dots (CQDs) are excellent fluorescent nanomaterials
with exciting properties, including small particle size, high fluorescence stability, broad
excitation spectrum, good biocompatibility, and low toxicity [93]. CQDs can be electron
receptors, photosensitizers, or spectral converters in photocatalytic systems. Furthermore,
doping CQDs with nonmetallic elements, like nitrogen, can improve their optical stability,
electron transferability, and catalytic activity [76]. Rahmani et al. synthesized composite
materials with MIL-101(Cr) (MIL-Cr) and nitrogen-doped carbon quantum dots: MIL-
Cr/N-CQDs(x) (x =0.5,1, 2, and 3 mL of N-CQDs solution). EDX and mapping analyses
confirmed the presence of C, N, O, and Cr in MIL-Cr/N-CQDs (2). The bandgap was
2.58 eV for MIL-Cr and 1.95 eV for MIL-Cr/N-CQDs (2). HR-TEM images confirmed the
distribution of N-CQDs on the surface of MIL-Cr in the composite material. MIL-Cr/N-
CQDs (2) composite exhibited the highest photocatalytic performance toward RhB (95% in
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160 min) in the presence of visible light and hydrogen peroxide. In the composite material,
N-CQDs act as electron acceptors, increasing the visible light absorption and preventing
fast electron—hole recombination. Scavenging experiments showed that hydroxyl radicals
and holes were crucial for photodegradation. The degradation efficiency of the composite
material reached 75% within three cycles [76]. Chen et al. developed (UNiMOF/TizCy;
UNT) composite materials using the sonochemical method. SEM images demonstrated
2D sheet-like and 2D flower-like nanosheets for TizC; MXene and UNIMOF, respectively.
The TEM image of UNT1.5 demonstrated a uniform adherence of UNiMOF nanosheets on
Ti3Cy nanoflakes. The UNT1.5 (with 1.5 wt% TizCy) achieved the highest efficiency of 99.5%
for degradation of MB within 120 min, which was four times that of UNiMOEF. The 2D
structures and the high conductivity of Ti3C, enhanced electron-hole separation, resulting
in improved photocatalytic performance. The scavenger experiments revealed eOH as the
main active species, while ¢O, ™ and h* participate in the photodegradation reaction [94].

4.3. Bio-MOF Composite Materials

Bio-MOF composite materials contain at least one biomolecule serving as an organic
ligand. Incorporating biomolecules into MOFs can improve their durability and expand
their capabilities. The effectiveness of MOFs could be enhanced by adding biomolecular
entities like saccharides, nucleobases, proteins, peptides, amino acids, and porphyrins [95].
Porphyrins are effective photosensitizers known for their high light absorption capac-
ity, long excited state lifetimes, and excellent stability [96]. Tetra(4-carboxyphenyl) por-
phyrin (TCPP) is the most common porphyrinic linker used in the synthesis of porphyrin-
based MOFs (PMOFs) [97]. Chen et al. synthesized a new MOF via the solvother-
mal method; X-ray crystallography data revealed its structural formula as [Me,NH,]
[Srp(TCPP)(OACc)(H,0)]-2DMA [1, H4TCPP = tetrakis(4-carboxyphenyl) porphyrin, DMA
= N,N’-dimethylacetamide, HOAc = acetic acid]. Its structure consisted of an anionic host
framework and Me,NH,* counter cations. The MOF degraded 99% of RhB within 3 h and
99% of MB molecules within 22 min. The electrostatic interactions assisted in the adsorption
of cationic dyes into the pores, while the porphyrin group provided singlet oxygen and su-
peroxide anion radicals under light irradiation, leading to efficient elimination of dyes [73].
Three-dimensional TiO,@Cd-MOF nanocomposite aerogels were synthesized through the
sol—gel method and used for the synthesis of (TiO,@Cd-MOF)@ZnPp with Zn(II) porphyrin
(ZnPp). The bandgap values were reported as 3.0 eV, 2.9 eV, and 2.5 eV for pure TiO,
aerogel (TAG), nanocomposite aerogel (TAC), and porphyrin-sensitized nanocomposite
aerogel (PTAC), respectively. (TiO,@Cd-MOF)@ZnPp achieved a maximum degradation
efficiency of 94.1% toward MO molecules within 90 min upon exposure to visible light. The
synergistic effects of heterostructure, increased optical absorption, and efficient electron in-
jection lead to enhanced photocatalytic performance. These results showed that superoxide
anion radical and hydroxyl radicals played key roles, whereas holes have minor roles in
the degradation process [98].

Two-dimensional (2D) MOFs with ultra-thin structures provide a large surface area,
more active sites, and shorter diffusion distances for heterogeneous catalytic reactions,
producing higher photocatalytic performance than 3D MOFs [96,99]. A series of 2D M
(Cu, Zn, Co, and Mn)-TCPP MOF were synthesized using tetrakis(4-carboxyphenyl) por-
phyrin (TCPP) linker. The synthesized MOFs were used for designing M-TCPP MOF/TiO,
(MMOF-Ti) composite materials using a solvothermal reaction. 2D CuMOF-Ti-3 (synthe-
sized using 300 uL of n-butyl titanate) exhibited the best photo-Fenton performance, with
efficiency of 97.4% for the degradation of RhB within 30 min under visible light irradiation.
The scavenger tests revealed the effect of active species is in the order of h* > ¢O, ™ > ¢OH.
The composite material maintained its photocatalytic activity after five runs [96].

4.4. Polymer—MOF Composite Materials

The poor stability and low conductivity of MOFs restrict their photocatalytic usages.
To address these drawbacks, polymeric materials, including polyaniline (PANI), polypheny-
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lene vinylene, polypyrrole, polyethylene glycol (PEG), polyvinylidene fluoride (PVDE),
polyether sulfone (PES), and chitosan, have been introduced. PANI has recently been
noted in photocatalysis due to its high chemical stability, superior optical and mechanical
properties, and high conductivity [2]. Furthermore, the ability to coat MOFs with polymeric
materials and prepare them in beads, pellets, and hydrogel can expand their usage range.
This adaptability in their structural forms facilitates their broad application in large-scale
wastewater remediation.

The composition of polymers with MOFs has attracted significant attention because of
synergistic advantages that include higher stability, activated functionalities, and improved
catalytic efficiency. Wang et al. prepared MIL-101(Fe)/polysulfone (MP) composite material
with the Pickering emulsion template technique (Figure 6a). UV-DRS spectra showed
bandgaps of 2.62 eV for MIL-101(Fe), 3.76 eV for polysulfone (PSF), and 2.55 eV for MP-
0.56. SEM images revealed homogeneous hollow microsphere composite materials. The
MP-0.56 composite material achieved 100% removal of MB in 60 min under visible light,
outperforming the pure materials. The porosity and electrostatic interaction between dye
molecules and PSF resulted in improved photocatalytic activity of the composite materials.
Trapping experiments and ESR analyses confirmed that €OH and eO,™ species were
critical in the catalytic process (Figure 6b,c). MP-0.56 maintained a removal efficiency of
91% after five cycles [100]. The suggested mechanism for the photocatalytic reaction using
MIL-101(Fe)/ PSF is inserted in Figure 6d.
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Figure 6. (a) Preparation scheme of MIL-101(Fe)/polysulfone composite materials; (b,c) ESR spectra
of DMPO-eOH, TEMPO-eO;; and (d) suggested mechanism of the photo-Fenton reaction for MB
elimination using MIL-101(Fe)/PSF. Adapted with permission from [100]. Copyright 2023 Elsevier.

MOFEF/polymer composite materials were synthesized by incorporating MIL-100(Fe)
and MIL-88A(Fe) into a polymer matrix via photopolymerization. The bandgap of 1%MIL-
100(Fe)/polymer and 1%MIL-88 A(Fe)/polymer was calculated as 2.5 eV and 2.3 eV,
respectively. The MOF/polymer composites degraded 95.2% of Acid Black (AB) molecules
in 30 min under UV-visible light irradiation, while the efficiency of the bare polymer
was only 35%. Furthermore, MIL-100(Fe)@polymer showed better performance than MIL-
88A(Fe)/polymer. The suggested mechanism for the photodegradation of AB revealed that
the dissolved oxygen was the key species. However, superoxide anion radical, hydroxyl,
oxygenated, and carbonated radicals were also involved in this process. The composite
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materials displayed excellent photocatalytic performance and stability for up to five cy-
cles [101]. In a similar study, MIL-53(Cr) and HKUST-1(Cu) were synthesized under the
solvothermal method and used to prepare MOF/polymer composite materials. The 2%MIL-
53(Cr)/polymer showed the smallest bandgap of 2.1 eV. The 2% MIL-53(Cr)/polymer and
2%HKUST-1(Cu)/polymer composites degraded 96% of Acid Black (AB) in 30 min and
45 min, respectively, upon exposure to UV light irradiation. These photocatalysts showed
a decrease in efficiency beyond the seventh cycle [102]. Fe-MIL88/microcrystalline cellu-
lose composite material (Co, Fe-MIL88/MCC) was synthesized under stirring conditions
(Figure 7a). Co, Fe-MIL88 and Co, Fe-MIL88/MCC composite materials showed bandgaps
of 2.28 eV and 2.26 eV, respectively. SEM and TEM images of Co, Fe-MIL88/MCC revealed
that the hexagonal rod-like morphology of MIL88 was preserved in the composite materi-
als (Figure 7b). XRD and FT-IR spectra confirmed the successful synthesis of composite
material. The composite material degraded 87% of RhB in 100 min under visible light,
which was higher than for Co, Fe-MIL88 (61.75%). Trapping experiments and ESR analysis
indicated that the photo-induced O, and eOH play key roles in the photocatalytic re-
action. The photocatalytic reaction mechanism with the composite material is inserted in
Figure 7c. The composite materials demonstrated good durability and reusability for up to
five cycles [103].
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Figure 7. (a) Synthetic scheme of Co, Fe-MIL88/MCC; (b) TEM image of Co, Fe-MIL88/MCC; and
(c) illustration of the photocatalytic reaction mechanism for the composite material. Adapted with
permission from [103]. Copyright 2023 Elsevier.

MIL-53(Fe)/ polyaniline (PANI) composites were synthesized by in situ depositing
PANI onto MIL-53(Fe). The composite material simultaneously degraded RhB and Cr(VI)
under pH = 2 with an efficiency of 98% in 200 min under UV-vis light irradiation. EIS,
photocurrent response, and transient absorption spectra revealed that the photogenerated
carriers have a longer lifetime in MIL-53(Fe)/ PANI than bare MIL-53(Fe). Scavenger
experiments indicated O, and eOH as the main active species [104]. In a similar study,
the polyacrylonitrile-polyaniline 2-methylimidazole zinc salt (PAN-PANI-ZIFS8) fiber mem-
branes were prepared by doping ZIF-8 with PAN and PANI matrices under an electro-
spinning method. The bandgap values were determined as 2.75, 5.48, and 2.74 eV for
PAN-PANI-20, PAN-ZIF8-10, and PAN-PANI-20-ZIF8 fibers, respectively. The composite
materials showed good efficiency in comparison with bare materials for the degradation
of CR under visible light irradiation. The rate constant of the PAN-PANI-20-ZIF8 fiber
(17.2 x 1073 min—!) was 13.2-fold faster than that of the PAN-PANI-20 fiber and 3.1-fold
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higher than that of the PAN-ZIF8-10 fiber. The molecular dynamics simulation calculations
verified that PANI, rather than PAN, strongly interacted with ZIF8 [26].

Niu et al. prepared ZIF-8/PAM (polyacrylamide) hybrid material through the re-
crystallization of ZnO/PAM precursors solvothermally [71]. The ZIF-8/PAM composite
material degraded 88.6% of MB molecules within 30 min under visible light irradiation,
while the efficiency of ZIF-8 was 82.3% in 120 min. Trapping experiments indicated that
oOH and ¢O,~ were the main active species in this reaction. UiO-66 was synthesized under
solvothermal reaction conditions and used for the synthesis of (CS/UiO-66) composite
materials using chitosan (CS). SEM images showed a sheet-like morphology and rhombic-
shaped crystals for chitosan and UiO-66, respectively, while for CS/UiO-66, the SEM images
indicated uniform, rhombic-shaped crystals. The maximum degradation efficiencies were
observed as 75-95% for MB and MO (with initial concentration up to 2000 mg L1 using
CS/UiO-66 in the presence of UV light irradiation and hydrogen peroxide. The efficiency
of the CS/UiO-66 was 5-10 times higher than bare materials [70].

4.5. Semiconductor-MOF Composite Materials

Light absorption in semiconductors generates electron—hole pairs that enable sepa-
rated oxidation and reduction of pollutants on their surface [92]. Metal oxides are suitable
catalysts for wastewater remediation because of their photostability, effective charge car-
rier transfer, low cost, and efficient photocatalytic performance. Roy et al. synthesized
ZnO@HKUST-1 composite material with a chemical precipitation method and further
calcination. The bandgaps of HKUST-1, ZnO, and ZnO@HKUST-1 were 3.2 eV, 3.1 eV,
and 2.72 eV, respectively. SEM images revealed that the octahedral shape of the HKUST-
1 remained intact in the nanocomposite material. The composite material exhibited an
excellent efficiency of 97.4% in 45 min for Rose Bengal (RB) degradation under sunlight.
Scavenger tests demonstrated that #OH and O, were the active species for this reaction.
The nanocomposite displayed good reusability for up to five cycles, with an efficiency of
>89%[67]. A novel TiO,@HKUST-1 nanoreactor was prepared, as shown in Figure 8a. SEM
images of HKUST-1 showed an octahedral form, while for the TiO,@HKUST-1 nanoreactor,
a yolk—shell morphology with a decrease in particle size of HKUST-1 was observed. TEM
and HRTEM images of the TiO,@HKUST-1 confirmed the formation of the shell with
HKUST-1 (Figure 8b). HRTEM images revealed lattice stripes of 0.346 nm and 0.543 nm,
corresponding to the (511) plane of HKUST-1 and the (101) plane of anatase TiO,, respec-
tively (Figure 8c). TiO,@HKUST-1 showed better photocatalytic performance than bare
materials. It could degrade RhB and TC with an efficiency of 95.2% and 92.40% in 60 min
under visible light radiation. The suggested mechanism is shown in Figure 8d. ESR and
density function theory (DFT) calculations indicated h* and ¢OH as the main active species.
The photocatalytic performance of composite material reached 89.0 % after five cycles [105].

Cen et al. developed ZIF-8/TiO; nanofibers comprised of TiO, nanoparticles and
ZIF-8, as illustrated in Figure 9a. SEM images showed that ZIF-8/TiO, nanofibers con-
tained plenty of nanoparticles on the surface and within the nanofibers (Figure 9b,c). The
ZIF-8/TiO, NFs-10 degraded 95.4% of RhB molecules under UV light irradiation in 240 min.
Its photodegradation mechanism is illustrated in Figure 9d. According to trapping experi-
ments, ¢OH was identified as the primary reactive species, aided by ¢O, ™~ and h* [25].

Bismuth oxide (Bi;Os3) is a visible light-activated photocatalyst with a short bandgap
and high oxidizing ability. Sharma et al. prepared Bi,O3@Fe-SA composite materials using
Bi;O3 and Fe-SA (iron succinic acid organic frameworks) by a hydrothermal approach.
The bandgaps of Bi;O3, Fe-SA, and Bi;O3@Fe-SA (1) were calculated to be 2.99 eV, 1.66 eV,
and 1.55 eV, respectively. Bi,O3@Fe-SA (1) (molar ratios of Fe: Bi = 1:0.1) revealed the
highest efficiency of 80% for the decomposition of RhB within 120 min under visible
light. Trapping experiments indicated ®OH as the main species in this reaction. BiO3@Fe-
SA (1) maintained its efficiency after four catalytic cycles [80]. BaTiO;@ZIF-8 (Z/BTO)
nanocomposites were synthesized by growing ZIF-8 on the BaTiOj; surface. The Z/BTO-25
(with a 25% loading ratio of BTO NPs) had a bandgap of 3.1 eV. BaTiO3;@ZIF-8-25 degraded
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93% of MB in 180 min and 100% of CR in 75 min under solar light. Trapping experiments
revealed that the superoxide anion radicals and hydroxyl radicals are the important species
in the photocatalytic reaction. The composite material exhibited good cyclability and
maintained its performance over four cycles [24]. Hekmat et al. synthesized bismuth
vanadate (BiVOy) using a hydrothermal method with 1-ethyl-3-methylimidazolium ethyl
sulfate [Emim][EtSOy4] ionic liquids (IL-2). The photocatalytic efficiency of BiVO4 was
enhanced by growing MIL-100(Fe) on its surface to form BiVO4-MIL-100(Fe) composite
material. Figure 10a shows the synthesis scheme of IL-BiVO4-MIL-100(Fe) composite
material. It showed a reduced recombination rate, according to PL spectra. The composite
material outperformed bare BiVOy, degrading 90% of Basic Red 46 (BR46) in 120 min under
visible light. The mechanism of photocatalytic reaction with composite material is inserted
in Figure 10b. Scavenger experiments indicated that O, ™ and holes were crucial in the
photocatalytic process [79].
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Figure 8. (a) Synthesis illustration of TIO,@HKUST-1; (b) TEM image and (¢) HRTEM image of
TiO,@HKUST-1; and (d) photocatalytic mechanism of TiO,@HKUST-1. Adapted with permission
from [105]. Copyright 2023 Elsevier.

AgsPO4@ZIF-8 composite materials were synthesized using ZIF-8 and silver phos-
phate. The bandgaps of ZIF-8, AgzPO,, and AgsPO4@ZIF-8 were calculated as 5.25 eV,
2.38 eV, and 2.15 eV, respectively. The total organic carbon (TOC) results showed that
Ag3PO4@ZIF-8-5% could degrade 99.0% of RhB, 90.7% of Crystal Violet (CV), and 94.7%
of CR within 120 min under visible light. Its excellent photocatalytic performance was
due to extended light absorption and suppressed charge recombination. Superoxide an-
ion radicals, hydroxyl radicals, and holes were key factors in the photocatalytic reaction.
The composite material showed excellent stability over five cycles [66]. Silver tungstate
(AgoWOQy) is known for its great photocatalytic performance and conductivity. Ago WOy-
supported ZIF-8 hybrid materials were constructed via the hydrothermal method. The
bandgaps for ZIF-8, Ago, WOy, and AgoWO,/ZIF-8 were 4.6 €V, 3.06 eV, and 1.8 eV, respec-
tively. AgrWO,/ZIF-8 efficiently degraded 98.3% of MB upon exposed to visible light
within 120 min. The enhanced activity was related to efficient charge separation and the
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presence of plasmonic Ag. Trapping experiments identified #O,~ as the primary reactive
species. The composite material demonstrated excellent photostability over five cycles, as
confirmed by XRD and FESEM analysis [106]. Wu et al. synthesized AgVOs@ ZIF(Zn, Co)
composite materials with bimetallic ZIF(Zn, Co) and silver vanadate (AgVOj3) under hy-
drothermal reaction. The bandgaps of ZIF (Zn, Co), AgVO3, and AgVO3@ZIF(Zn, Co) were
calculated as 3.67 eV, 2.13 eV, and 1.38 eV, respectively. ESR results confirmed that ¢OH
and O, are critical for the photocatalytic reactions. The photocatalytic efficiency of the
composite material decreased to 82.2% after five cycles [107]. ZIF-8/Ag,CO3/CF (cotton
fabrics) photocatalyst was synthesized using the SILAR method (Figure 11a). The bandgaps
for ZIF-8/CF, AgyCO3/CF, and ZIF-8/Ag,CO3;/CF-10 (the SILAR method was repeated
10 times) were 3.07, 2.46, and 1.93 eV, respectively. According to Figure 11b, HRTEM images
showed Ag,CO3 was uniformly distributed on ZIF-8 nanoparticles. ZIF-8/Ag,CO3/CF-10
achieved 91% efficiency toward RhB removal in 30 min, which was 15-fold higher than the
photocatalytic activity of ZIF-8/CF. The putative mechanism for photocatalytic elimination
of RhB with ZIF-8/Ag,CO3/CF is shown in Figure 11c. Scavenger experiments identified
h* as the main active species, followed by O, and ¢OH [108].
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Figure 9. (a) Synthesis illustration of ZIF-8/TiO, NFs; (b) SEM images of PVDF NFs and (c) ZIF-
8/TiO, NFs-10; and (d) mechanism of photocatalytic reaction of the composite material for degrada-
tion of RhB. Adapted with permission from [25]. Copyright 2023 Elsevier.

BiOBr-based photocatalysts have received considerable interest in wastewater reme-
diation. However, the practical application of bare BiOBr is limited by charge carrier
recombination. MIL-125(Ti)-NH; (Ti-MOF) was synthesized with a solvothermal procedure
and used to synthesize BiOBr/MIL-125(Ti)-NH; (BTN) composite materials with BiOBr.
The bandgaps of BiOBr, MIL-125(Ti)-NH;, and BTN-4 (mass ratio of MOF = 60%) were
reported to be 2.98, 2.66, and 2.68 eV, respectively. The optimal composite (BTN-4) showed
the best activity for the degradation of MO, with an efficiency of 91% in 180 min of expo-
sure to visible light. The generation of heterojunction structures facilitates charge carrier
transfer and improves the photocatalytic efficiency of the composite material. Scavenger
tests and ESR proved that h™ and eO,~ play important roles in MO elimination, while
oOH has a slight effect. BTN-4 showed good stability, and its performance decreased to
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84% after four cycles [109]. For more details, the photocatalytic efficiencies of some of
MOF-semiconductor composite materials are listed in Table 4.
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Figure 10. (a) Synthesis scheme of IL-BiVO4-MIL-100(Fe) through a hydrothermal process; and
(b) schematic of the photo-induced electron-hole pair transfer process of IL2-BiVO,-MIL-100(Fe)
under visible light. Adapted with permission from [79]. Copyright 2023 Elsevier.

- . # Timse & I 5y
N,
N
XY
'3 {
g
Ri

ZIF-8/CF

Figure 11. (a) Fabrication of photocatalytic cotton fabrics functionalized with ZIF-8/Ag,CO3 com-
posite material; (b) HRTEM images of ZIF-8/Ag,CO5; /CF-10; and (c) proposed photocatalytic
mechanism of ZIF-8/Ag,CO;3/CF for dye degradation. Adapted with permission from [108]. Copy-
right 2023 Elsevier.
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Table 4. Comparison of the photocatalytic efficiencies of some MOF-semiconductor composite
materials towards dyes.

Catalyst

Light Dye Conc. Reaction Time Degradation
Catalyst So ﬁrce Dye (mg L-1) ( Dosagi:1 (min) ] %) Ref.
mg mL-1)
ZIF-8/TiO,NFs-10 uv RhB 10 0.2 240 95.4 [25]
BiVO4-MIL-100(Fe) Vis Basic Red 46 10 0.5 120 90 [79]
Bi, O3;@Fe-SA Vis RhB 10 0.1 120 80 [80]
MoS,-HKUST-1 Vis RhB 50 0.25 30 96.4 [81]
CdS/Mn-MOF (50) Vis RhB 10 0.15 60 98.7 [82]
BaTiO;@ZIF-8-25 Solar e 2 - 180 w [24]
ZnO@HKUST-1 Sunlight RB 20 0.32 45 974 [67]
TiO,@HKUST-1 Vis RhB 0.002 mmol L1 0.3 60 95.2 [105]
o . CcvV 20 04 120 90.7
AgzPO,@ZIF-8-5% Vis CR 20 0.4 120 94.7 [66]
AgroWO,@ZIF-8 Vis MB 30 0.1 120 98.3 [106]
AgVO3;@BZIF-3 Vis MB 20 1 180 98.2 [107]
ZIF-8/Ag,CO5;/CF-10 Sunlight RhB 10 - 30 91 [108]
BiOBr/MIL-125-(NH;) Vis MO 20 1 180 91 [109]

Roy et al. designed MS-HK nanocomposite materials using Cu-MOF (HKUST-1; HK)
and MoS; nanosheets (MS). The bandgap data of MoS;, HKUST-1, and MS-HK were found
tobe 2.14 eV, 3.07 eV, and 1.44 eV, respectively. The MS-HK photocatalyst degraded 96.4%
of RB within 30 min under visible light irradiation. The enhanced photocatalytic activity
of the composite material was due to the combination of HKUST-1 with MoS,, leading
to a short bandgap, which resulted in enhanced visible light absorption and the efficient
separation and transport of electrons and holes. Radical trapping experiments revealed
that ¢OH and O, play critical roles in the photodegradation of RB with MS-HK. The
MS-HK nanocomposite displayed significant stability with efficiency of >89% for up to
four successive cycles [81]. Cadmium sulfide (CdS) is a notable focus in photocatalysis
research because of its ideal bandgap for visible light utilization and strong reduction
capability. However, its photocatalytic efficiency is limited by rapid carrier recombination
and significant photo-corrosion. To address these issues, CdS is often used as a reducing
photocatalyst in developing new heterojunctions to overcome the above drawbacks [110].
Zhu et al. proposed a strategy of combining CdS with MOFs to address the issue of
agglomeration of CdS nanoparticles. They synthesized 3D Mn-MOF under solvothermal
reaction using the ligand HyL (H,L = 5-(pyrazin-2-yl) isophthalic acid). Mn-MOF was used
for the synthesis of CdS/Mn-MOF composite materials. The bandgaps of CdS, Mn-MOF,
and CdS/Mn-MOF (50) were reported as 2.08 eV, 2.73 eV, and 2.16 eV, respectively. CdS/Mn-
MOF (50) (weight ratio of CdS was 49.9% by ICP) degraded 98.7% of RhB within 60 min
of exposure to visible light, which was 19.7- and 2.3-fold better than that of Mn-MOF and
CdS, respectively. Formation of a heterojunction limited the electron-hole recombination in
the composite material. Scavenger tests and ESR analysis indicated O, ™ as the important
active species for this reaction [82].

5. Conclusions and Future Perspective

Metal-organic frameworks (MOFs) have recently demonstrated potential applications
in the adsorption and elimination of hazardous contaminants in wastewater. As crystalline
porous materials with a high surface area and unique structure flexibility, MOFs are
good candidates for wastewater remediation. However, some MOFs suffer from low
photocatalytic efficiency and poor water stability. Various approaches, including ligand
functionalization, metal nanoparticle doping, surface modification, immobilization of
functionalized materials, and fabrication of composite materials, have been adopted to
form multifunctional materials.

The development of MOF-based composite materials has recently made prominent
progress, introducing new capabilities in material engineering and environmental sus-
tainability. This review summarizes the synthesis and application of novel MOF-based
composite materials to eliminate contaminants in wastewater under photocatalytic pro-
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cesses. Many of the studies, especially those summarized in this review, use dyes as
model contaminants because of the ability to monitor their breakdown using conventional
spectroscopic methods. A literature survey revealed that the design and development
of MOEF-based composite materials resulted in tunable bandgaps, efficient visible light
absorption, reduced recombination between photogenerated species, enhanced water sta-
bility, better regeneration, and appropriate supramolecular interactions, which significantly
enhanced the efficient and selective decomposition of organic dye contaminants.

Despite noteworthy progress, the transition from laboratory research to industrial
performance remains challenging because of cost, energy consumption, and environmental
impact. The preparation of some MOFs involves costly metal ions or linkers, which can
hinder their economic feasibility for widespread applications. Solvothermal methods, com-
monly used for synthesizing MOFs and their composite materials, are typically unavailable
for industrial large-scale applications. The development of solvent-free methods, or non-
toxic solvents for the synthesis of these materials on a large scale is necessary. Furthermore,
metal ions and organic linkers affect the toxicity of MOFs. For example, the leaching of
metal ions like cadmium from MOFs can cause environmental health risks. Also, the
photocatalytic reactions for eliminating organic dyes with MOF-based composites may
produce byproducts that could be toxic or harmful. Hence, further research is essential
to identify, characterize, and evaluate the toxicity of the byproducts of MOF-catalyzed
reactions. Understanding these aspects will improve the design of MOF-based photocat-
alysts and ensure that their use in wastewater remediation is environmentally friendly
and sustainable.
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