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Abstract

Heavy metals and radionuclides in water are a global environmental issue, which has been
receiving considerable attention worldwide. Water-stable MOFs are green and recyclable materials
to eliminate the environmental impacts caused by the hazardous heavy metal ions and
radionuclides in water. This paper presents a systematical review on the current status of water-
stable MOFs that capture and convert a wide range of heavy metal ions (e.g., As(l11)/As(V), Pb(Il),
Hg(ll), Cd(1l), and Cr(111)/Cr(V1)) and radionuclides (e.g., U(VI), Se(1V)/Se(VI) and Cs(l)) in
aqueous solution. Water-stable MOFs and MOF-based composites exhibit the superior adsorption
capability for these metal species in water. Significantly, MOFs show high selectivity in capturing
target metal ions even in the presence of multiple water constituents. Mechanisms involved in
capturing metal ions are described. MOFs also have excellent catalytic performance
(photocatalysis and catalytic reduction by formic acid) for Cr(\VI) conversion to Cr(l11). Future
research is suggested to provide insightful guidance to enhance the performance of the MOFs in

capturing target pollutants in aquatic environment.

Keywords: Heavy metals; radionuclides; metal-organic frameworks; adsorption; photocatalytic

reduction; pollution remediation



1. Introduction

In the past decades, contamination with heavy metals and organic pollutants has attracted
increasing attention at a global scale due to their adverse health effects to human and aquatic
organisms (Elzwayie et al., 2017; Fu et al., 2017; Schwarzenbach et al., 2010; Zou et al., 2016a;
Ren et al., 2018a, 2018b, 2018c). Examples of the heavy metals include arsenic (As), lead (Pb),
mercury (Hg), cadmium (Cd) and chromium (Cr), which have been found in concentrations
ranging from ng/L to mg/L in surface water and industrial wastewater (Fu et al., 2017; Kim et al.,
2013; Liu et al., 2017a; Singh et al., 2015; Smith and Steinmaus, 2009). Heavy metals have
potential to induce acute and chronic toxicity (e.g., oxidative stress), developmental and
reproductive toxicity, genotoxicity, and carcinogenicity on aquatic biota (Fu et al., 2017;
Villaescusa and Bollinger, 2008; Wu et al., 2016a; Zhitkovich, 2011). Pb(Il) released from pipe
corrosion worldwide have recently apprehended serious concern (Abokifa and Biswas, 2017;
Delile et al., 2016; Deshommes et al., 2016; Laidlaw et al., 2016; Masters et al., 2016; Pieper et
al., 2017). Another great environmental concern emerges with the development of nuclear power,
which produces and releases the radionuclides in natural waters (e.g., 22°U, 7°Se, *Tc, 1¥’Cs, and
%gr) (Ding et al., 2016; Little etal., 2016; Sheng et al., 2017; Steinhauser, 2014). Hence, a variety
of removal techniques have been investigated. These techniques include physical adsorption by
different kinds of adsorbents (e.g., carbon-based materials and metal oxides) and membrane-based
filtration as well as photocatalytic redox processes to efficiently recover these heavy metals and
radionuclides from the water (Carboni et al., 2013; Ding et al., 2016; Fu and Wang, 2011; Howarth
et al., 2015; Hua et al., 2012; Huang et al., 2014; Kim et al., 2013; Liu et al., 2017a; Ma et al.,
2016; Singh et al., 2015; Vellingiri et al., 2018; Vilela et al., 2016; Yu et al., 2015; Zou et al.,

2016a).



Recently, a growing interest is on the development and application of inorganic-organic
hybrid porous materials, known as metal-organic frameworks (MOFs) (Bosch et al., 2017;
Dhakshinamoorthy et al., 2018; Furukawa et al., 2013; Julien et al., 2017; Lin et al., 2014, Liu et
al., 2017b; Qin et al., 2016; Shen et al., 2018; Zhou and Kitagawa, 2014). These synthetic solid
materials are self-assembled through strong coordination bonds between the metal-containing
units and organic linkers to produce the open crystalline networks with ultrahigh and permanent
porosity (Cao etal., 2017; Feng et al., 2015b; Qin et al., 2016; Xie et al., 2017; Yuan et al., 2017b).
In the chemical synthesis of MOFs, the bottom-up method (i.e., direct mixing of metal ions and
organic ligands for in situ reactions) was commonly applied to grow the oriented crystals of MOFs.
In this approach, different kinds of techniques were used, which include hydrothermal,
solvothermal, electrochemical, mechanochemical, microwave, layer-by-layer growth, and high-
throughput synthesis (Furukawa et al., 2013; Zhou and Kitagawa, 2014). This strategy can
generally be classified into two categories: direct MOFs synthesis in nonagueous or aqueous media
and mixing the MOFs precursors at certain ratio in mixed non-agueous/aqueous Systems.
Depending on the metal ions and/or clusters and organic ligands (e.g., carboxylates, phosphonates,
cyano and pyridyl), MOFs have shown high flexibility in tuning their structures and properties
(Chang et al., 2015; Furukawa et al., 2013; Yuan et al., 2015, 2016; Zhou and Kitagawa, 2014).
To date, more than 20,000 different kinds of MOFs have been prepared and characterized, and
widely applied in gas storage, luminescence, sensing, chemical catalysis, energy generation,
biomedical imaging, environmental remediation, and so forth (Cao et al., 2017; Chang et al., 2015;
Chen et al., 2014, 2017; Decoste and Peterson, 2014; Dhakshinamoorthy et al., 2018; Feng et al.,

2015a; Hu et al., 2017; Julien et al., 2017; Li et al., 2009; Lin et al., 2014; Qin et al., 2016; Ricco



etal., 2018; Xie et al., 2017; Zhang and Lin, 2014; Zhang et al., 2018; Zhao et al., 2014; Cheng et
al., 2018).

In the past decades, one of the advancements in the chemistry of MOF is their stability in
water medium. The water-stable MOFs have shown their applications in water treatment. Owing
to the exceptional porosity and high surface area, water-stable MOFs can adsorb toxic pollutants
from air and water (Ahmed and Jhung, 2017; Decoste and Peterson, 2014; Hasan-and Jhung, 2015;
Khan and Jhung, 2017; Seo et al., 2016; Wen et al., 2018; Kobielska et al., 2018; Khan et al.,
2013), catalytic removal of heavy metals and organic pollutants stemming from the unusual light
harvesting and electron transfer of MOFs (Liu et al., 2017b; Wang et al., 2014, 2016a, 2016b;
Zhang and Lin, 2014), and the improvement of membrane-based separations (Furukawa et al.,
2013; Lin et al., 2014; Zhou and Kitagawa, 2014). In addition, some other composites such as
carbon nanotubes, graphene, quantum dots, metal nanoparticles and metal oxides, have been
applied for fabricating water-stable MOF-based nanoparticles, which exhibited significantly
improved properties than MOFs alone (Chen et al., 2017; Falcaro et al., 2016). Many examples of
applications of water-stable MOFs demonstrated their potentials as the green and recyclable
materials to reduce the environmental risks of various contaminants.

Variation of different species of representative heavy metals and radionuclide (As(111), As(V),
Pb(11), Hg(11), Cd(11), U(V1), Cr(111), and Cr(VI)) with solution pH is shown in Fig. 1a-h. Generally,
solution pH alters the speciation (or charges of metal ions in water), which further affect the
interactions between the dominated metal species and the organic linkers or metal-containing units
of MOFs. For example, As(V) has a total of four existing forms as H3AsO,4, H,AsO4, HASO4%
and AsO,*, which dominate under the pH ranges of < 2.0, 3.0-6.0, 7.0-11.0 and > 12.0,

respectively (Fig. 1b). Unlike the neutral form of As(V), three latter species are more susceptible



to be adsorbed by the cationic MOFs via electrostatic attraction. Therefore, the understanding on
the existing speciation of different metal species could facilitate the functional design and

modifications of water-stable MOFs for their effective recovery from aqueous phase.
<Fig. 1>

In the present paper, we present a systematical review of existing literature regarding the
application of environmentally friendly water-stable MOFs and MOF-based composites for
aqueous removal (adsorptive elimination and/or chemical transformation) of both heavy metal ions
and radionuclides. A wide range of heavy metal species (e.g., As(l11)/As(V), Pb(I1), Hg(11), Cd(ll),
Cu(Il) and Cr(lID/Cr(V1)) and radionuclides (e.g., U(VI), Se(1V)/Se(VI) and Tc(VI1)) of greatest

concern are chosen to demonstrate capturing of the target pollutants by water-stable MOFs.

2. Water stability of MOFs

Water stability of the porous materials is the prerequisite for their successful application to
remove heavy metal ions and radionuclides in water (Burtch et al., 2014; Wang et al., 2016a). The
water-stable MOFs should preserve their X-ray diffraction (PXRD) pattern and Brunauer—
Emmett-Teller (BET) surface area after water treatments. Metal-ligand coordination bonds are the
‘weakest’ point in MOFs. Stability of MOFs in water is highly related to the strength of
coordination bonds (Canivet et al., 2014). The interaction between water and MOFs can be
considered as the competing coordination to metal ions/metal nodes between water molecule and
organic linkers (Burtch et al., 2014). If the metal-organic coordination bond is strong enough, it is
hard for water molecule to substitute the existing bond. Therefore, the whole MOFs show good
water stability. The strength of the metal-ligand bonds also illustrates the fundamental of stability
and determines the thermodynamic stability of MOFs (Burtch et al., 2014; Canivet et al., 2014;

Feng et al., 2014). There are many other factors affecting the water stability, which include



crystallinity, metal-ligand coordination geometry, porosity, and pore surface hydrophobicity. The
operating conditions like temperature and pH also need to be considered when evaluating the
stability of MOFs in water. Overall, many factors stated above determine the stability of MOFs in
water (Burtch et al., 2014; Canivet et al., 2014).

According to the hard/soft acid/base (HSAB) principle, strong coordination bonds are formed
between hard acid vs hard base, and soft acid vs soft base. Carboxylate-based ligands are regarded
as hard bases, so water-stable MOFs can be formed together with hard acid metal ions such as
Cr3*, AI®*, Fe®*, and Zr**. In early works, some representative MOFs with remarkable stability in
water include MIL series (MIL stands for Material Institut Lavoisier and examples are MIL-53
(Serre et al., 2002), MIL-100 (Férey et al., 2004) and MIL-101 (Férey et al., 2005) and UiO series
(UiO stands for University of Oslo and examples are UiO-66, UiO-67, and UiO-68). Another type
of stable MOFs is assembled by soft base azolate ligands (including imidazolates, pyrazolates,
triazolates, and tetrazolates) and soft acid metal ions (such as Zn?*, Cu?*, Ni?*, Mn?* and Ag*). The
most representative examples in this category are the zeolitic imidazolate frameworks (ZIFs),
which is constructed by Zn?* and imidazolate linkers (Park et al., 2006). In recent years, triazole
and pyrazolate-based MOFs have been synthesized using Ni?*, Co?*, Cu?*, and other transition
metal ions, which have shown good stability in water and even in strong basic environments

(Bosch et al., 2017; Chang et al., 2015; Lin et al., 2014; Zhou and Kitagawa, 2014).

3. Aqueous capture of As(111) and As(V)
In the past few years, MOFs and MOF-based composites have been increasingly suggested
as the excellent adsorbents for removal of As(l11) and As(V) from water (Audu et al., 2016; Cal et

al., 2016; Folens et al., 2016; Huo et al., 2018; Jian et al., 2015, 2016; Li et al., 2014a, 2014b,



2015; Liu et al., 2015; Luo et al., 2017; Nasir et al., 2018; Vu et al., 2015; Wang et al., 2015,
2016b; Wu et al., 2014; Yang and Yin, 2017; Zhu et al., 2012; Zou et al., 2016b). Among these
studies, Fe-based MOFs (e.g., MIL-53(Fe) and MIL-100(Fe)), ZIF-8 and UiO-66 were the most
commonly used adsorbents. The maximum adsorption capacity (gmax) Of these components was
found in the range from 49.49 mg/g (ZIF-8) to 143.6 mg/g (CoFe,O4/MIL-100(Fe)) for As(l1I)
and from 12.29 mg/g (Fe-BTC) to 303 mg/g (UiO-66) for As(V), respectively (Table 1). Generally,
studies on the adsorption Kkinetics and isotherms of As species indicated that the adsorption
processes were fitted well with the pseudo-second-order kinetic model and Langmuir adsorption
model (Cai et al., 2016; Folens et al., 2016; Huo et al., 2018; Jian et al., 2015, 2016; Li et al.,
20144, 2014b, 2015; Liu et al., 2015; Vu et al., 2015; Wang et al., 2015; Yang and Yin, 2017; Zhu
et al., 2012). The adsorptive elimination of As species was more likely a homogeneous monolayer
adsorption that occurred at the interface of catalysts/water with no interaction between the
adsorbed species (Folens et al., 2016; Zhu et al., 2012).

More recently, the adsorption isotherms of As(l11) and As(V) by CoFe,O4/MIL-100(Fe) were
fitted with the Freundlich and Langmuir models, respectively (Yang and Yin, 2017). Further
investigations suggested the spontaneous characteristics of these adsorption processes;
demonstrated by the negative values of AG (Yang and Yin, 2017; Zhu et al., 2012). In addition,
these materials showed superior stability and reusability to remove As(I11) and As(V) from water
even after several recycles (Li et al., 2014a, 2015; Liu et al., 2015; Zhu et al., 2012). In cases of
slightly reduced adsorptive performance, the leakage of some active metal species and/or organic
linkers into aqueous solutions may be happening (Li et al., 2014a; Liu et al., 2015). The adsorption
of As species using these adsorbents was commonly shown to be unaffected significantly by some

coexisting ions (e.g., Ca?*, Mg?*, SO,%, COs%, CI- and NOs"), natural organic matters, and water



matrices (e.g., groundwater and surface water) (Cai et al., 2016; Folens et al., 2016; Li et al., 2014a,
2014b; Liu et al., 2015; Wang et al., 2015; Yang and Yin, 2017). These findings suggested that
these water-stable MOFs and MOF-based composites could be used as the efficient, selective, and

stable adsorbents for aqueous removal of As residues from real water and wastewater.
<Table 1>

Recent studies suggested that structural and functionalized design of MOFs could
significantly affect the adsorptive performance of As species from water (Audu et al., 2016; Wu
et al., 2014). As shown in Fig. 2a, ZIF-8 exhibited the better adsorption capacity (50.50 mg/qg) of
As(V) than active carbon (3 mg/g) and zeolite (13.92 mg/L). This phenomenon may be attributed
to the open frameworks of ZIF-8 and its characteristic composition with abundant external active
sites (Zn-OH) formed by dissociative adsorption of water, which could bind As(V) species more
effectively (Wu et al., 2014). Notably, more significant enhancements on As(V) adsorption were
found by adjusting the ratios of co-templates (cetyltrimethylammonium bromide and amino acid
L-histidine), and the gmax Value of 90.92 mg/g was observed for H-ZI1F-8-14. More recently, Audu
et al. (2016) also reported some significantly improved As(I11) adsorption profiles by thiolated
UiO-66 compared to their non-functionalized analogues, further demonstrating the important role
of the organic linkers for capturing As(lll) (Fig. 2b). Similarly, Shen et al. (2015) studied the
photocatalytic oxidation of As(I1l) over UiO-66 and three different functionalized UiO-66-X
catalysts (X = NH,, NO, and Br). The apparent first-order rate constants suggested that the UiO-
66-NH, had the highest catalytic performance, followed by UiO-66, UiO-66-Br and UiO-66-NO,.
These results may be attributed to the higher electron density of organic ligands by introducing
electron donator (-NH,), which can improve the transfer of photo-induced charge carriers in order

to enhance the photocatalytic capability for As(l11) oxidation (Shen et al., 2015).

<Fig. 2>



The adsorption mechanisms of As(I11) and/or As(V) by MOFs and MOF-based composites
involved the important role of hydroxyl groups on the surface of MOFs (Audu et al., 2016; Jian et
al., 2015; Li et al., 2014a; Liu et al., 2015; Wang et al., 2015; Yang and Yin, 2017). Recently, Jian
etal. (2015) proposed two steps for removing As species from water: (1) water molecules adsorbed
on ZIF-8 interacted with zinc atom and initiate protonated reactions with certain surface groups
(e.g., C=N- and C-NH-) to produce active sites, including Zn—-OH, C=NH*-and C-NH,*-; (2)
electrostatic attraction occurred between these positive sites and negative arsenate species to form
some inner-sphere complexes (Fig. 2¢). Similar mechanisms were also reported to adsorb trace
amount of As(V) by ZIF-8 (Li et al.,, 2014a). As(Ill) removal by cubic, leaf-shaped and
dodecahedral ZIF-8 (Liu et al., 2015), as well as selective adsorption of As(Il)/As(V) by
CoFe,04/MIL-100(Fe) have also been reported (Yang and Yin, 2017). Interestingly, a dual capture
of As(V) and As(lll) was reported via the application of UiO-66 and its analogues, which
represented a promising adsorptive strategy for effective elimination of the mixed As pollution
(Audu et al., 2016). It is noteworthy to mention that the introduction of thiol-containing BDC
linkers could strongly coordinate As(I1l) by their —SH groups, while ZrgO4(OH), cluster nodes
could bind with As(V) oxyanions through hydroxyl exchange procedure (Fig. 2d) (Audu et al.,
2016). Therefore, more selective and efficient removal of these two As species could be achieved

simultaneously.

4. Aqueous capture of Pb(11) and Hg(I1)
In light of detection of Pb(ll) in a wide range of waters, several studies have been carried out
on its adsorption onto ultrahigh porosity and high surface area of water-stable MOFs and MOF-

based composites (Abney et al., 2014a; Algadami et al., 2018; Babazadeh et al., 2015; Ghorbani-

10



Kalhor et al., 2014; Ghorbani-Kalhor, 2016; Hassanpour et al., 2015; Huang et al., 2018; Jamali et
al., 2016; Luo et al., 2015; Nalaparaju and Jiang, 2012; Peng et al., 2018; Ricco et al., 2015;
Salarian et al., 2014; Saleem et al., 2016; Shi et al., 2018; Taghizadeh et al., 2013; Tahmasebi et
al., 2015; Tokalioglu et al., 2017; Wang et al., 2017; Yin et al., 2016, 2018; Yu et al., 2017; Zhang
et al., 2016b). Among them, most literature just focused on the application of these adsorbents for
solid-phase extraction and pre-concentration of Pb(ll) in different environmental samples
(Babazadeh et al., 2015; Ghorbani-Kalhor et al., 2014; Jamali et al., 2016; Salarian et al., 2014,
Sohrabi et al., 2013; Taghizadeh et al., 2013; Tahmasebi et al., 2015; Tokalioglu et al., 2017). The
reported qmax Values of Pb(ll) were determined in range from 3.05 mg/g (Dy-MOF) to 1348.42
mg/g (ZIF-67) (Table 2). In recent pollution remediation studies of Pb(I1), aqueous adsorption of
Pb(Il) onto MOFs and MOF-based composites was fitted well with the pseudo-second-order
kinetic model and Langmuir isotherm model (Figs. 3a and 3b). These two models suggested the
dominating chemical adsorption and monolayer adsorption process of Pb(Il) by the adsorbents,
respectively (Luo et al., 2015; Saleem et al., 2016). Additionally, Luo et al. (2015) reported the
introduction of —-NH; groups in ethylenediamine (ED) to the unsaturated Cr metal centers by strong
coordination bonds. The functionalized ED-MIL-101(Cr) exhibited the superior selectivity and
good regeneration capability for adsorbing Pb(Il) (Figs. 3c and 3d). The selectivity coefficients
between Pb(ll) and four other metals (Cu(ll), Zn(1l), Co(ll) and Ni(ll)) were 6.92, 24.02, 15.69
and 14.53, respectively. Similar phenomena were also reported for aqueous capturing of Pb(ll)
and Cd(Il) by NHy-functionalized Zr-MOFs, which exhibited the high adsorption capacity of
166.74 mg/g and 177.35 mg/g, respectively (Wang et al., 2017). Notably, the modified MOFs
could achieve almost 100% removal of Pb(Il) (10 mg/L) after 120 min. The mechanistic analysis

also showed the coordination interactions of N in the amino group of Zr-MOFs with Pb(Il) and

11



Cd(Il) (Wang et al., 2017), which was further confirmed by FT-IR and X-ray photoelectron
spectroscopy (XPS) survey. Recently, Yu et al. (2017) developed a novel Zn(lI1)-based MOF by
introducing the negatively charged O- groups into the pores of MOFs for Pb(ll) capture. The
ultrahigh adsorption capacity (616.64 mg/g) was derived from the strong electrostatic and

coordination interactions between the O- groups of MOFs and Pb(I1) (Fig. 3e).

<Table 2>
<Fig. 3>

Regarding aqueous elimination of Hg(Il) species, an increasing number of studies have also
been performed by water-stable MOFs and MOF-based composites (Abbasi et al., 2015; Abney et
al., 2014a; Bhattacharjee et al., 2015; Fang et al., 2010; Ghorbani-Kalhor et al., 2015; Halder et
al., 2017; Han et al., 2016; Huang et al., 2016; Liu et al., 2014; Luo et al., 2015, 2016; Mon et al.,
2016; Peng et al., 2018; Saleem et al., 2016; Wang et al., 2017; Wu et al., 2016b; Yee et al., 2013;
Zhang et al., 2016a, 2016b). As shown in Table 2, some high qmax values of Hg(Il) were reported
(e.g., 836.7 mg/g for JUC-62 and 769 mg/g for UiO-66NHC(S)NHMe). The pseudo-second-order
kinetic model and Langmuir isotherm model were suggested for trapping Hg(ll) by these MOF
adsorbents; indicating the monolayer chemisorption onto a homogeneous surface (Huang et al.,
2016; Luo et al., 2015, 2016; Saleem et al., 2016; Wu et al., 2016b). Similar to Pb(lIl) capturing,
recent studies also showed certain functionalized groups (e.g., hydroxyl, acylamide and thiol) in
the channels of MOFs as the responsible binding sites for efficient coordinating and adsorbing
Hg(ll) (Liu et al., 2014; Luo et al., 2015). For example, Liu et al. (2014) reported the synthesis of
Cr-MIL-101-AS by tandem post-synthetic modifications for Hg(ll) capture. The strong
coordination between —SH and Hg(l1) contributed to the excellent removal efficiency (99.3%) for
Hg(ll) (10 mg/L) (Fig. 4a). Similar results were also observed by the water-stable BioMOF with

methionine groups in the hexagonal channels, which captured 99.95% Hg(Il) (10 mg/L), and the

12



residual concentration of 5 ppb was well below the permissible limit in portable water (Mon et al.,
2016). Additionally, the superior adsorption performance of MOFs (e.g., Cr-MIL-101-AS) has
also been observed for the ultra-low level of Hg(Il) (ng/L-ug/L) (Liu et al., 2014; Luo et al., 2016).
Luo et al. (2016) reported the application of MIL-101-Thymine for removing trace Hg(ll) (45
ng/L-4.7 ug/L) in real water and wastewater. The extremely high removal efficiency (98.8%-100%)
showed the high potential of MOF materials for recovering Hg(ll) species in natural waters.
Mechanistic analysis suggested that Hg(l1) strongly two-coordinated with N atoms of the thymine
ligands of MOFs (Fig. 4b), confirmed by XPS analysis. In addition, MIL-101-Thymine presented
excellent selectivity to Hg(ll) in presence of multiple metal ions (e.g., Pb%*, Cd?*, Co?*, Ni?* and
Cu?*) due to the highly characteristic formation of T-Hg(II)-T groups. The selective coefficient of

947.34 was extremely high.

<Fig. 4>

5. Aqueous capture of Cr species (Cr(l111) and Cr(V1))
5.1. Adsorption

More recently, aqueous adsorption by MOFs and MOF-based composites has been widely
investigated and demonstrated as an effective and feasible treatment for removing Cr species
(Aboutorabi et al., 2016; Custelcean et al., 2012; Desai et al., 2016; Fei et al., 2011, 2013; Fu et
al., 2015; Lietal., 2013, 2015, 2017; Lupa et al., 2017; Nasrollahpour and Moradi, 2017; Niknam
Shahrak et al., 2017; Niu et al., 2017; Rapti et al., 2016a, 2016b; Saleem et al., 2016; Shi et al.,
2012; Tahmasebi et al., 2015; Wu et al., 2017; Zhang et al., 2015; Zhu et al., 2017a). Almost all
these investigations focused on the adsorption of Cr(VI), with the gmax values ranging from 0.15
mg/g (ZIF-8) to 1709.2 mg/g (1D Fe-gallic acid). The highest value of 127 mg/g was reported for

Cr(I11) adsorption by TMU-4 (Table 3). Similar to the adsorption of above heavy metal ions,

13



aqueous adsorption of Cr(I11) and/or Cr(V1) by water-stable MOFs was generally fitted with the
pseudo-second-order kinetic model and Langmuir isotherm model (Aboutorabi et al., 2016;
Falcaro et al., 2016; Li et al., 2015, 2017; Lupa et al., 2017; Nasrollahpour and Moradi, 2017; Niu
et al., 2017; Saleem et al., 2016; Wu et al., 2017; Zhu et al., 2017a). Based on the adsorption
thermodynamics, the spontaneity and endothermic nature of these removal processes were
individually suggested by the negative values of Gibbs free energy change (AG°) and positive
values of standard enthalpy change (AH°). (Aboutorabi et al., 2016; Nasrollahpour and Moradi,
2017; Wuetal., 2017). Additionally, these MOFs exhibited the excellent selectivity in the presence
of high concentrations of disturbing ions (e.g., CI-, Br-, NO3, SO4%, I- and F) (Aboutorabi et al.,
2016; Fei et al., 2013; Wu et al., 2017; Zhang et al., 2015) and superior reusability after several

cycles (Aboutorabi et al., 2016; Fu et al., 2015; Li et al., 2015; Niu et al., 2017; Zhu et al., 2017a).
<Table 3>

It was demonstrated that the single-crystal-to-single-crystal (SC-SC) transformation via anion
exchange contributed to most of the adsorptive processes of Cr(VI) by water-stable MOFs.
Examples include SLUG-21 (Fei et al., 2011), {[Cu4(us-OH),(mtrb),(1,4-bda),]Br,-6H,0}, (Lv et
al., 2017), {[Dy»Zn(BPDC)3(H,0)4](ClO4),-10H,0}%, (Shi et al., 2012), ZngsC0oo5-SLUG-35 (Fei
et al., 2013), ZJU-101 (Zhang et al., 2015), [{Niy(L)3-(SO4)(H,0)3}-(SO04)-X(G)], (Desai et al.,
2016), MOR-1-HA (Rapti et al., 2016b), {[Ags(tz)s](NO3)»-6H,0}, (Li et al., 2017), ABT+2CIO,
(Lietal., 2013) and FIR-53 (Fu et al., 2015). Li et al. (2013) reported the use of ABT+2ClO, (a
cation MOF) for aqueous exchanging of Cr(V1). Based on the changes of UV/Vis spectra, efficient
adsorptive removal of Cr(VI) was observed by ABT+2CIO, after 48 h (Fig. 5a). Further FT-IR
analysis suggested the SC-SC adsorptive mechanisms through the formation of ABT+Cr,0O; from
the interactions between ABT+2CIO,4 and Cr(V1) (Fig. 5b). Similarly, Fu et al. (2015) reported that

the Cr,0,2- could fill into the channels of the frameworks of FIR-53, and the initial NO5~ was

14



exchanged by the guest anions (Fig. 5¢). The results from single-crystal X-ray diffraction and the

observed weak C-H...O interactions validated this mechanism.
<Fig. 5>

In addition to the SC-SC mechanism, the adsorption-reduction processes of Cr(V1) have also
been reported by the ZIF-based adsorbents such as ZIF-67 and magnetic polydopamine@ZIF-8
(MP@ZIF-8) (Li et al., 2015; Zhu et al., 2017a). Similar to the adsorptive removal of As species,
Li et al. (2015) proposed that the uncoordinated Co(ll) in ZIF-67 microcrystals could react with
water to generate the active Co—OH group, which could adsorb Cr(\V1) species by ion exchange.
Subsequently, the electron donated framework could partly act as the reductant to transform Cr(V1)
to Cr(lll) in water (Fig. 5d). The relatively high Cr(\V1) concentration gradient and electrostatic
interaction could also facilitate the mass transfer of Cr(VI) onto the surface of ZIF-67, thus
effectively reducing the concentration and pollution of Cr(\V1) in water. More recently, Zhu et al.
(2017a) also suggested that the active sites (e.g., Zn—OH and protonated N atom groups), generated
by the interaction of ZIF-8 and water, could efficiently adsorb Cr(VI), which could be partially
reduced to Cr(111) by some amine groups (e.g., =N- and —NH- groups) of imidazolate ligands.
Overall, the adsorptive processes of aqueous Cr(VI) by MOFs involved multi-steps, and the SC-
SC transformation and combined adsorption-reduction contributed to two main adsorptive

mechanisms in water.

5.2. Reduction
5.2.1. Photocatalytic reduction of Cr(VI)

MOFs have semiconductor-like characteristics under UV/Vis light irradiation because the
organic linkers harvest light to activate the metal sites by charge transition from linkers to metal-

oxo clusters (Dhakshinamoorthy et al., 2016, 2017; Wang, et al., 2014). Subsequently, the photo-
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generated electrons and holes by the excited MOFs initiate effective heterogeneous photo-redox
processes for transforming organic pollutants and heavy metals (Canlas et al., 2012; Zhang and
Lin, 2014). The superior adsorption of MOFs, derived from the desirable structure and high surface
area, facilitates the rapid accumulation of target molecules into the nano-reactors (\Wang et al.,
2016b; Zeng et al., 2015). Therefore, efficient removal of environmental contaminants is achieved
by using the MOF-catalyzed photochemical treatments.

In the past few years, the application of water-stable MOFs and MOF-based composites to
carry out photocatalytic Cr(VI) reduction has been studied. The visible light has been extensively
investigated to test feasibility of this technology in real water environment (Huang et al., 2017;
Liang et al., 2015a, 2015b, 2015c, 2015d, 2015e; Shen et al., 2013a, 2013b, 2014; Shi et al., 2015;
Wang et al., 2015a, 2015b; Zhao et al., 2017). As shown in Table 4, Fe-based MOFs (e.g., MIL-
53(Fe), MIL-100(Fe) and MIL-101(Fe)) have exhibited superior catalytic performance for
reducing Cr(VI) under visible light irradiation. Notably, NH,-functionalized MOFs such as MIL-
68(In), MIL-125(Ti), MIL-68B(Fe) and UiO-66 greatly improved the photocatalytic activity of
their non-functionalized forms (Liang et al., 2015e; Shen et al., 2013a; Shi et al., 2015; Wang et
al., 2015b). For example, only slight Cr(VI) reduction (< 20% after 60 min) was observed during
visible light-driven photocatalytic treatment over MIL-88B(Fe) (Fig. 6a). Comparatively, NH,-
MIL-88B(Fe) showed the excellent catalytic ability, having complete reduction of Cr(VI) in 45
min (Shi etal., 2015). In addition, some hybrid photocatalysts of MOFs with semiconductors (e.qg.,
MeSy and ZnO) or conductors (e.g., Pd and RGO) have been demonstrated to enhance the
photocatalytic performance significantly (Liang et al., 2015d; Shen et al., 2013b, 2014; Wang et
al., 2015a, 2016b). Recently, Liang et al. (2015b) reported the immobilization of three highly

dispersed noble-metal nanoparticles (Au, Pd and Pt) on MIL-100(Fe), and used them as the visible-
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light photocatalysts for reducing Cr(VI) in water. The irradiation time for achieving complete
reduction of aqueous Cr(VI1) was 8, 16, 20 and 24 min for Pt@MIL-100(Fe), PdA@MIL-100(Fe),
Au@MIL-100(Fe) and MIL-100(Fe), respectively (Fig. 6b). This phenomenon suggested the
important role of these noble metals during photocatalytic reduction of Cr(\V1). These MOF-based
nanocatalysts also presented the stable and reusable catalytic performance after four recycling
times (Figs. 6¢ and 6d). This indicates promising use of MOF-based nanocatalysts in successive

treatments of the Cr(\V1)-polluted water and wastewater.

<Table 4>
<Fig. 6>

Based on the above studies, the photocatalytic mechanisms of Cr(V1) reduction by MOFs
have been proposed. In a recent review, Wang et al. (2016hb) summarized that the introduction of
—NH, group and conductor composites (e.g., MesSy, ZnO, Pd and RGO) to improve greatly the
electron-hole pair separation and the photo-generated electron transfer from the organic ligands to
metal-oxo clusters, thus facilitating the rapid Cr(VI) reduction. For example, Shi et al. (2015)
studied the photocatalytic reductive processes of Cr(V1) by NH,-MIL-88B(Fe) and proposed the
dual excitation pathways: (1) Fes-u3-0xo clusters could be directly excited under visible light
irradiation to produce the reactive electron for Cr(VI) reduction; and (2) NH,-functionalized
organic ligands could also be excited, and photo-generated electron was transferred to the Fes-pi3-
oxo clusters for performing reductive reactions (Fig. 6e). Also, the —-NH, group could accelerate
the electron transfer and reduce the recombination of electron-hole pairs. Hence, the significantly
enhanced photocatalytic performance was achieved. More recently, similar catalytic mechanisms
were also reported by incorporating g-CsN,4 on the surface of MIL-53(Fe), in which the efficiency

of electron migration and the separation of photo-induced electron and hole pairs could be
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remarkably promoted (Fig. 6f) (Huang et al., 2017). The proposed reactions are shown below (Egs.

1-4):
g-C3N, + hv — h*(g-C3Ny) + e7(9-CsNy) [1]
MIL-53(Fe) + hv — h*(MIL-53(Fe)) + e (MIL-53(Fe)) 2]
e(g-C3N4) — e (MIL-53(Fe)) [3]
Cr,0:% + 14H* + 66" — 2Cr3* +7H,0 [4]

5.2.2. Reductive transformation of Cr(VI) by formic acid

Recently, two studies investigated the reductive conversion of Cr(VI) to Cr(l11) using formic
acid, catalyzed by metal nanoparticles immobilized MOFs (Table 4) (Trivedi et al., 2016; Yadav
and Xu, 2013). Yadav and Xu (2013) synthesized four different kinds of M@MIL-101 composites
(M = Pt, Pd, Au and Rh) by the double solvents method, and the catalytic reduction of Cr(VI) by
excess of formic acid in water was carried out. No significant conversion of Cr(V1) was found with
the additions of 2 wt% Au@MIL-101 and Rh@MIL-101. Comparatively, 2 wt% Pt@MIL-101
and Pd@MIL-101 showed highly catalytic performance in which complete conversion of Cr(VI)
was observed within 40 and 210 min, respectively (Fig. 7a). The possible reason was suggested to
be the formation of reactive metal-formate intermediate by the adsorbed formic acid on the surface
of Pt or Pd nanoparticles, which catalyzed the reduction of Cr(\V1) efficiently (Yadav and Xu,

2013).
<Fig. 7>

More recently, Trivedi et al. (2016) also reported the excellent catalytic capability of
bimetallic Pd-Cu/MIL-101 nanocomposites to convert Cr(V1) by formic acid. Reduction of Cr(V1)
by the bimetallic nanocomposites was much faster than Pd-Cu nanocrystals by a factor of 3-5 times.

A 2 wt% Pdy sCugs@MIL-101 showed the higher catalytic performance than some other ratios of
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Pd and Cu in the MOF-based catalysts (Fig. 7b). The efficient reduction of Cr(VI) was attributed
to the nascent H,, which was generated from the decomposition of formic acid adsorbed on the
surface of catalysts (Fig. 7c and Egs. 5-6) (Akiya and Savage, 1998; Trivedi et al., 2016; Yalfani
etal., 2008). In addition, 2 wt% Pd, s-Cug s @MIL-101 also exhibited the high stability and superior
reusability during catalytic reduction of Cr(VI) in five successive runs (Fig. 7d). Formic acid-
mediated reductive processes in combination with hybrid MOFs-supported metal nanocomposites

could be employed as the green and efficient methods to treat Cr(VI)-polluted water and

wastewater.
HCOOH — H, + CO, [5]
Cr,0.2 + 8H* +3H, — 2Cr¥* +7H,0 6]

6. Aqueous capture of some other heavy metal ions

In addition to the above heavy metals, water-stable MOFs and MOF-based composites have
also been used in water to remove some other species, such as Cd(ll) (Abbasi et al., 2015; Abney
et al., 2014a; Babazadeh et al., 2015; Fang et al., 2010; Ghorbani-Kalhor, 2016; Roushani et al.,
2017; Saleem et al., 2016; Sohrabi et al., 2013; Taghizadeh et al., 2013; Tahmasebi et al., 2015;
Wang et al., 2017; Zhang, et al., 2016b), Cu(ll) (Huang et al., 2018; Jamali et al., 2016; Tahmasebi
et al., 2015; Wang et al., 2014, 2017), Ni(ll) (Ghorbani-Kalhor, 2016; Taghizadeh et al., 2013),
Zn(1l) (Babazadeh et al., 2015; Taghizadeh et al., 2013), Co(ll) (Fang et al., 2010; Tahmasebi et
al., 2015; Yuan et al., 2017a), and Mn(VI1) (Fei et al., 2011). As shown in Table 4, the gnax Values
of these heavy metal ions have been determined as 210 mg/g (FesO4,@TAR), 617.51 mg/g (ZIF-
67), 196 mg/g (FesO,@TAR), 206 mg/g (MOF-DHz), 256 mg/g (UiO-66-Schiff), and 292 mg/g

(SLUG-21), respectively. Among these studies, Fei et al. (2011) reported the application of SLUG-
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21, an Ag(l)-based cationic MOF, for removing Mn(VIl) oxyanions in water. The adsorption
capability (292 mg/g) was five times more than that of conventional adsorbents (e.g., layer double
hydroxides). Furthermore, this cationic material also showed superior selectivity for capturing
three oxo-anion metal pollutants (Mn(VI1I), Re(VIl) and Cr(V1)) even in presence of 100-fold
excess of NOs™ and COs% in water. The mechanism was proposed to occur through the SC-SC
transformation rather than the equilibrium-driven anion exchange. The target Mn(VI1) could be
trapped into the new crystal structure permanently. Additionally, similar to the adsorption of
As(I1)/As(V), Pb(ll) and Hg(ll) by MOFs, Yuan et al. (2017a) recently reported that Co(ll)
capturing by UiO-66-Schiff was spontaneous and endothermic. The adsorptive process followed
the pseudo-second-order chemisorption and Langmuir isotherm model. This study applied the
density functional theory (DFT) calculations and XPS analysis to demonstrate that the carboxyl
oxygen and Schiff base nitrogen in the ligands of UiO-66-Schiff were the major binding sites for
capturing Co(ll).

A more recent study developed a versatile MOF-based trap via incorporation of
ethylenediaminetetraacetic acid (EDTA) into highly robust MOF-808 (Fig. 8a) (Peng et al., 2018).
This modified material showed excellent single-component adsorption efficiency (> 99%) non-
specifically for removing 22 metal ions, belonging to category of hard acids, soft acids and
borderline acids. Also, the adsorption of La(lll), Pb(ll) and Hg(1l) by MOF-808-EDTA was fitted
well with the pseudo-second-order kinetic model and Langmuir isotherm model. In terms of
coexisting metal species in natural waters, this study found that the MOF-808-EDTA could capture
19 multifarious metal ions simultaneously and efficiently in multi-component systems. The strong
chelation of heavy metals by EDTA ligands caused such high elimination efficiency (Fig. 8b).

Further breakthrough experiments showed that these heavy metal ions at initial concentration of 5
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mg/L can be almost completely removed in the fixed bed adsorption (Fig. 8c). The extremely low
metal residues (0.01-1.9 ug/L) after water purification made this porous material as an innovative

candidate in industrial set-up applications.
<Fig. 8>

Overall, water-stable MOFs and MOF-based materials have been commonly demonstrated as
the promising composites for eliminating a wide range of heavy metal species in water efficiently.
The adsorption mechanisms mainly include coordination interactions, hydrogen bonding, ion
exchange, electrostatic interaction, Lewis acid-base interaction, and combined adsorption-
reduction (Fig. 9). Among them, one or two mechanisms may be dominated and responsible for

aqueous capture of certain heavy metal ions by these porous materials.

<Fig. 9>

7. Aqueous recovery of radionuclides by MOFs

As one of the most hazardous radionuclides in the water environment, U(VI) has attracted
increasing attention for its recovery and pollution remediation (Bai et al., 2016; Feng et al., 2016;
Kimetal., 2013; Lashley etal., 2016; Lietal., 2017; Ogden et al., 2017; Shao et al., 2016). Notably,
MOFs and MOF-based composites have also been investigated extensively to capture U(VI) (Bai
et al., 2015; Carboni et al., 2013; De Decker et al., 2017; Li et al., 2016, 2017; Liu et al., 2016,
2017a; Luoetal., 2016; Song et al., 2016; Wang et al., 2015; Xiong et al., 2016; Yang et al., 2013).
To date, the qmax Values were mostly reported in a range from 100 to 350 mg/g. The highest value
of 350 mg/g was reported onto MIL-101-DETA (Table 5). Similar to the above metals, the
adsorption of U(VI) by these adsorbents (e.g., MIL-101-Ship, MOF-3, UiO-66 and UiO-66-NH,)
was fitted well with the pseudo-second-order kinetic model and Langmuir isotherm model (Bai et

al., 2015; Carboni et al., 2013; De Decker et al., 2017; Li et al., 2016, 2017; Liu et al., 2016, 2017a;
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Luo et al., 2016; Wang et al., 2015; Yang et al., 2013). The spontaneous and endothermic
characteristics of the chemisorption process were also suggested, based on the thermodynamic

data (Wang et al., 2015).
<Table 5>

As a typical Lewis acid, U(V1) is known to be strongly coordinated with the hard bases such
as amine donors and oxygen-containing groups (Liu et al., 2017a). More recently, Liu et al. (2017a)
introduced a kind of luminescent mesoporous terbium(l1)-based MOF material, equipped with
abundant Lewis basic groups, for recovering U(VI). It was proposed that the amine groups were
the main binding sites for efficient and preferential complexing U(VI). The excellent adsorptive
performance was attributed to the amine donors-dominated inner-sphere coordination mechanism,
demonstrated by the combined X-ray absorption spectroscopy and first principles simulation.
Similarly, Bai et al. (2015) also prepared three different amino-functionalized MIL-101, and
reported the highest qmax value of 350 mg/g at pH ~ 5.5 for MIL-101-DETA, followed by MIL-
101-ED, MIL-101-NH; and MIL-101 (Fig. 10a). This phenomenon was mainly attributed to more
amounts of amine sites available in the pores of MIL-101-DETA for U(VI) coordination.
Additionally, this MOF material also presented superior selectivity for U(VI) at pH 4.5 and 5.5,
with the extremely stronger binding affinity for U(VI) (> 6000 mL/g) than all other metal ions (<
100 mL/g) (Fig. 10b).

<Fig. 10>

The introduction of more oxygen-containing groups into MOFs has also been demonstrated
to enhance recovery of U(VI) species (Carboni et al., 2013; Li et al., 2016; Wang et al., 2015).
Recently, Carboni et al. (2013) reported the inclusion of orthogonal phosphorylurea groups into
Ui0O-68 network and used this material for adsorbing U(V1) in water. The strong coordination of

U(VI1) with the phosphoryl oxygen was proposed in a monodentate mode, contributing to the high
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adsorption capacity (gmax = 217 mg/g) (Fig. 10c). The carboxyl groups were also suggested as the
effective contributors for capturing U(VI) (Li et al., 2016; Wang et al., 2015). Wang et al. (2015)
reported the recovery of U(VI) using the acylamide- and carboxyl-functionalized MOFs. This
material exhibited the ultrafast extraction performance of U(VI) from seawater, i.e., 0.53 mg/g
from 1 L artificial seawater containing 6 ppb U(VI) in 1 min. The excellent extraction capability
was due to the free standing carboxyl groups in the MOF channel (Figs. 10d and 10e), which could
capture U(VI) efficiently through the formation of strong U-O coordination bond. Also, the
regeneration ability of the adsorbed MOFs was evaluated by different elution solutions (i.e., 0.1
M HCI, 0.1 M HNO;3 and 0.1 M Na,COs). Almost complete desorption of U(VI) was observed
using 0.1 M Na,COg eluent (Fig. 10f). This suggests a great potential of this material for practical
extracting and recovering U(VI1) from natural waters.

Furthermore, water-stable MOFs (e.g., NU-1000 and UiO-66-HCI) have also been used to
capture Se(I1V)/Se(VI) in water (Custelcean et al., 2012; He et al., 2017; Howarth et al., 2015; Li
et al., 2017). Especially, Howarth et al. (2015) recently compared the adsorption capability of
seven different Zr-based MOFs, including UiO-66, UiO-66-NH,, UiO-66-(NH,),, UiO-66-(0H),,
UiO-67, NU-1000 and NU-1000BA, for capturing Se species (Se(IV) and Se(VI)) from water.
Among them, NU-1000 exhibited the highest uptake performance (90% for Se(IV) and 88% for
Se(VI)) after exposure to 100 mg/L Se solution (Fig. 11a). Based on the Langmuir adsorption
equation, the qmax Values were 95 mg/g and 85 mg/g for Se(IV) and Se(V1), respectively. Also,
NU-1000 showed the excellent adsorption efficiency for low-concentration Se species (1000 ppb);
98% removal was noted within 5 min, which met the EPA standards for drinking water (< 50 ppb

Se).

23



Mechanistic analysis suggested that both Se(IV) and Se(VI) were bound to the Zrg-node by
replacing its terminal —OH groups, i.e., each Se anion bridges two Zrg-metal sites. This was further
confirmed by the pair distribution function analysis of the X-ray scattering data (Fig. 11b).
Additionally, a recent study reported that the adsorption capacity of Se(V1) species can be greatly
enhanced by introducing more amounts of missing linker defects or cluster defects instead of
longer organic linkers into Zr-based MOFs (Li et al., 2017). The reason was shown as the
increasing pore size of MOFs and more defects as the binding sites for capturing Se(VI) via
modulator synthetic strategy. The anion exchange adsorptive mechanism of Se(VI) species by
different compensating ligands (HO-, CI-, H,0, O,C-CH3;", O,C-CF3 or O,C-CHF,") of MOFs was
also demonstrated by the combined experimental and theoretical methods.

<Fig. 11>

In addition to aqueous capture of U(VI) and Se(IV)/Se(V1) by water-stable MOFs, several
studies also reported the adsorption of some other radionuclides such as Cs(l) (Aguila et al., 2016;
Wang et al., 2015), Sr(Il) (Abney et al., 2014b; Aguila et al., 2016), Th(IV) (Zhang, et al. 2017),
Tc(VII) (Sheng etal., 2017), and Re(V11) (the nonradioactive surrogate) (Banerjee et al., 2016; Fei
et al., 2011; Sheng et al., 2017; Zhu et al., 2017b). Wang et al. (2015) synthesized a 3D water-
stable uranyl polycatenated porous framework material with high radiation-resistance. The batch
adsorption experiments indicated that it could capture Cs(l) in a short contact time (20 min) with
the gmax Value of 145 mg/g. Also, the excellent selectivity for capturing Cs(l) (as high as 71.80%-
93.50% removal) was also observed even in the presence of 5 or 20 mass equivalences of other
competing cations (Li*, Na*, K*, Rb*, Mg?* and Ca?*).

Recently, UiO-66 and two carboxyl derivatives (UiO-66-COOH and UiO-66-(COOH),) were
explored to capture Th(IV) in weak acidic solution (Zhang et al., 2017). It was noted that the

introduction of carboxyl groups into UiO-66 could greatly increase the coordinative adsorption of
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Th(IV), with the gmax Value of 350 mg/g and superior selectivity coefficient (> 18) for UiO-66-
(COOH),. For Tc(VII), recent studies commonly used Re(VII) as its nonradioactive surrogate to
assess the capture performance of the water-stable MOFs (Banerjee et al., 2016; Fei et al., 2011;
Sheng et al., 2017; Zhu et al., 2017b). Notably, the high exchange capacity of 541 mg/g and 786
mg/g was individually reported for trapping Re(VI1) in water by two cationic MOFs, i.e., SCU-
100 (Sheng et al., 2017) and SBN (Zhu et al., 2017b). The single crystal X-ray diffraction
suggested the selective coordination of Re(VII) to the open Ag* sites of MOFs, forming strong
Ag-0-Re bonds and hydrogen bonds and thus achieving the SC-SC transformation. Fig. 12A
illustrated the anion exchange process of SBN via complete substitution of NO3~ by Re(V11), which
was further confirmed by the increase of two new peaks at 896 and 860 cm! and the decreased
peak at 1326 cm-! in the FT-IR spectra of the samples before and after Re(V11) capture (Fig. 12B)
(Zhu et al., 2017b). Additionally, SBN presented the high adsorption selectivity for capturing
Re(VII); complete elimination in the presence of other coexisting anions (e.g., H,PO,4, SO42,
COs%, NOg, ClO, and CI) (Fig. 12C).

<Fig. 12>

8. Regeneration of water-stable MOFs during removal of heavy metals and radionuclides

It is highly desirable to regenerate these porous materials for the practical application of
water-stable MOFs in water treatment. Based on the literature, several methods are reported as the
effective candidates for regenerating water-stable MOFs, mainly including the elusion via acids
(e.g., HCl and HNO3) (Roushani et al., 2017; Bai et al., 2015; Yuan et al., 2017; Shahrak et al.,
2017; Audu et al., 2016; Cai et al., 2016; Carboni et al., 2013; Zhang et al., 2017; Liang et al.,
2015c, 2015d, 2015e; Yu et al., 2017; Wang et al., 2015; Liu et al., 2017), thiourea and acid (Luo

et al., 2016; Li et al., 2014b), NaOH (Audu et al., 2016; Li et al., 2014a, 2015; Liu et al., 2015;
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Nasir et al., 2018), Na,COg3 (Li et al., 2016; Yang et al., 2013; Wang et al., 2015) or K,CO3 (Shi
et al., 2012), EDTA-2Na (Luo et al., 2015; Peng et al., 2018), Na,EDS (Li et al., 2017) and ion-
exchange triggers such as NOs™ (Fu et al., 2015; Li et al., 2017; Sheng et al., 2017), SO4% (Li et
al., 2015) and Br- (Lv et al., 2017). Depending on the types of MOFs and metal species, different
methods could be used to enhance the desorption performance. It has been widely demonstrated
that elusion with HCI and HNO; could effectively regenerate most kinds of MOFs (e.g., ZIF-8
(Shahrak et al., 2017), UiO-66 (Audu et al., 2016; Zhang et al., 2017), TMU-16-NH, (Roushani et
al., 2017), MIL-100(Fe) (Cai et al., 2016), MIL-68(In)-NH, (Liang et al., 2015¢), MIL-125(Ti)-
NH, (Wang et al., 2015). Song et al. (2016) investigated the regeneration of four different 3D-
MOFs (1-H, 1-OH, 1-NH, and 1-NO,) using distilled water, 0.1 M HCI, 0.1 M HNOz and 0.1 M
Na,COs. The results indicated that HNO3; and Na,CO5 could effectively release U(V1) from 1-H,
1-OH, and 1-NH, with the desorption rate ~ 80%. Especially, excessive amounts of anions (e.g.,
NOs, SO,# and Br) have been suggested as the superior triggers to competitively exchange the
adsorbed metal species from MOFs (Fu et al., 2015; Li et al., 2015, 2017; Lv et al., 2017; Sheng
et al., 2017). Fu et al. (2015) reported that Cr(\V1) could be mostly released from FIR-53 after
exposure to 200-fold molar excess of NOs for 26 h. Also, five continuous trapping-releasing
cycles could be achieved with 87% desorption rate of Cr(VI). Comparatively, no obvious
desorption of Cr(V1) from FIR-54 was noted in the presence of the same amount of NO3-, whereas
91% regeneration rate was found when CIO4 was used as the ion-exchange trigger. Overall, these
water-stable MOFs were reversibly regenerated using the proper eluents for successive adsorption

of heavy metals and radionuclides.

9. Conclusions and outlook
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Water-stable MOFs and MOF-based composites are green materials that exhibited the
superior adsorption ability for removing target metal species. The adsorptive processes were
generally fitted well with pseudo-second-order kinetic and Langmuir isotherm models. Several
dominated adsorptive mechanisms were proposed, including the strong coordination between
heavy metals/radionuclides and the binding sites (e.g., hydroxyl, thiol, amide substituents and
other oxygen-containing groups) of organic ligands of water-stable MOFs, electrostatic
interactions, anion exchange or SC-SC transformation, and combined adsorption-reduction
process. Additionally, these materials also showed the excellent visible light-driven photocatalytic
performance for reducing Cr(VI1) by forming reactive photo-generating electrons in the systems
and by decreasing the recombination of electron-hole pairs. Also, MOFs could catalyze the
reduction of Cr(VI) by formic acid effectively, which appears to be a green technology in
sustainable water purification. The superior selectivity, good stability, and reusability of MOFs
during the treatments, indicating the promising applications of these emerging techniques for
treating water and wastewater contaminated with different kinds of heavy metal ions and
radionuclides.

There are still great challenges before applying MOFs in practical water treatment. The
primary consideration is the upscale potential of synthesis, which has not been addressed
adequately in literature. Nowadays, most of the MOFs are synthesized by solvothermal methods
in organic solvents such as N,N’-dimethylformamide (DMF) and methanol. The impact of used
solvent to the environment should be considered thoroughly. Negative effects of organics many
be minimized by recycling the solvents. A progress is being in developing environmentally benign

synthetic conditions of aqueous phase (Li et al., 2018) and solvent-free synthesis (Zou et al., 2016).
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Additionally, electrochemical, microwave, and mechanical methods may have advantages when
scaling up synthesis of MOFs is carried out.

The pore size of most of the reported MOFs is limited to micropore range, which might
hamper the mobility of large metal ions inside the framework. Therefore, in future studies,
researchers may modify structures of MOFs to fully utilize the abundant adsorption/conversion
sites distributing throughout the fine structure. Generally, it would be beneficial to improve the
adsorption kinetics by enlarging the pore size (Howarth et al., 2015, Yuan et al., 2017b, Feng et
al., 2018) or reducing the size of MOF crystals (\Wang et al., 2018).

In terms of aqueous removal and pollution elimination of heavy metals and radionuclides by
the water-stable MOFs and MOF-based materials, future studies must improve their application
potentials. This aim can be achieved by: (1) developing greener MOFs with ultrahigh porosity and
enriched active sites through post-synthetic modifications (e.g., the introduction of multiple
metal/organic functional groups or further complexity to the crystalline structures); (2) preparing
novel and multifunctional MOF-based platforms such as hybrid MOF-on-MOF
heteroarchitectures, defect-tunable MOFs and/or non-crystalline MOFs with liquid or amorphous
(glass) phases; (3) synthesizing multi-component MOFs by chemical decorations with hybrid
functional composites such as quantum dots, semiconductors, ionic liquids and carbon-based
materials. Considering the mixed pollution by a wide range of hazardous heavy metal ions,
radionuclides and organic contaminants (e.g., pharmaceutical residues and endocrine-disrupting
chemicals) in real waters, it is desirable to investigate the performance and the mechanisms of
innovative MOF materials for sustainable water purification. Additionally, further efforts may be
directed towards improving the water stability of MOFs during successive practical applications.

Also, development of robust and cost-effective MOFs with high selectivity and superior reusability
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is also needed for depolluting toxic heavy metals and radionuclides in matrices such as soil,
sediments and atmospheric particles. The application of water-stable MOFs to nuclear waste

disposal may be elucidated in future studies.
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Table 1. Summary of adsorptive capability of MOFs and MOF-based composites for As species
(As(111) and/or As(V)) in water.

Adsorbents (Ads.)

Reaction conditions

Ref.

Fe-BTC
MIL-53(Al)
MIL-53(Fe)

MIL-100(Fe)

MOF-808
Uio-66
ZIF-8
ZIF-8

Cubic ZIF-8
Dodecahedral ZIF-8
Hierarchical ZIF-8
Leaf-shaped ZIF-8
2D-ZIF-L

B-MnO,@ZIF-8
CoFe,O,@MIL-
100(Fe)
Fe;0,@MIL-101(Cr)

FE304@Z| F-8

[As(V)] =5 mg/L, [Ads.] =5.0g/L, pH 4, T =298 K
[As(V)] = 0.34 mg/L, [Ads.] =20 mg/L, pH 8, T =298 K
[As(V)] =5 mg/L, [Ads.] =1.0g/L, pH 5, T =298 K
[As(V)] = 10 mg/L, [Ads.] =0.4 g/L, T =298 K

[As(V)] =5 mg/L, [Ads.] =0.2 g/L, RT

[As(V)] =50 mg/L, [Ads.] =0.5g/L, pH 2, T =298 K
[As(V)] = 0-5 mg/L, [Ads.] =40 mg/L, T =298 K
[As(lIT)/As(V)] = 20 mg/L, [Ads.] =0.2g/L,pH 7, T =
298 K

[As(111)] =0.2 mg/L, [Ads.] =0.2 g/L, pH 8.5, T =298 K
[As(111)] = 0.2 mg/L, [Ads.] =0.2 g/L, pH 8.5, T =298 K
[As(V)] =5 mg/L, [Ads.] =40 mg/L, T =298 K

[As(l1)] = 0.2 mg/L, [Ads.] =0.2 ¢g/L, pH 8.5, T=298 K
[As(111)] = 10.0 mg/L, [Ads.] = 0.1 g/L, pH 10, T =298
K

[As(111)] = 5-130 mg/L, [Ads.] =0.2 g/L, pH 7, T = 298
K

[As(lIT)/As(V)] =1 mg/L, [Ads.] =0.5g/L, T =298 K

[As(l11)/As(V)] = 10 mg/L, [Ads.] =3.84¢/L,pH 7, T =
298 K
[As(111)] = 3.5-40 mg/L, [Ads.] =0.2 g/L, pH 8

Qmax (Mg/g)
As(lll)  As(V)
12.29
105.6
21.27
110
24.83
303
76.5
49.49  60.03
1226
1175
90.92
108.1
43.74
140.27
1436 1148
1215  80.0
100

(Zhu et al., 2012)
(Lietal., 2014b)
(Vuetal., 2015)
(Cai et al., 2016)
(Lietal., 2015)
(Wang et al., 2015)
(Lietal., 2014a)
(Jian et al., 2015)

(Liu etal., 2015)
(Liu et al., 2015)
(Wuetal., 2014)
(Liu et al., 2015)
(Nasir et al., 2018)

(Jian et al., 2016)
(Yang and Yin,
2017)
(Folens et al., 2016)

(Huo et al., 2018)

Note: Fe-BTC, iron-1,3,5-benzenetricarboxylic polymer; RT, room temperature.
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Table 2. Summary of adsorptive capability of MOFs and MOF-based composites for Pb(I1), Hg(ll),
Cd(lr), Cu(lIn), Ni(l1), Zn(11), Co(l1) and Mn(ll) in water.

Adsorbents (Ads.) Reaction conditions Omax Ref.
(mg/g)
Pb(Il)  [Ag12(MA)g(mal)ee18H,0],  [Pb(I)] =2 mg/L, [Ads.] =4 g/L,pH 7 120 (Salarian et al., 2014)
AMCA-MIL-53(Al) [Pb(11)] = 25-400 mg/L, [Ads.] = 0.15 g/L, 390 (Algadami et al., 2018)
pH5.8, T=318K
Dy-MOF [Pb(11)] =1 mg/L, [Ads.] =0.2 g/L, pH 6.5 3.05 (Jamali et al., 2016)
MCNC@2zn-BTC [Pb(11)] = 200 mg/L, [Ads.] = 1 g/L, pH 2- 558.66 (Wang et al., 2017)
6, T=2982K
Melamine-MOFs [Pb(11)] = 10 mg/L, [Ads.] = 0.04 g/L, pH 122.0 (Yinetal., 2018)
5 T=313K
MIL-101(Cr) [Pb(11)] =50 mg/L, [Ads.] =1 g/L, pH 15.78 (Luo et al., 2015)
2.01, T=298K
ED-MIL-101(Cr) (5 mmol)  [Pb(11)] =50 mg/L, [Ads.] =1 ¢/L, pH 81.09 (Luo et al., 2015)
210, T=298 K
MOF-545 [Pb(11)] = 0.2 mg/L, [Ads.]=0.5¢/L,pH 7 73 (Tokalioglu et al., 2017)
MOF-808-EDTA [Pb(11)] = 10 mg/L, [Ads.] =1 ¢/L, RT 313 (Peng et al., 2018)
MOF-DHz [Pb(11)] =1 mg/L, [Ads.] =5g/L, pH 6.4 104 (Taghizadeh et al.,
2013)
NH2-Zr-MOFs [Pb(11)] = 10 mg/L, [Ads.] = 0.04 g/L, pH 166.74 (Wang et al., 2017)
6, T=303K
TMU-4 [Pb(11)] = 0.1 mg/L, [Ads.] =7 mg/30 mL, 237 (Tahmasebi et al., 2015)
pH =10
TMU-5 [Pb(11)] = 0.1 mg/L, [Ads.] =7 mg/30 mL, 251 (Tahmasebi et al., 2015)
pH =10
TMU-6 [Pb(I1)] = 0.1 mg/L, [Ads.] = 7 mg/30 mL, 224 (Tahmasebi et al., 2015)
pH =10
Ui0-66-NHC(S)NHMe [Pb(11)] = 100 mg/L, [Ads.] =1 g/L 232 (Saleem et al., 2016)
ZIF-8 [Pb(11)] =200 mg/L, [Ads.] =0.1-2.0 g/L, 1119.80 (Huang et al., 2018)
pH5.1, T=298 K
ZIF-67 [Pb(11)] =200 mg/L, [Ads.] =0.1-2.0 g/L, 1348.42 (Huang et al., 2018)
pH5.2, T =298 K
[Zn3L3(BPE), 5]n [Pb(I1)] = 10 mg/L, [Ads.] = 0.125 g/L, pH 616.64 (Yuetal., 2017)
6, T=298 K
Fe;0,@Cu-MOFs [Pb(I1)] = 10-1000 mg/L, [Ads.] = 10 g/L 219.00 (Shietal., 2018)
Fe;0,@TAR [Pb(11)] =1 mg/L, [Ads.] =10 g/L, pH 6.2 185 (Ghorbani-Kalhor,
2016)
(FesO4-ED)/MIL-101(Fe) [Pb(11)] = 0.5 mg/L, [Ads.] =29 mg/7.0 198 (Babazadeh et al., 2015)
mL, pH 6.1
IOMN@NH,-MIL53(Al) [Pb(I1)] = 100 mg/L, [Ads.] = 100 mg/15 492.4 (Ricco et al., 2015)
mL
Hg(ll) JUC-62 [Hg(11)] = 400 mg/L, [Ads.] =1 g/L, RT 836.7 (Wu et al., 2016b)
MFC-S [Ho(1)] =20 mg/L, [Ads.] =1 g/L, RT 282 (Huang et al., 2016)
MIL-101-NH; [Hg(11)] = 20-220 mg/L, [Ads.] = 1 g/L, pH 30.67 (Luo et al., 2016)
6
MIL-101-Thymine [Hg(11)] = 20-220 mg/L, [Ads.] =1 g/L, pH 51.75 (Luo etal., 2016)
6
MOF-808-EDTA [Hg(I)] = 10 mg/L, [Ads.] =1 g/L, RT 592 (Peng et al., 2018)
[Ni(3-bpd),(NCS),], Saturated Hg(Il), [Ads.] =1 g/L 713 (Halder et al., 2017)
Ui0-66-NHC(S)NHMe [Hg(1)] = 100 mg/L, [Ads.] =1 g/L 769 (Saleem et al., 2016)
ZIF-90-SH [Hg(11)] = 0.1-50 mg/L, [Ads.] =1g/L, T = 224 (Bhattacharjee et al.,
298 K 2015)
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Zn(hip)(L)-(DMF)(H,0) [Hg(11)] = 0.1 mg/L, [Ads.] =0.5 g/L, pH 278 (Luo et al., 2015)
5 T=298 K
Fe;0,@DMcT/MIL- [Hg(1D] = 15 mg/L, Magsorbent = 28 mg/10 124 (Ghorbani-Kalhor et al.,
101(Fe) mL, pH 6.25 2015)
Cd(ll)  (Fe3O4-ED)/MIL-101(Fe) [Cd(11)] = 0.5 mg/L, [Ads.] = 29 mg/7.0 155 (Babazadeh et al., 2015)
mL, pH 6.1
Fe;0,@TAR [Cd(I)] =1 mg/L, [Ads.] =10 g/L, pH 6.2 210 (Ghorbani-Kalhor,
2016)
MOF-DHz [Cd(IN] =1 mg/L, [Ads.]=50/L, pH 6.4 188 (Taghizadeh et al.,
2013)
NH,-Zr-MOFs [Cd(11)] = 10 mg/L, [Ads.] = 0.04 g/L, pH 177.35 (Wang et al., 2017)
6, T=303K
TMU-16-NH, [Cd(11)] = 50-200 mg/L, [Ads.] =2 g/L, pH 126.6 (Roushani et al., 2017)
6
TMU-4 [Cd(11)] = 0.1 mg/L, [Ads.] = 7 mg/30 mL, 48 (Tahmasebi et al., 2015)
pH 10
TMU-5 [Cd(I1)] = 0.1 mg/L, [Ads.] =7 mg/30 mL, 43 (Tahmasebi et al., 2015)
pH 10
TMU-6 [Cd(I1)] = 0.1 mg/L, [Ads.] =7 mg/30 mL, 41 (Tahmasehi et al., 2015)
pH 10
UiO-66-NHC(S)NHMe [Cd(11)] = 100 mg/L, [Ads.] =1 g/L 49 (Saleem et al., 2016)
Cu(ll)  Dy-MOF [Cu(I] =1 mg/L, [Ads.] =0.2 g/L, pH 6.5 2.24 (Jamali et al., 2016)
Fe304/IRMOF-3 [Cu(ll)] =1mg/L, [Ads.] =0.2 g/L, pH 5, 24 (Wang et al., 2014)
RT
TMU-4 [Cu(11)] = 0.1 mg/L, [Ads.] = 7 mg/30 mL, 62 (Tahmasebi et al., 2015)
pH 10
TMU-5 [Cu(1)] = 0.1 mg/L, [Ads.] = 7 mg/30 mL, 57 (Tahmasebi et al., 2015)
pH 10
TMU-6 [Cu(l)] =0.1 mg/L, [Ads.] =7 mg/30 mL, 60 (Tahmasehi et al., 2015)
pH 10
ZIF-8 [Cu(1N] =200 mg/L, [Ads.] =0.1-2.0 g/L, 454.72 (Huang et al., 2018)
pH5.1, T=298 K
ZIF-67 [Cu(IN] =200 mg/L, [Ads.] =0.1-2.0 g/L, 617.51 (Huang et al., 2018)
pH5.2, T=298 K
Ni(ll)  Fe;0,@TAR [Ni(I1)] =1 mg/L, [Ads.] =10 g/L, pH 6.2 196 (Ghorbani-Kalhor,
2016)
MOF-DHz [Ni(ID] =1 mg/L, [Ads.] =5 ¢/L, pH 6.4 98 (Taghizadeh et al.,
2013)
Zn(ll)  MOF-DHz [Zn(11)] =1 mg/L, [Ads.]=5¢g/L, pH 6.4 206 (Taghizadeh et al.,
2013)
(Fe304-ED)/MIL-101(Fe) [Zn(11)] = 0.5 mg/L, [Ads.] =29 mg/7.0 164 (Babazadeh et al., 2015)
mL, pH 6.1
Co(ll) TMU-4 [Co(1)] = 0.1 mg/L, [Ads.] =7 mg/30 mL, 55 (Tahmasebi et al., 2015)
pH 10
TMU-5 [Co(11)] = 0.1 mg/L, [Ads.] =7 mg/30 mL, 63 (Tahmasebi et al., 2015)
pH 10
TMU-6 [Co(11)] = 0.1 mg/L, [Ads.] = 7 mg/30 mL, 59 (Tahmasebi et al., 2015)
pH 10
UiO-66-Schiff [Co(11)] = 0.1 mg/L, [Ads.] = 7 mg/30 mL, 256 (Yuanetal., 2017)
pH 10
Mn(VII) SLUG-21 [Mn(VI1)] = 200 mg/L, [Ads.] = 0.5 g/L, 292 (Fei etal., 2011)

RT

Note: DTIM, 4-(5)-imidazoledithiocarboxylic acid; H,hip, 5-hydroxyisophthalic acid; IOMN, iron(l1,111) oxide magnetic
nanoparticles; L = N4 N*’-di(pyridine-4-yl)biphenyl-4,4’-dicarboxamide; ED, ethylenediamine; TAR, 4-(thiazolylazo) resorcinol.
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Table 3. Summary of adsorptive capability of MOFs and MOF-based composites for Cr species

(Cr(111) or Cr(VI)) in water.

Adsorbents (Ads.) Reaction conditions Omax (M/g) Ref.
Cr(lly — Cr(V1)
Ag-triazolate MOF [Cr(V1)] =50 mg/L, [Ads.] =0.8 g/L, 37 (Lietal., 2017)
pH6, T =303 K
{[Cus(us-OH),(mtrb),(1,4- [Cr(VD)] =25 mM, [Ads.] =2.5mM 128 (Lvetal., 2017)
bda)z]Br2-6HZO}n
Co-CP [Cr(V1)] =5-250 mg/L, [Ads.] =2 g/L, 385 (Lupaetal., 2017)
pH 2.5
Co-Gly [Cr(VI)] =5-250 mg/L, [Ads.] =2 g/L, 435 (Lupaetal., 2017)
pH 2.5
Co-VP [Cr(V1)] = 5-250 mg/L, [Ads.] =2 g/L, 49 (Lupaetal., 2017)
pH 2.5
1D Fe-gallic acid [Cr(VI)] = 100-2000 mg/L, [Ads.] =1 1709.2 (Niu et al., 2017)
g/L, pH 3-10, T=298 K
3D Dy-MOFs [Cr(VD)] =5mM, [Ads.] =7.8¢/L,RT 62.88 (Shi etal., 2012)
FIR-53 [Cr(VD)] =2 mM, [Ads.] =15¢g/L, RT 74.2 (Fu etal., 2015)
FIR-54 [Cr(VD] =2mM, [Ads.] =15 g/L, RT 103 (Fuetal., 2015)
IL-MIL-100(Fe) [Cr(V1)] = 100 mg/L, [Ads.] =0.5 g/L, 285.7 (Nasrollahpour and
pH 2, T =298-328 K Moradi, 2017)
MOF-867 [Cr(V1)] =50 mg/L, [Ads.] =0.5 g/L, 53.4 (Zhang et al., 2015)
RT
Protonated MOR-1 [Cr(VD)]=21.6 mg/L, pH 3 247 (Rapti et al., 2016b)
Non-protonated MOR-1 [Cr(V1)] =21.6 mg/L, pH 3 267 (Rapti et al., 2016b)
MOR-1-HA [Cr(VI)] =21.6 mg/L, pH 3 242 (Rapti et al., 2016b)
SLUG-21 [Cr(VI)] = 63.3 uM, [Ads.] = 0.5 ¢/L, 60 (Feietal., 2011)
RT
[{Nia(L)s- [Cr(VD] =1 uM, [Ads]=1g/L, RT 166 (Desai et al., 2016)
(SO4)(H20)3}-(SO4)-X(G)]n
TMU-4 [Cr(111)] = 0.1 mg/L, [Ads.] =7 mg/30 127 (Tahmasehi et al., 2015)
mL, pH 10
TMU-5 [Cr(1I1)] = 0.1 mg/L, [Ads.] = 7 mg/30 123 (Tahmasehi et al., 2015)
mL, pH 10
TMU-6 [Cr(111)] = 0.1 mg/L, [Ads.] =7 mg/30 118 (Tahmasebi et al., 2015)
mL, pH 10
TMU-30 [Cr(V1)] =30 mg/L, [Ads.] =0.2 g/L 145 (Aboutorabi et al., 2016)
UiO-66-HA [Cr(VI)] =21.6 mg/L, pH 3 129 (Rapti et al., 2016b)
UiO-66-NH, [Cr(VD)] =5 mg/L, [Ads.] =1 g/L, pH 32.36 (Wu et al., 2017)
6.5, T =298 K
UiO-66-NHC(S)NHMe [Cr(111)] =100 mg/L, [Ads.] =1 g/L 117 (Saleem et al., 2016)
ZIF-8 [Cr(V1)] = 2.5 mg/L, [Ads.] = 20 mg/L, 0.15 (Niknam Shahrak et al.,
pH7, T=298K 2017)
ZIF-67 [Cr(VI)] = 6-15 mg/L, [Ads.] =1 g/L, 15.43 (Lietal., 2015)
natural pH, RT
ZJU-101 [Cr(VI)] =50 mg/L, [Ads.] =0.5 g/L, 245 (Zhang et al., 2015)
RT
Zng5C0p5-SLUG-35 [Cr(VD] =272 mg/L, [Ads.] =2 g/L, pH 68.5 (Fei etal., 2013)
8.16, RT
MP@ZIF-8 [Cr(V1)] =30 mg/L, [Ads.] = 0.2 g/L, 136.56 (Zhu et al., 2017a)

pHS5, T=293K

Note: HA, alginic acid; MP, magnetic polydopamine; 1-SOy, [{Ni2(L)3-(SO4)(H20)3}-(SO4)-X(G)] (L = tris(4-(1H-imidazol-1-

yl)phenyl)amine; G = DMF, H,0).
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Table 4. Summary of reductive transformation of Cr(VI) by MOFs and MOF-based composites
in water.

Catalysts (Cat.) Reaction conditions Time Reductive Ref.
(min)  rate (%)
MIL-100(Fe) [Cr(VI)] = 20 mg/L, [Cat.] =1 ¢/L, pH 4, vis 24 100 (Liang et al., 2015b)
MIL-101(Fe) [Cr(V1)] =8 mg/L, [Cat.]= 0.5 g/L, pH 2, T = 303 K, vis 60 100 (Shietal., 2015)
MIL-53(Fe) [Cr(VI)] =20 mg/L, [Cat.]=1g/L, pH 4, T =303 K, vis 40 100 (Liang et al., 2015c)
MIL-68(In)-NH, [Cr(V1)] =20 mg/L, [Cat.]= 1 g/L, pH 6, T =303 K, vis 180 97 (Liang et al., 2015e)
NH,-MIL-125(Ti)  [Cr(VI)] = 48 mg/L, [Cat.]= 0.4 g/L, pH 2.1, vis 60 97 (Wang et al., 2015b)
NH2-MIL-88B(Fe) [Cr(VI)]=8mg/L, [Cat]=05¢g/L,pH2, T=303K,vis 45 100 (Shi et al., 2015)
NNU-36 [Cr(VI)] = 10 mg/L, [Cat.]= 0.375 g/L, pH 2.17, vis 60 95 (Zhao et al., 2017)
UiO-66(NHy) [Cr(VD)] =10 mg/L, [Cat.]=0.5¢/L, pH 2, T =303 K, 80 97 (Shen et al., 2013a,
Vis 2015)
Au@MIL-100(Fe)  [Cr(VD] =20 mg/L, [Cat.]=1g/L, pH 4, vis 20 100 (Liang et al., 2015b)
g-C3N4/MIL-53(Fe)  [Cr(VI)] = 10 mg/L, [Cat.]= 0.4 g/L, pH 2-3, vis 180 100 (Huang et al., 2017)
HPMo@MIL- [Cr(VD] =20 mg/L, [Cat.]= 0.5 ¢g/L, pH 4, vis 8 100 (Liang et al., 2015a)
100(Fe)
MIL-53(Fe)-RGO  [Cr(VI)] =20 mg/L, [Cat.]= 1 g/L, pH 4, vis 80 100 (Liang et al., 2015d)
Pd@MIL-100(Fe)  [Cr(VI)] =20 mg/L, [Cat.]= 1 g/L, pH 4, vis 16 100 (Liang et al., 2015b)
Pd@UiO-66(NH,)  [Cr(VI)] =10 mg/L, [Cat.]=0.5g/L, pH 2, T =303 K, 90 99 (Shen et al., 2013b)
vis
Pd-Cu/MIL-101 [Cr(VI)] =20 mM, [Cat.]= 20 ¢/L, 0.3 mL HCOOH in 5 60 100 (Trivedi et al., 2016)
mL
Pd@MIL-101 [Cr(VI)] =20 mM, [Cat.]=3 ¢g/L, 0.3 mL HCOOH in 5 210 100 (Yadav and Xu,
mL, T=323 K 2013)
Pt@MIL-100(Fe)  [Cr(VI)] =20 mg/L, [Cat.]=1 g/L, pH 4, vis 8 100 (Liang et al., 2015b)
Pt@MIL-101 [Cr(VI)] = 20 mM, [Cat.]= 5.5 ¢g/L, 0.3 mL HCOOH in 5 40 100 (Yadav and Xu,
mL, T=323 K 2013)
RGO-UiO-66(NH;)  [Cr(VI)] =10 mg/L, [Cat.]=0.5¢g/L, pH 2, T =303 K, 100 100 (Shen et al., 2014)

VIS
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Table 5. Summary of adsorptive capability of MOFs and MOF-based composites for radionuclides

in water.
Metal Adsorbents (Ads.) Reaction conditions Omax Ref.
species (mg/g)
u(vl) CMPO-MIL-101(Cr) [U(VD)]=30mg/L, [Ads.]=1g/L,pH4, T = 27.99 (De Decker et al.,
298 K 2017)
Co-SLUG-35 [U(VI)] = 20-500 mg/L, [Ads.] =1 g/L, pH 118 (Lietal., 2017)
9, T=298K
MIL-101 [U(VI1)] = 5-200 mg/L, [Ads.] = 0.4 g/L, pH 20 (Bai et al., 2015)
5 T=298 K
MIL-101-NH, [U(VI1)] = 5-200 mg/L, [Ads.] = 0.4 g/L, pH 90 (Bai et al., 2015)
5 T=298 K
MIL-101-ED [U(VI1)] =5-200 mg/L, [Ads.] = 0.4 g/L, pH 200 (Bai et al., 2015)
5T=298K
MIL-101-DETA [U(VI1)] =5-200 mg/L, [Ads.] =0.4 g/L, pH 350 (Bai et al., 2015)
5 T=298K
MOF-3 [U(VI)] = 0-200 mg/L, [Ads.] =1 g/L, pH 7, 314 (Lietal., 2016)
T=318K
MOF-76 [U(VD)] = 140 mg/L, [Ads.] = 0.4 g/L, pH 3 298 (Yang et al., 2013)
1-NO, [U(VI)] = 100 mg/L, [Ads.] = 0.5 ¢/L, pH 2, 165.3 (Song et al., 2016)
T=298K
Terbium(l11)-based [U(VD] =5 mg/L, [Ads.] =1g/L, pH 4, RT 179.8 (Liuetal., 2017a)
MOF
UiO-66 [U(VI)] =5-120 mg/L, [Ads.] =0.4 g/L, pH 109.9 (Luo et al., 2016)
55,RT
UiO-66-NH, [U(VI)] = 5-120 mg/L, [Ads.] = 0.4 g/L, pH 114.9 (Luo et al., 2016)
55 RT
UiO-68-P(0)(OEt), [U(VI)] = 0-200 mg/L, [Ads.] =1 g/L, RT 217 (pH (Carboni et al.,
2.5); 2013)
152 (pH
5.0)
Zn(ADC)(4,4’-BPE)y 5 [U(VI)] =200 mg/L, [Ads.] =0.5 g/L, pH 6 312.32 (Liu et al., 2016)
Zn(HBTC)(L)-(H20), [U(VI)] = 100 mg/L, Madsorbent = 10 mg, pH 115 (Wang et al., 2015)
2, T=298 K
Se(IV) NU-1000 [Se(IV)] = 18-55 mg/L, [Ads.] = 0.5 g/L, pH 95 (Howarth et al.,
6, T=313K 2015)
Se(VI) NU-1000 [Se(V1)] = 18-55 mg/L, [Ads.] =0.5 g/L, pH 85 (Howarth et al.,
6, T=313K 2015)
Se(VI) Ui0-66-HCI [Se(VI)] = 150 mg/L, [Ads.] =1 g/L, pH 6.8 86.8 (Lietal., 2017)
Cs(l) MIL-101-SO3H [Cs(1)] = 0.2 mM, [Ads.]=1g/L, pH 3, 6, 10 0.835 (Aguila et al., 2016)
[(CH3),NH,][UO,(L2)]  [Cs(1)] = 1-500 mg/L, [Ads.] =1 or5g/L 145 (Wang et al., 2015)
-0.5DMF-15H,0
Re(VII) SBN [Re(VII)] =28 mg/L, [Ads.] =0.5¢g/L, pH 7 714 (Zhu et al., 2017b)
SCU-100 [Re(VIN)] =28 mg/L, [Ads.] =1g/L 541 (Sheng et al., 2017)
SLUG-21 [Re(VI1I)] =200 mg/L, [Ads.] =0.5 ¢g/L, RT 602 (Fei etal., 2011)
UiO-66-NH, [Re(VIN)] = 0.6 mM, [Ads.] = 1.2 mM, RT 159 (Banerjee et al.,
2016)
Sr(ll) MIL-101-SO;H [Sr(11)]=0.2 mM, [Ads.] =1 g/L, pH 3, 6, 7.548 (Aguila et al., 2016)
10
Th(IV) UiO-66-(COOH), [Th(1V)] = 5-200 mg/L, [Ads.] = 0.4 g/L, pH 350 (Zhang et al., 2017)

3

Note: CMPO, N.N-Diisobutyl-2-(octylphenylphosphoryl)acetamide; DETA, diethylenetriamine; L = N4 N*'-di(pyridine-4-
yl)biphenyl-4,4’-dicarboxamide).
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Fig. 1. The speciation distribution of the representative metal ions (a, As(l11); b, As(V); ¢, Pb(Il);
d, Hg(l1); e, Cd(I1); f, U(VI); g, Cr(l11); and h, Cr(VI); total concentration of each metal species
was used as 0.01 mM) as a function of pH in water, which was plotted according to Visual

MINTEQ 3.1.
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Fig. 2. (a) Comparison of the adsorptive removal of As(V) by commercial active carbon, zeolite,
the synthesized ZIF-8, and hierarchically ZIF-8 with different molar ratios (1:1, 1:2 and 1:4) of
[CTAB]:[His] in water, (b) aqueous uptake of As(lll) by thiolated UiO-66 adsorbents and non-
functionalized analogues, (c) schematic representation of the possible adsorptive process of As(I11)
and As(V) by ZIF-8 nanoparticles, (d) schematic diagram that shows how As(l11) and As(V) can
be individually captured by the organic linkers and nodes of UiO-66. (Adapted from (Audu et al.,
2016; Jian et al., 2015; Wu et al., 2014) with permission from Elsevier Inc. and Royal Society of

Chemistry).
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Fig. 3. (a) The pseudo-second-order kinetics, (b) Langmuir isotherms, and (c) selectivity for the
adsorptive removal of Pb(ll) by MIL-101(Cr), ED-MIL-101(Cr) (2 mmol) and ED-MIL-101(Cr)
(5 mmol) as well as (d) reusability of ED-MIL-101(Cr) (5 mmol) during four successive runs of
Pb(I1) adsorption; (e) schematic diagram of the adsorptive mechanisms of Pb(Il) by Zn(I1)-based
MOFs functionalized by O- groups in water. (Adapted from (Luo et al., 2015; Yu et al., 2017) with
permission from Elsevier Inc. and Royal Society of Chemistry).
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Fig. 4. (a) The post-synthetic modification of MIL-101(Cr) and its adsorption mechanism for
Hg(ll) in water; (b) aqueous adsorption mechanism of Hg(ll) by MIL-101-Thymine. (Adapted
from (Liu et al., 2014; Luo et al., 2016) with permission from Elsevier Inc. and Wiley).
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Fig. 5. (a) Change of UV/Vis spectra of Cr(VI) during exchange with equimolar ABT+2CIO;, in
water, (b) IR spectra of (i) as-prepared ABTe«2CIlO,, (ii) ABT+2CIO, after immersing into
equimolar Cr(V1) solution, and (iii) ABT+Cr,0-, (c) proposed structure changes of FIR-53 before
and after ion exchange with Cr(VI1) in water, (d) the possible adsorption mechanisms (d-i,
electrostatic interaction, d-ii, ion exchange) of aqueous removal of Cr(VI) by ZIF-67. (Adapted
from (Fu et al., 2015; Li et al., 2013, 2015) with permission from Wiley, American Chemistry
Society and Elsevier Inc.).
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Fig. 6. Photocatalytic reduction of Cr(V1) by (a) MIL-88B(Fe), NH,-UiO-66-Zr, NH,-MIL-125-
Ti, and NH,-MIL-88B(Fe), (b) MIL-100(Fe) and M-MIL-100(Fe) (M = Au, Pd, and Pt) in water,
and the reusability of (c) MIL-100(Fe) and M-MIL-100(Fe) (M = Au, Pd, and Pt) and (d) g-
C3N4/MIL-53(Fe) for photocatalytic reduction of aqueous Cr(V1), (e) proposed mechanisms for
dual excitation pathways of photocatalytic reduction of Cr(VI) using NH,-MIL-88B(Fe), (f)
schematic representation of the visible light-driven photocatalytic reduction of Cr(VI) by g-
C3N4/MIL-53(Fe). (Adapted from (Huang et al., 2017; Liang et al., 2015b; Shi et al., 2015) with
permission from Elsevier Inc., Wiley and Springer).
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Fig. 7. Reductive conversion of Cr(VI) using excess of formic acid catalyzed by (a) 2 wt%
M@MIL-101 (M = Pt, Pd, Au and Rh) at 323 K and (b) 2 wt% Pd-Cu@MIL-101 at room
temperature, (c) schematic illustration of catalytic HCOOH reduction of Cr(VI1) to Cr(lll) by 2
wt% Pd-Cu@MIL-101, (d) the recycling performances with 2 wit% Pdys-Cugs@MIL-101 for
catalytic Cr(VI) reduction into Cr(Il1). (Adapted from (Trivedi et al., 2016; Yadav and Xu, 2013)
with permission from Royal Society of Chemistry.).
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Fig. 8. (a) Schematic presentation of conceptual designation of broad-spectrum heavy metal ion
trap (BS-HMT) by using EDTA-substituted MOF-808, (b) the capture efficiency of MOF-808-
EDTA in multi-component aqueous system, (c) the adsorption curves of multiple heavy metals by
MOF-808-EDTA in the fixed bed. (Adapted from (Peng et al., 2018) with permission from Nature
Publishing Group.)
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ACCEPTED MANUSCRIPT

Fig. 9. The adsorption mechanisms of water-stable MOFs and MOF-based composites for heavy
metals and radionuclides in water.
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Fig. 10. (a) Effects of MIL-101(Cr) and its different functionalized analogues on aqueous removal
of U(VI); (b) competitive adsorption and distribution coefficient (Ky) of multiple heavy metal ions
by MIL-101-DETA, (c) schematic representation of the coordination of U(V1) with the phosphoryl
oxygen of functionalized UiO-68 network; (d) the 3D framework of the MOF,
Zn(HBTC)(L)-(H20),; (e) the 1D channel along the ¢ axis and the inclusion of reactive ligands
(acylamide and carboxyl units); (f) the elution efficiency of different solutions for the regeneration
of Zn(HBTC)(L)-(H20),. (Adapted from (Bai et al., 2015; Carboni et al., 2013; Wang et al., 2015)
with permission from Royal Society of Chemistry and Elsevier Inc.).
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Fig. 11. (a) The number of Se(1V) and Se(VI) molecules adsorbed per node in different Zr-based
MOFs, with the maximum possible adsorption and the actual adsorption individually presented
in the light colored and dark colored bars; (b) the possible binding sites and modes of Se(1V) or
Se(VI) to the node of NU-1000. (Adapted from (Howarth et al., 2015) with permission from

American Chemistry of Society).
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Fig. 12. (a) The SC-SC anion exchange mechanism of Re(VII) by SBN materials, (b) FT-IR
spectra of SBN before and after Re(V11) capture, (c) the effect of different coexisting anions on
aqueous removal of Re(VIIl) by SBN. (Adapted from (Zhu et al., 2017b) with permission from

American Chemistry of Society).

64



Highlights
» Water-stable MOFs and MOF-based composites recover heavy metals and radionuclides
» Hazardous metal species can be efficiently adsorbed by MOFs.
» MOFs catalyze effectively photochemical conversion of cromium(V1)

» Green MOFs show high potential in sustainable water purification.





