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Abstract: Metal-organic frameworks (MOFs) have garnered significant attention for water
purification in recent years. In particular, UiO-66 (a member of the UiO-MOF family, devel-
oped at the University of Oslo) has emerged as a promising water purification material.
UiO-66 exhibits excellent adsorption through electrostatic interaction, —m stacking and
Lewis acid-base coordination mechanisms. The photocatalytic degradation property was
enhanced through metal doping, composite with semiconductor materials, defect engineer-
ing, etc., and the removal efficiency of pollutants was significantly improved. This review
systematically describes the structure of UiO-66 and the synthesis methods of UiO-66,
including solvothermal, microwave-assisted, mechanized and electrochemical methods,
as well as the application of UiO-66 in the adsorption and photocatalytic degradation of
various pollutants.
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1. Introduction

Water is essential to all life on Earth. However, water pollution, exacerbated by
population growth, industrialization, and climate change, poses a persistent global chal-
lenge [1]. Contaminants, such as organic dyes [2], antibiotics [3], pesticides [4], heavy
metal ions [5], pharmaceuticals and personal care products (PPCPs) [6], fluoride [7], and
microplastics [8], affect human normal life and even threaten human health. These pollu-
tants are often resistant to removal from water. Conventional removal methods include
physical methods, chemical methods, and biological methods. Physical methods mainly
include physical adsorption [9] and membrane separation [10]. Chemical methods mainly
refer to advanced oxidation processes (AOPs), including Fenton oxidation, Fenton-like
oxidation [11], ozonation [12], photocatalysis [13], and electrochemistry [14]. Biological
methods mainly utilize the adsorption and decomposition capabilities of microorganisms
to treat pollutants in water bodies [15]. Physical methods, like adsorption, can be limited
by low selectivity, chemical processes, such as AOPs, often demand high energy or reagent
inputs, and biological approaches may fail against non-biodegradable compounds.

Among these methods, physical adsorption and photocatalytic degradation are widely
used for removing pollutants from water due to their adaptability to various contami-
nants. Adsorption employs high-surface-area materials to capture pollutants, offering
a straightforward and cost-effective approach, while photocatalysis utilizes light-driven
reactions to break down organic contaminants into harmless byproducts [9,13]. However,
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the effectiveness of these techniques depends heavily on the properties of the materials
employed, prompting the exploration of advanced materials tailored for water purification.

Metal-organic frameworks (MOFs) are a class of porous coordination polymers with
periodic crystal structures formed by self-assembly of metal ions or metal clusters and
organic ligands [16]. MOFs are distinguished by a large BET (Brunauer-Emmett-Teller)
surface area [17], which supports numerous active sites, low density [18], high chemical and
thermal stability [19], and precisely adjustable crystal structures [20] and pore sizes [21],
yielding exceptional adsorption capacity [22], as well as unique optoelectronic proper-
ties [23]. These attributes enable MOFs to be widely applied in diverse fields, including
adsorption [24], energy storage [25], gas adsorption and separation [26], gas transporta-
tion [27], chemical sensing [28], biosensing [29], and photocatalysis [30].

In addition to the features mentioned above, MOFs exhibit additional versatility.

1.  MOFs can form a variety of topological structures, including cubic [31], tetrahe-
dral [32], octahedral [33], as well as more complex three-dimensional network struc-
tures [34]. Figure 1 shows the structure of the regular tetrahedron and octahedron of
UiO-66(Zr) [35]. By strategically choosing metal nodes and organic ligands, MOFs
with specific topological structures can be tailored to meet targeted applications.

Figure 1. (a) Illustration of the UiO-66(Zr) structure. (b) Tetrahedral cavities. (c) Octahedral cavities.
The blue sphere and yellow sphere represent the void regions inside the tetrahedral and octahedral
cages, respectively. Hydrogen atoms on the organic linkers were omitted for clarity [35].

2. MOFs can have their structures and properties adjusted and optimized through var-
ious modification methods to enhance their performance across applications. For
instance, doping metal ions [36] can alter the electronic structure and catalytic activity
of MOFs. MOFs can also be combined with inorganic nanomaterials; compounding
with carbon nanotubes [37] or graphene [38] can enhance their electron conduction
performance, while integration with TiO; [39], g-C3Ny [40], etc., can improve their
photocatalytic performance. Similarly, MOFs can be paired with organic polymers;
when combined with polyimide [41], they form a film material with enhanced mechan-
ical properties and gas separation capabilities, suitable for gas separation membranes,
and related technologies.

3. There are numerous synthesis methods for MOFs, including the solvothermal
method [42], hydrothermal method [43], microwave-assisted synthesis method [44],
ultrasound-assisted synthesis method [45], electrochemical synthesis method [46],
and mechanochemical synthesis method [47]. These approaches allow precise control
over synthesis conditions, producing MOFs with tailored properties suited to specific
needs. In recent years, MOFs have gained increasing attention for their ability to treat
water pollution. Among these MOFs, UiO-66 particularly stands out due to its excep-
tional stability and versatility in water treatment applications. The subsequent section
delves into UiO-66"s structure and synthesis evolution, building on this foundation.
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In recent years, more and more MOF materials have been studied, and MOFs have
been widely used to treat water pollution. Among the many MOFs, UiO-66 stands out.
Therefore, this review focuses on the structure of UiO-66 and the applications of UiO-66 in
the removal of various pollutants in water.

2. UiO-66 Structure and Synthesis Evolution
2.1. Structure

Among the numerous MOFs, UiO-66 is a member of the UiO-MOF family devel-
oped at the University of Oslo [48]. UiO-66's three-dimensional network is composed of
Zr** ions as its metal nodes coordinated with terephthalate (BDC?™) acting as organic
ligands [49]. Figure 2 shows the structure of UiO-66 [50]. This robust framework ex-
hibits a high degree of structural integrity, characterized by ZrsO4(OH),4 clusters linked
by 1,4-benzenedicarboxylate (BDC?"~) units, forming a cubic lattice with tetrahedral and
octahedral cavities.

Figure 2. UiO-66 Zr-MOF with 1,4-benzenedicarboxylate (BDCZ™) as linker [50].

The synthesis of UiO-66 has evolved significantly into three major stages. Lillerud and
co-workers first reported the synthesis of UiO-66 by mixing zirconium tetrachloride salt
with terephthalic acid (H,BDC) into N,N’-dimethylformamide (DMF) [51]. Early synthesis
strategies for UiO-66 involved highly dilute metal and ligand concentrations, without
modulators or deprotonating agents. The absence of modulators or deprotonating agents,
coupled with the higher concentrations, produces a rapid reaction, resulting in no three-
dimensional mesh structure being formed, thus producing a gel product rather than a
powder MOE. Consequently, the second stage focuses on modulators or deprotonators,
enabling the development of high-quality Zr-based MOFs. Finally, in the third stage, it was
found that new methods introducing defects could greatly improve the various properties
of the material [52]. These developments are explored further in the synthesis methods
detailed below. Several synthesis methods of UiO-66 are summarized in Table 1.

2.2. Synthesis Evolution

Research progressions have revealed that UiO-66 with large particle size and high
crystallinity can be obtained by using modulators in the synthesis procedures. For example,
the addition of a modulator benzoic acid can affect the size and morphology of UiO-66. And
with increasing concentration of the modulator, the products change from intergrown to
individual crystals [53]. In addition, the adjustment of other factors, such as temperature
and metal-linker ratio, also affect the performance of UiO-66. A study found that increasing
the temperature and metal-linker ratio brought the material closer to the ideal state [54].
Modulators compete with the coordination interaction between the metal (Zr**) and the linker
BDC?~ in a reversible fashion, and in this way, they can also generally be carboxylic acids [55].

Up to now, the solvothermal method is most often used to prepare UiO-66 with high
crystallinity and good morphology, but the synthesis time of the solvothermal method
is long, and it is difficult to achieve mass production. The microwave-assisted synthesis
method is simple and can synthesize UiO-66 in a short time. Compared with the traditional
solvothermal method, it takes only a few hours. In addition, the mechanochemical synthesis
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method uses less solvents and can achieve large-scale production. There are also other
methods, such as the continuous flow method, which enables continuous manufacturing
through a flow reactor. Different synthesis methods have unique advantages.

2.2.1. Solvothermal Method

The solvothermal method was the first approach to successfully prepare UiO-66 [51].
This method overcomes the limitations of dissolving some reactants at room temperature.
In a typical solvothermal synthesis method, ZrCly and terephthalic acid (H,BDC) are
dissolved in N,N’-dimethylformamide (DMF). The mixture is then transferred to a Teflon-
lined autoclave, sealed at 120 °C and heated for 24 h. After cooling to room temperature, it is
filtered and washed with DMF several times and dried at room temperature [56]. Variations
in polarity, dielectric constant, functional groups, and viscosity of the solvent can influence
the reaction pathway, leading to diverse product sizes and morphologies [57]. Therefore,
the solvothermal method can produce products with uniform size, high crystallinity, and
well-defined topologies.

2.2.2. Microwave-Assisted Method

Compared with the traditional solvothermal method, the main advantage of the
microwave-assisted method is that the synthesis time is much shorter [58]. Microwaves
interact with polar solvents, generating localized heating (“hot spots”) that significantly
promote nucleation events [57]. Fan et al. reported that it only takes 2-2.5 h to synthesize
UiO-66 by this method [59]. Compared with the traditional heating method, the microwave-
assisted method provides more uniform and efficient heating, lowering energy costs and
enabling scalability for batch production [60].

2.2.3. Mechanochemical Method

UiO-66 is synthesized by liquid-phase-assisted grinding (LAG), by milling the pre-
assembled methacrylate cluster ZrsO4(OH)4(C3H5CO3)12 (ZrgM) to H,BDC in a stoichio-
metric ratio of 1:6. The reaction uses methanol (MeOH) or N,N-dimethylformamide (DMF)
as the liquid additive, and 1 (the ratio of liquid volume to reactant weight) ranges from
0.5 uL/mg to 0.78 pL/mg. The process occurs in a poly (methyl methacrylate) (PMMA)
jar mounted on a modified Retsch MM400 (Deutsches Elektronensynchrotron (DESY),
Hamburg, Germany) mill operating at 30 Hz using stainless steel milling media [61].

2.2.4. Evaporation

The characteristics of synthesizing MOFs by the evaporation method are that the
synthesis conditions are mild, but the reaction time is relatively long. Shearer et al. added
ZrCly, H,BDC, H,0, and acetic acid to a flask containing N,N’-dimethylformamide. The
mixture was stirred to obtain a clarified solution and then heated at 100 °C for 14 days
with no solvent loss. The resulting crystalline powder was separated from the solvent by
centrifugation, thoroughly washed three times with N,N’-dimethyl formamide, and then
dried overnight in an oven set at 60 °C to obtain UiO-66 [62].

2.2.5. Continuous Flow

The continuous flow method greatly increases the specific surface area of the reaction
medium, thus effectively enhancing mass transfer, resulting in a large number of UiO-66
generation [63]. Rubio-Martinez et al. first proposed pumping DMF with ZrCly and 1,4-
tricarboxylic acid (BDC) in a coil reactor for heating, mixing and then passing through a
back pressure regulator into a sealed container. The product was washed by DMF, then
immersed in methanol for 2 days, and finally, UiO-66 was obtained [64].
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2.2.6. Electrochemical Method

Electrochemical synthesis can be divided into two kinds: anode deposition and cath-
ode deposition [65]. In anode deposition, a critical concentration of metal ions is released
through anodic dissolution to form MOF film on the metal anode. In cathode deposition, a
solution containing metal ions, ligands, and so-called probase is in contact with the cath-
ode surface. Film deposition relies on an increase in pH near the cathode surface, where
the electrochemical reduction of probase leads to local base formation and subsequent
deprotonation of ligands, resulting in the formation of MOFs [66]. In one study, Farha et al.
prepared UiO-66 membranes by electrochemical method [67].

Table 1. Synthetic methods for UiO-66.

Synthetic Method Temp (°C) Activation Solvent Ref.
Solvothermal 120 DMF [56]
Solvothermal 120 Methanol [68]
Solvothermal 120 Ethanol [69]
Solvothermal 120 Acetone [70]
Solvothermal 120 Chloroform [71]
Solvothermal 50 DMF [72]
Solvothermal 70 DMF [72]
Solvothermal 90 DMF [72]
Solvothermal 110 DMF [72]

Microwave-assisted - Ethanol [59]

Mechanochemical - Methanol [61]

Evaporation 100 DMF [62]
Continuous flow 130 Methanol [64]
Electrochemical 80 Ethanol [67]

3. Application of UiO-66 in Water Purification
3.1. Removal of Pollutants from Water by Adsorption Method

In the field of water pollution treatment, adsorption is an important treatment tech-
nology, and UiO-66, as a water-stable MOF, has emerged as an effective adsorbent for
removing organic dyes from aqueous solutions [73]. Figure 3 describes the mechanism of
MOF surface adsorption to remove harmful substances [74]. The adsorption mechanism of
UiO-66 involves several pathways. Firstly, the abundant pore structure formed by metal
nodes and organic ligands in its structure provides a large number of adsorption sites [75],
which can be mutually attracted to pollutant molecules in water through physical adsorp-
tion, such as van der Waals forces and 7—m stacking [76]. Secondly, the Lewis acidic site in
the metal center and some groups on the organic ligand can undergo chemical adsorption
with specific pollutants [77] so as to achieve efficient capture of pollutants.

UiO-66 has a regular and precisely designable pore structure, which can be customized
according to the pollutant molecule size to achieve precise adsorption of specific pollu-
tants [77]. In addition, UiO-66 has higher chemical stability and can still maintain structural
stability and adsorption performance under different pH values and temperatures [78].
Herein, this paper describes the application of UiO-66 adsorption to remove organic dyes,
antibiotics, heavy metal ions, fluoride and microplastics from water. Examples of the
removal of various pollutants by UiO-66 adsorption are shown in Table 2.
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Figure 3. Schematic diagram of possible mechanisms for adsorptive removal of hazardous materials
over MOFs [74].

3.1.1. Organic Dyes

Organic dyes are widely used in textile, leather, paper, and printing industries [79],
which are one of the most toxic pollutants in water resources [80]. Organic dyes are highly
toxic, carcinogenic and mutagenic, resulting in reduced irrigation and drinking water.
Organic dyes can even lead to various health problems, such as dermatitis, breathing
difficulties, headaches and cancer [81].

UiO-66 demonstrates adsorption properties for many organic dyes, such as methylene
blue [82], Rhodamine B [83], methyl orange [84], etc. UiO-66 adsorbs organic dyes by
electrostatic action. For example, Embaby et al. synthesized UiO-66 by the microwave-
assisted method. It was found that the surface of UiO-66 was positively charged, so it
had stronger electrostatic interaction with anionic dyes and thus had better adsorption
performance for anionic dyes [80,85]. Ediati et al. found that the crystallinity or irregularity
of UiO-66 will provide an adsorption process with more active sites [86]. Mousavi et al.
found that physical properties, such as surface charge, BET surface area, pore size and
total pore volume, of UiO-66 could be improved by Soxhlet extraction and centrifugal
activation with different activation methods and solvents [87]. The experimental results
show that the materials obtained by Soxhlet extraction with ethanol as activator have
higher crystallinity and larger BET and total pore volume. The material obtained by Soxhlet
extraction with acetone as the activator shows amorphous structure in XRD pattern, which
is due to the collapse of the crystal structure after soaking in a Soxhlet device. Although
the characteristic peak of the material obtained by centrifuge activation with acetone is
consistent with UiO-66, the intensity of the peak is reduced. The sample activated by
chloroform as an activator has too much weight loss in adsorbing water.

3.1.2. Antibiotics

Antibiotics are widely employed in human and veterinary medicine and agriculture to
fight diseases caused by bacteria [88]. Antibiotics mainly include tetracycline, sulfanilamide,
beta-lactam, quinolone and penicillin [89]. The overuse of antibiotics has led to their
widespread presence in aquatic environments, which can induce the development of
drug-resistant bacteria, posing potential risks to ecosystems and human health.

UiO-66 can effectively adsorb a variety of antibiotics in water, such as tetracycline,
sulfonamide antibiotics and so on [90]. Studies have shown that UiO MOFs are excellent at
removing various concentrations of antibiotics from water [57]. In addition to electrostatic
and hydrogen bonding, the adsorption mechanism is also related to the interaction between
the specific functional groups of antibiotic molecules and the active sites on the surface
of UiO-66 [91]. In addition to electrostatic and hydrogen bonding, the adsorption mecha-
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nism is also related to the interaction between the specific functional groups of antibiotic
molecules and the active sites on the surface of UiO-66 [92].

Alsaedi et al. found in their study that the removal rate of UiO-66 to doxycycline in a
water environment could reach 90% of the initial concentration. The isothermal data are
consistent with the Langmuir model. The pseudo-second-order model can best describe
the kinetic data. This showed that UiO-66 had similar antibiotic adsorption performance
to other porous materials [88]. Azhar et al. studied for the first time the adsorption of
sulfachlorpyrazine (SCP) on ZIF-67 and UiO-66. It was found that UiO-66 is a feasible
adsorbent for wastewater treatment with higher adsorption capacity, faster kinetics and
simpler recycling than ZIF-67 [93].

3.1.3. Heavy Metal Ions

Heavy metal ions (such as Cd?*, Ni?* and Cr6+) pose a serious threat to the environ-
ment and human health because of their high toxicity and non-degradability. They are
non-biodegradable and tend to accumulate in living organisms [94].

Studies have shown that UiO-66 has high adsorption capacity for Pb (II), Cd (I),
Cr (VI), U (VI) and other heavy metal ions. UiO-66 as an adsorbent is superior to other
adsorbents in removing heavy metal ions from water due to its short adsorption time,
good water stability and high adsorption capacity. Moreover, the surface chemistry and
functional groups of UiO-66 are highly responsive to the pH of the solution, resulting in
enhanced adsorption of heavy metal ions [95].

Wang et al. notably reported UiO-66 achieving an exceptionally high arsenic adsorp-
tion capacity of 303 mg/g, significantly surpassing other reported adsorbents [96]. Other
derivatives modified by UiO-66 also have significant adsorption effects on other heavy
metal ions.

3.1.4. Fluoride

Fluoride is an essential environmental element, but its excessive accumulation in the
environment can have a wide range of fatal consequences for human, plant and animal
health. In humans, low doses of fluoride (<1 mg/L) are beneficial for normal bone and tooth
development, but high global levels (>1.5 mg/L) and prolonged exposure and ingestion of
fluoride can lead to bone and tooth damage and dysfunction [97].

Zhao et al. studied and compared the water stability MOFs of MIL-53 (Fe), MIL-53
(Al), MIL-53 (Cr), MIL-68 (Al), CAU-1, CAU-6, UiO-66 (Hf), UiO-66 (Zr), ZIF-7, ZIF-8
and ZIF-911 in fluorine solution. It was found that UiO-66 had the best effect on fluoride
removal, and the adsorption capacity was 41.36 mg g~!, which was higher than most
reported adsorbents [98].

3.1.5. Microplastics

Microplastics (MPs) are plastic particles, films, and fibers with a diameter of <5 mm [99].
Microplastics have become a serious global environmental challenge due to their low
degradability, ease of transport and accumulation, and ecotoxicity [100]. Microplastics also
can cause physical harm, metabolic disorders, neurotoxicity and reproductive damage [101].
MOFs can remove microplastics from water. A schematic representation of the mechanisms
facilitating MP degradation is shown in Figure 4 [8].

Wau et al. reported that UiO-66 effectively catalyzed the decomposition of polyethylene
terephthalate (PET) microplastics into terephthalic acid (TA) and monomethyl terephthalate
(MMT) within 24 h at 260 °C, achieving yields of 98% under 1 atm H2 and 81% under 1 atm
Ar. Unlike polypropylene (PP) or polyethylene (PE), UiO-66 (Zr) retained catalytic activity
under these conditions, confirming its superior efficiency as a PET degradation catalyst [102].
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Chen et al. developed a foam material based on zirconium basic metal organic frame-
work (Zr-MOF). The microplastics were removed using materials obtained by the acetone-
assisted method. The electrostatic interaction between the positive charge of Zr-MOF
nanoparticles and the negative charge of microplastics, the hydrogen bonding between
functional groups or defects and microplastics, the pore structure of melamine foam (MF)
and the water stability of the material all contribute to the removal of microplastics [103].

OVOVO

HOH o E HOH
HSS

MOF

SN ONe,

Figure 4. Hydrolytic-mediated microplastics degradation by MOF [8].

Table 2. Overview of UiO-66 used in adsorptive removal of various pollutants.

van der Waals force

Pollutant Q. (mg/g) Adsorptive Mechanism Ref.
Methylene blue (MB) 91 Electrostatic interaction [82]
Rhodamine B (Rh B) 75.85 Electrostatic interaction [83]

Methyl red (MR) 384 Electrostatic interaction [84]
Malachite green (MG) 133 =TT 1nteract10;1;ail)egcetrrlo§f)e$1ci r1lr;te1‘act10n, and [84]
Methylene blue (MB) 370 T—TT 1nteract10}r11;(,ii(2:;o§2ar’:g:i 1Tlr;;teractlon, and [84]

Alizarin red S (ARS) 400 Electrostatic interaction [85]
Methyl orange (MO) 188.6 Electrostatic interaction [86]
Congo red (CR) 147.1 Electrostatic interaction [86]
Methylene blue (MB) 107.5 Electrostatic interaction,— interactions [86]
Methylene blue (MB) 79.78 Electrostatic interaction [104]
Methyl orange (MO) 70.79 Electrostatic interaction [104]
Rhodamine B (Rh B) 25.94 Electrostatic interaction [104]
Acid red 52 (AR52) 5.42 Electrostatic interaction [104]
Doxycycline 156.25 Electrostatic interaction [88]
Sulfachlorpyrazine (SCP) 417 7—7t interactions, electrostatic interaction [93]
Oxytetracycline (OTC) 21.22 Electrostatic interaction [105]
Norfloxacin 1345 =TT interactio}?s, electrostatic. interaction, and [106]
ydrogen bonding

Tetracycline (TC) 208.68 mi—7 interactions and hydrogen bonding [107]

Sulfamethoxazole (SMX) 25 TI—7T interactions, electrostatic‘ interaction, and [108]
hydrogen bonding

As (V) 303 Complexation (coordination) [96]

As (1) 143.95 Electrostatic interaction [107]

Pb (1) 19.40 Complexation (coordination) [109]

Sb (V) 127.5 Electrostatic interaction [110]

Pb (IT) 48.7 Complexation (coordination) [111]

Hg (II) 59 Complexation (coordination) [112]

Cr (VI) 36.4 Electrostatic interaction [113]

Au (IIT) 53.6 Electrostatic interaction [114]

Fluoride 41.36 Complexation (coordination) [98]

Polyethylene terephthalate (PET) 226.8 Hydrogen bonding [102]

Melamine foam (MF) 955 Electrostatic attraction, hydrogen bonding, and [103]
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3.2. Removal of Pollutants from Water by Photocatalysis

Since Mahata et al. first proposed MOF as a photocatalyst in 2006 [115], MOF has
become a promising material for water pollution remediation, and more and more MOF
materials have emerged as photocatalysts. Photocatalytic reactions can be divided into
three key steps: (i) light absorption and charge carrier (electron and hole) generation, (ii)
separation and transfer of photogenerated charges, and (iii) surface chemical reactions [116].
Figure 5 shows the basic process of photocatalysis [117].

S

reduction (ox + ne” — red)

S

oxidation (red — ox + ne")
S

Figure 5. Elementary steps occurring in a photocatalytic event [117].

Since Garcia et al. discovered that UiO-66 has photocatalytic hydrogen production
activity under ultraviolet irradiation [118], UiO-66 has received extensive attention in the
field of photocatalysis. Under ultraviolet (UV) irradiation, energy can be transferred from
the organic linker BDC?~ to the Zr-oxygen group in UiO-66, and in the presence of metal
center Zr and organic linkers BDC?~, UiO-66 can be photoexcited to generate photogener-
ated electron-hole pairs, and photogenerated electrons transfer from photoexcited BDC?~
to Zr oxo clusters in UiO-66 to generate Zr3* [117].

However, the photocatalytic performance of pure UiO-66 is limited, and it is necessary
to improve the photocatalytic performance by some modification methods, such as ligand
modification, doping metal ions, composite with semiconductor materials, and introduction
of defects. The photocatalytic performance of the modified UiO-66 was significantly
improved. Herein, this review will summarize UiO-66 photocatalytic removal of various
pollutants from water. Table 3 summarizes the application of UiO-66 and its derivatives in
photocatalytic removal of various pollutants.

3.2.1. Organic Dyes

UiO-66's photocatalytic applications are notably effective for organic dyes, where
its integration with semiconductors forms heterogeneous multiphase photocatalysts with
narrow-bandgap properties [119].

Zhang et al. prepared nanohybrids of UiO-66 and g-C3Ny4 nanosheets (CNUO) to de-
grade Rh B dye. The migration and separation rate of photogenerated electrons can be
improved by adding proper amounts of g-C3Ny. The g-C3N4 forms a heterojunction with
UiO-66, which expands the absorption range of visible light and improves the transmission
efficiency of photogenerated charge carriers. At the same time, CNUO has a strong ability
of photogenerated carrier migration and separation. Radical trapping experiments showed
that H*, O, and -OH are the main active species of CNUO degrading Rh B [120]. Similarly,
Yang et al. first used the solvothermal method to prepare TiO,@UiO-66 for removing methyl
orange (MO). The photocatalytic activity of the TiO,@UiO-66 composite is higher than that
of the two monomer materials, and the degradation rate of MO can reach 97.59%. The close
contact interface of TiO; and UiO-66 can effectively separate and transfer photogenerated
carriers. During the degradation of MO, TiO,@UiO-66 showed significantly enhanced photo-
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genic electron transport ability, inhibited the recombination of electron holes, and could be
reused [121].

3.2.2. Antibiotics

UiO-66 modified by metal doping can change its band structure, boost carrier density
and reduce the recombination of electron holes.

Yin et al. prepared Cu-UiO-66 by the one-pot metal doping method and investigated
the removal of ciprofloxacin (CIP) by Cu-UiO-66 under photocatalysis. The doping of
copper increased the photocurrent and reduced the interfacial charge transfer resistance,
thus improving the charge separation efficiency. The photocatalytic performance of Cu-
UiO-66 is 3.7 times that of pure UiO-66 [122].

Cao et al. studied the preparation of Co-UiO-66 photocatalytic tetracycline (TC)
removal from water by the solvothermal method. Through the doping Co modification,
the light absorption of UiO-66 is expanded, the charge separation is promoted, and the
photocatalytic performance is improved. The removal rate of TC by Co-UiO-66 was more
than 94%, and the photocatalytic capacity was 6.9 times that of pure UiO-66 [123].

3.2.3. Hexavalent Chromium (Cr (VI))

Hexavalent chromium (Cr (VI)), a common heavy metal ion, has been widely used in
paint, leather and other fields [124]. Cr (VI) is a serious threat to human health due to its
toxicity [125]. UiO-66 has a suitable reduction potential (about —0.55 V vs. NHE), which
can be used as a good photocatalyst for photocatalytic reduction. Under light irradiation,
organic linkers can be excited to further produce photo-induced electrons, and the Zr-O
clusters serve as the active sites for photocatalytic Cr (VI) reduction [124].

Yao et al. found that UiO-66 with Cr (VI) adsorption is responsive to visible light, and
Cr (VI) can be further removed by photosensitizing photocatalytic reduction under visible
light [126]. Jiao He et al. showed that UiO-66 could adsorb Cr (VI) at neutral pH while
catalyzing the reduction of Cr (VI) by visible light [127]. Meanwhile, it was proposed to
improve the photocatalytic performance by changing the surface electrostatic properties
of UiO-66.

Table 3. Overview of UiO-66 and its derivatives used in photocatalytic removal of various pollutants.

Pollutant Photocatalysts Efficiency (%) Time (min) Ref.
Rhodamine B (Rh B) g-C3N, /UiO-66 96.08 360 [120]
Methyl orange (MO) TiO,@UiO-66 97.59 150 [121]
Rhodamine B (Rh B) UiO-66 69 360 [120]
Rhodamine B (Rh B) Ui0-66 14.55 12 [128]
Methylene blue (MB) NH,-UiO-66/ZnO 96.7 60 [129]

Malachite green (MG) NH,-UiO-66/Zn0O 98 60 [129]
Ciprofloxacin (CIP) Cu/UiO-66 93 120 [122]
Tetracycline (TC) Co/UiO-66 94 60 [123]
Ciprofloxacin (CIP) Bi,MoOyg /UiO-66-NH, 96 90 [130]
Oxytetracycline (OTC) MnQO, /UiO-66 49.9 60 [131]
Oxytetracycline (OTC) UiO-66 40.2 60 [131]
Sulfameter Fe@UiO-66 89.9 300 [132]
Tetracycline (TC) ZnO@NH,-UiO-66 61.9 30 [133]
Cr (VI) UiO-66 99 360 [127]

Cr (VD) g-C3N, /UiO-66 99 40 [134]

Cr (VI) UiO-66-NH, 99 180 [135]

Cr (VI) UiO-66 8 80 [136]

Cr (VI) UiO-66-NH, 20 60 [137]
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4. Conclusions and Future Outlook

UiO-66, as a representative Zr-based MOF, has demonstrated remarkable potential
in water purification owing to its exceptional structural stability, tunable porosity, and
versatile functionality. This paper systematically summarizes its applications in both
adsorbing and photocatalytically degrading diverse water pollutants, including organic
dyes, antibiotics, heavy metal ions, fluoride, and microplastics. The adsorption mechanisms,
such as electrostatic interactions, —m stacking, and Lewis acid-base coordination, enable
UiO-66 to achieve high adsorption capacities and selectivity for targeted contaminants.
Furthermore, its photocatalytic activity, enhanced by strategies like metal doping, defect
engineering, and semiconductor hybridization, allows efficient degradation of pollutants
under light irradiation. The evolution of synthesis methods—solvothermal, microwave-
assisted, mechanochemical, and others—has optimized UiO-66’s crystallinity, defect density,
and scalability, laying a foundation for practical applications.

Despite these advances, the current research on UiO-66 is still in the laboratory stage,
and its quantification into industrial production is still limited, which has a certain impact
on the environment. This limitation contributes to environmental concerns, as large-scale
production often requires substantial energy and solvent inputs. Therefore, in future
research, we should pay attention to developing energy-saving, solvent-free and large-
scale synthesis technologies to reduce production costs and environmental impacts. At
the same time, the development of UiO-66 and its derivatives should be generated by
various modification means, which can remove more types of pollutants. Additionally,
investigating UiO-66’s long-term stability under harsh environmental conditions and
optimizing its regeneration protocols are critical steps to ensure its durability and reusability
in practical settings.

In conclusion, UiO-66, as an emerging MOF material, faces numerous challenges in
water treatment, yet its potential for future development remains substantial. With ongoing
advancements, researchers are poised to unlock more applications for UiO-66, offering
significant opportunities to enhance human well-being and global sustainability. As efforts
progress toward scalable synthesis, enhanced functionality, and operational longevity,
UiO-66 stands to play a pivotal role in addressing pressing water purification challenges,
aligning with the growing demand for sustainable environmental solutions.
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