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ABSTRACT

Wastewater remediation technologies are rapidly evolving to meet the increasing water demand. The
need to develop efficient, low-cost, and simplistic strategies has motivated researchers to explore newer
fields of material science. Owing to high thermal stability, porosity, and accessible functionalities, metal-
organic frameworks (MOFs) are finding numerous applications in the domain of wastewater treatment
and resource recovery. The application-oriented development of MOFs has been accepted as a novel
approach for the removal and recovery of metals from waste solutions. The desired properties in MOFs
could be achieved by adopting suitable synthesis or post-synthesis functionalization strategies. Here, we
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have reviewed differently functionalized MOFs and their application in the removal of metals from waste
solutions. We have also discussed the application of MOFs in the pre-concentration and recovery of
actinides from seawater. Conclusions regarding the future scope of employing MOFs in the domain of

environmental remediation have been included.

Introduction

The toxic nature of heavy metals has been known to man-
kind for ages. Uncontrolled anthropogenic activities have
increased the levels of hazardous metal ions, leading to
serious environmental and human damages. Unlike organic
pollutants, metal ions are non-degradable and accumulate in
living organisms over time. They need to be eliminated at
the beginning of the anthropogenic activity cycle.!") Another
fundamental aspect is the precious metals, rare earth ele-
ments, and actinides in the biomedical, catalysis, electronics,
and energy sectors. The natural reserves of said metals are
scarce and unevenly distributed. With the rapid resource
consumption in this century, it is expected that these
resources will completely depleted soon. All these concerns
have put pressure on the scientific community to develop
effective methods for the removal and recovery of metals
from water sources.!”! Adsorption is a simplistic, economical,
and widespread approach toward the removal of heavy
metals from waste solutions applied in wastewater treatment
facilities. Although adsorbents like activated carbon,[3’4]
biosorbents, ™! magnetic nanoparticles,[7] and graphene
oxide®) are effective in removing heavy metals they do
have limitations. In some cases, these adsorbents are either
nonselective, difficult to regenerate, or difficult to produce at
large commercial scale.!') Highly efficient, selective, and por-
ous adsorbents developed by low-cost synthesis methods are
required to overcome these drawbacks.

Metal-organic frameworks (MOFs) were first reported in
the 1950s and the term MOF became popular around the
1990s.1%1"1 MOFs are crystalline microporous coordination
polymers, consisting of metal ions linked together by organic
bridging ligands.[lz] In the past decade, a large variety of
MOFs with different topologies and physicochemical proper-
ties have been synthesized. Among the most commonly used
are MOE-5,"*1 HKUST-1,"* MIL-47,""*) MIL-53,""° the ZIF
family,"'”) MIL-101,"") and Ui0-66."") MOFs exhibit very
attractive physicochemical properties such as high porosity
(up to 90% free volume), enormous internal surface areas
(~1000-10,000 m* g "), large pore aperture (~10 nm or
100 A), and excellent water stability. MOF-based materials
have found applications in gas storage and separation,[m]
sensors, > catalysis,”?)  biomass,'”®! photovoltaic cells,!**
drug delivery,/**! and environmental remediation.°!

In particular, the use of MOF-based materials in waste-
water remediation has gained popularity. These coordination
polymers can be used either as photocatalysts for organic
pollutants degradation[32’33] or as adsorbents for the captur-
ing of toxic metals (Hg", Pb", Cr¥", UV, etc.).***) MOFs
can be fabricated on a large scale and with tunable physico-
chemical properties and functionalities for specific applica-
tions. This can be accomplished by changing the synthetic
route, metal ions, metal ion sources, and organic linkers.
Both organic and inorganic ligands can be employed to
tailor the desired MOFs using post-synthesis or in situ
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approaches. The functionalities anchored onto MOF could
be specifically designed to capture specific metal ions, based
on their valency. The interaction of electron donors in
functional groups with metal ions is governed by the
Pearson hard-soft acid-base (HSAB) theory. MOF functiona-
lization with O-ligands like carboxylates are more suitable
for complexing tri-valent metal ions like lanthanides and
actinides. Whereas S-bearing functionalities (e.g. thiols) are
more suitable for capturing divalent heavy metals like Hg"
and Pb'.. Thus, the fabrication of MOFs with a high density
of metal-specific functionalities is efficient for the removal or
recovery of metal ions from wastewater, seawater, and ore
leachates. The MOF functionalization with desired functional
groups is easy as an in-situ or post-synthesis process.
Functionalized MOFs can recover target metal ions from
poorly concentrated solutions. These qualities have attracted
researchers to develop new MOFs with enhanced properties.

In the recent years, literature has been enriched with
numerous studies dealing with the recovery of precious metals,
lanthanides, and actinides using functionalized MOFs, indu-
cing the need for a compilation in the interest of readers. This
is the goal of this review. The first section is dedicated to
revisiting some of the most recently used organic moieties as
well as the functionalization procedures for tailoring MOFs.
Also, relevant physicochemical properties of the functionalized
MOFs, including surface area, morphology, and particle size
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Figure 1. Organic linkers used for the synthesis of functionalized MOFs.
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are reviewed. Sections are dedicated to discussion related to the
application of MOFs for heavy metal, precious metal, rare earth
elements, and actinides adsorption. Some considerations
regarding the advantages and disadvantages of using functio-
nalized MOFs as well as future scope and perspectives are
provided.

Synthesis of functionalized MOFs

MOFs exhibit attractive physicochemical properties, which
make these materials suitable for a wide range of applications
including water treatment. 202222725371 There are several
synthetic approaches to prepare MOFs. They can be classified
into conventional and non-conventional methods. Among the
conventional  methods  are hydrothermalml and
solvothermal*) techniques. While the microwave-assisted, "’
electrochemical,*!! ionothermal,? and mechanochemical/*?!
strategies are considered as non-conventional approaches. The
physical and chemical properties of the prepared MOFs can be
tuned to serve a specific application by changing the synthetic
route or modifying the components of the framework. For
heavy metal remediation, the most common strategy is to
anchor organic functionalities (Figure 1) on the easily accessi-
ble MOF sites to improve its affinity and selectivity toward the
target metal ion. These modifications could be carried out
either during the MOF fabrication (in-situ) or after the MOF
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synthesis (post-synthesis). In the subsections, some of the most
recent procedures for MOF functionalization using organic
ligands are briefly discussed.

N-based functionalities

Nitrogen-based functionalities (N-donors) are hard to border-
line bases in the HSAB theory and could interact effectively
with heavy metals and actinides. These N-based organic func-
tionalities have been in focus for decades and incorporating
these functionalities into MOFs enhance their affinity toward
metal ions. The Zn-based MOF, ZIF-8, grafted with mmen
functionality was studied for the adsorptive removal of Cd"
from wastewater solutions. ZIF-8 was prepared precipitating
Zn(NO3); - 6H,0 and 2-methylimidazole in methanol and
adding the mmen diamine in anhydrous hexane and refluxing
the suspension for 18 h under N, atmosphere for full MOF
functionalization. The decreased intensity of XRD peaks and
decreased surface and pores characteristics (estimated by BET
analysis) confirmed the grafting of mmen in the pores and the
interior surface of ZIF-8.**! A water-stable MOF for Pb"
removal was prepared by Zhang et al. through the in-situ
modification of a bi-based MOF using a triazine derivative
(CAU-7-TATB). The MOF was prepared by a solvothermal
method, where 2,4,6-tris(4-carboxyphenyl)-1,3,5-triazine as
the organic linker and Bi(NO3); - 5H,0 as the metal source
were mixed in a 1:1 v/v DMF-methanol solution. After 0.5 h of
stirring, the solution was sealed in a Teflon-lined vial and
autoclaved for 44 h at 130°C. The presence of the donating
N in the aromatic ring increased the material affinity toward
Pb" jons.1**

Hasankola et al.*! designed a porphyrin modified Zr-MOF
(PCN-221) to be used as Hg” sorbent. The PCN-221 MOF was
prepared by a solvothermal approach with an in-situ functio-
nalization  using  5,10,15,20-tetrakis(4-carboxyphenyl)por-
phyrin (H,TCPP) as the linker. The organic linker was
synthesized by dissolving pyrrole and 4-carboxybenzaldehyde
in propionic acid and refluxing the mixture for 4 h. After
cooling to room temperature, methanol was added and the
mixture was cooled in an ice bath leading to the formation of
deep-purple crystals of H,TCPP. The dark red crystals of PCN-

HO'

In(NO;); +

221 were obtained by the solvothermal reaction of H,TCPP,
7ZrCly, and acetic acid in DMF at 120°C in a Teflon reactor for
16 h. The similarity between as-synthesized and simulated
PXRD patterns of PCN-221 and the appearance of two new
peaks around 1400 and 1620 cm™" (corresponding to the coor-
dination of the carboxyl group of the porphyrin ligand to the
zirconium metal node) in the FTIR spectrum confirmed the
formation of PCN-221.

O-based functionalities

The oxygen-based functionalities are hard bases that interact
strongly with the heavy metals, lanthanides, and actinides in
their higher oxidation states. Although the carboxylate func-
tionality is intrinsic to the pristine MOFs synthesized with
carboxylate-based  organic  linkers, grafting  specific
O-containing functionalities could improve the capacity and
selectivity to capture the metal ion of interest. Zhang et al.l#!
reported the synthesis of carboxyl derivatives of the Zr-based
MOF Ui0-66 for Th' capture from acidic solutions. The
carboxyl-derivatives UiO-66-COOH were synthesized by heat-
ing 1,2,4-benzenetricarboxylic acid, ZrCl,, and water at 100°C
for 24 h in a Teflon-lined autoclave. For UiO-66-(COOH),,
1,2,4,5-benzenetetracarboxylic acid, ZrCl,, and water were
refluxed at 100°C for 24 h. Lou et al.'*”! developed a series of
acrylic acid-functionalized MOFs (y-AA-x@MIL-101s) for the
recovery of trivalent rare-earths. The light green MOF crystals
were synthesized by blending Cr(NO;); - 9H,0, terephthalic
acid, and glacial acetic acid in water. The above solution with
acrylic acid was placed in a Teflon-lined autoclave bomb and
placed in an oven at 200°C for 9 h. Zheng et al.'** prepared
MOF-801, a Zr-based MOF with fumaric acid as the linker, for
Cr¥! adsorption. The MOF was synthesized by the solvother-
mal reaction between ZrOCI, - 8H,0, fumaric acid, DMF, and
formic acid heated at 130°C for 6 h in a screw-capped jar.

S-based functionalities

The use of S-containing MOFs is a common strategy, particu-
larly for the removal of soft-metal ions such as Hg', Cd", and
Hg'. The strong interaction between S-donor soft bases and

Functionalization
Mercaptoacetic acid

NH,-MiL-68(In)

SH-MiL-68(In)

Figure 2. Representation of NH,-MiL-68(In) post-functionalization using MAA. Reprinted with permission from Ref. 48.®! Copyright (2019) America Chemical Society.



soft acids leads to a favorable adsorption by MOF adsorbents.
The post-functionalization of an NH;-MIL-68(In) MOF with
thiol groups was adopted as a novel approach to enhance the
MOF selectivity for Hg" uptake from wastewater Figure 2. The
NH,-MIL-68(In) was prepared by the solvothermal method,
where 2-aminoterephthalic acid, benzoic acid, and pyridine
were mixed with In(NOs); in DMF and sonicated for 5 min.
The mixture was heated at 125°C in an oven for 2.5 h yielding
a light yellow powder. Mercapto acetic acid was added to the
synthesized MOF in CH,Cl, and kept at room temperature for
12 h, which led to the formation of SH-MIL-68(In). The
2552 cm ™! absorption peaks for the sulfhydryl group, C = O
1634 cm ', -NH- 1593 cm ', and C — N 1413 cm ™' in the
FTIR spectrum confirmed the successful mercaptoacetylation
of NH,-MiL-68(In). The decrease in the surface area and pore
volume after mercaptoacetylation showed a possible occupa-
tion of mercapto acetic acid functionalities in the MOF
pores. ]

An efficient Cr"" removal was achieved by Yang et al. using
two in-situ thiol-modified Zr-MOFs, Zr-MSA and Zr-DMSA,
using mercaptosuccinic acid (MSA) and DMSA as organic
linkers, respectively (Figure 3). The zirconium precursor and
the organic ligand were dissolved in a fumaric acid/water
mixture and sonicated for 1 min. Afterward, the mixture was
kept in an oven at 80°C for 2 h for Zr-MSA and at 95°C for
12 h for Zr-DMSA.*! The prepared MOFs showed very
similar PXRD patterns indicating that the two thiol-MOFs
had the same crystal structure. Moreover, the presence of
thiol functionalities in the Zr-MSA and Zr-DMSA skeletons
was confirmed by the appearance of a broad IR band at
2550 cm™! corresponding to the S — H vibrations.

Recently, Wang et al. reported the selective recovery of Au
using a thiol-MOF, UiO-66-MTD. The authors proposed the
post-synthetic modification of a UiO-66-NH, using mercapto-
1,3,4-thiadiazole, the MTD ligand. First, UiO-66-NH, was
prepared by dissolving ZrCly and 2-NH,-
benzenedicarboxylate in DMF. The mixture was transferred
into a Teflon-lined stainless-steel autoclave and kept in an
oven at 120°C for 48 h. Then, UiO-66-NH, mixed with
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glutaraldehyde was reacted at room temperature for 25 h.
The precipitate and the MTD ligand were reacted in DMF for
25 h at room temperature leading to the formation of UiO-66-
MTD. The functionalization procedure was followed by
changes in the FTIR spectra of the synthesized materials. The
peaks corresponding to the N — H group, 1662, 3338, and
3467 cm™ ! disappeared after the glutaraldehyde modification.
Instead, two new peaks at 1499 and 1683 cm ™' attributed to
C =N and C = O vibrations, appeared. The incorporation of
thiol functionality was confirmed with the disappearance of the
1683 cm ' peak and the appearance of a new one at 2495 cm™
for —SH vibrations."”"’

A thiol functionalized MOEF, UiO-66-(SH),, was used as
a porous matrix for CeO, nanoparticle encapsulation. The
CeO,@UiO-66 was prepared by the spray-drying method
and was tested for single and multi-metal adsorption of
AsAsY, cd™ o™ oV cd", PbY, and HgH. In a flask
containing DMF, terephthalic acid, glacial acetic acid, CeO,
nanoparticles, and zrtY propoxide (Zr(OPrn),) were added.
The mixture was transferred into a 3 mm coil-flow reactor
at 115°C with a feed rate of 2.4 mL min'. Finally, the
solution was spray-dried at 180°C and a flow rate of
336 mL min~". The obtained CeQ,@UiO-66 was dispersed
in DMF, washed with DMF/ethanol, and dried at 85°C for
12 h. The thiol modified material, CeQ,@UiO-66-(SH),,
was prepared by following the described procedure but
replacing terephthalic acid by 2,5-dimercaptoterephthalic
acid. The CeQO; nanoparticles encapsulation efficiency esti-
mated by ICP-AES confirmed 93% and 87% encapsulation
yields for the CeQ,@Ui0-66 and CeO,@UiO-66-(SH),,
respectively. The encapsulation of CeO, nanoparticles was
also confirmed by high-angle annular dark-field scanning
transmission electron microscopy images showing the pre-
sence of CeO, nanoparticles inside the MOF beads.!>!)

Mixed functionalities

The synthesis of MOFs containing mixed functionalities like
—-SH, —-NH,, or -COOH groups is another strategy adopted to

>
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Figure 3. Representation of in-situ functionalization of Zr-MOFs using succinic acid (SUC), and the mercapto MSA and DMSA. Adapted with permission from Ref. 49."

Copyright (2019) America Chemical Society.
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capture both hard and soft metal ions from waste solutions
containing a matrix of contaminants. An EDTA functionalized
MOF was prepared to be used as an adsorbent for Hg'" and
Pb".  Firstly, the UiO-66 MOF was synthesized by
a solvothermal method, where ZrCl.8H,0O and terephthalic
acid were prepared in DMF separately and mixed under stir-
ring with acetic acid. The final solution was transferred into
a Teflon-lined stainless-steel autoclave and heated for 18 h at
90°C. The white solid, UiO-66, was washed using DMF and
activated in methanol. Afterward, the activated solid was dis-
persed in deionized water and EDTA disodium salt was added.
The reaction mixture was stirred and heated at 60°C for 24 h
leading to UiO-66-EDTA. The introduction of EDTA into the
modified MOF pores was confirmed by a 64% and 62%
decrease in the surface area and pore volume, respectively.
Moreover, a noticeable shift in the Zr 3d HRXPS spectrum
after the EDTA introduction confirmed the formation of UiO-
66-EDTA. The authors suggested that the shift could be due to
the replacement of carboxyl groups of the pristine UiO-66 by
EDTA in UiO-66-EDTA, being the COOH groups of EDTA
the ones coordinated with Zr, indicating that the hexadentate
ligand is chemically grafted into the MOF.!*?)

A dual in-situ functionalization of a Zn-based MOF, TMU-
328, using 1,3-di(pyridine-4-yl)urea and malonamide ligand
(S) was proposed as a novel Hg' adsorbent. The TMU-32
precursor was prepared by mixing the organic ligands 4,4'-
oxydibenzoic acid and 1,3-di(pyridin-4-yl)urea) with
Zn(NO3), for 72 h at 100°C. Later, the malonamide ligand
was dissolved and sonicated for 5 min. The white TMU-32
MOF crystals were soaked in the ligand solution and dried at
80°C. The incorporation of § ligand in the MOF led to a color
change from white to light brown. In the "H NMR spectrum,
the two doublet signals (7.96 and 8.73 ppm) were associated
with the urea ligand while the signals at 3.53, 7.85, and 7.66
ppm, were related to the malonamide linker. The analysis of
the signal intensity after 3, 6, and 10 days suggested that 33%,
65%, and 100% of urea were replaced by S ligands,
respectively. (531 An L-cysteine modified UiO-66 was proposed
as a novel adsorbent for Hg'' removal from water. The NH,-
UiO-66 precursor was prepared by mixing ZrCly, 2-aminoter-
ephthalic acid, and HCl at 130°C for 24 h. In the first modifica-
tion step, the precursor and 1,4-phthalaldehyde were mixed in
DMEF at 70°C for 24 h. The obtained solid, PA-UiO-66, was
washed and dried. The final modification was performed by
mixing PA-UiO-66, L-cysteine, and DMF and heating it for
24 h at 70°C to form Cys-UiO-66. The appearance of a band at
2559 cm' corresponding to the S — H group in the FTIR
spectrum, confirmed the grafting of the L-cysteine onto PA-
Ui0-66.1

Physicochemical properties of MOFs

The adsorption process can be understood as the adhesion of
an adsorbate, i.e. atoms, ions, or molecules, from a gas, liquid,
or dissolved solid to a solid surface creating a film on the
adsorbent surface. Since it is a phenomenon that occurs on
the surface, adsorbents with the higher surface area will favor
the adsorption process. In that sense, MOF-based adsorbents
have gained a lot of attention due to their high surface area

estimated by using N, adsorption-desorption isotherm with
Brunauer-Emmett-Teller (BET) equation."”” The surface
area of a MOF primarily depends on the metal ion and organic
linker and to some extent is controlled by the synthesis route,
solvent, etc. The modification of MOFs with organic function-
alities leads to the grafting of these functionalities into the
MOF pores, which decreases the surface area and pore dia-
meter. Briefly, the adsorption process on the MOF occurs due
to the presence of numerous active sites on the surface and by
diffusion of metal ions through the pores of the framework.
The decrease in the surface area is overcompensated by the
presence of numerous active sites on the surface for the bind-
ing of metal ions. The pores of MOFs are highly ordered due to
their crystalline structure and pore size distribution. Using the
Barrett, Joyner, and Halenda method,! the MOF pore dia-
meters are within the 0.5-5.0 nm range. Another important
aspect is related to the compatibility between pore size and the
ionic radius of the adsorbate to ensure high sorption capacities.
Since the ionic diameter of metal ions is much smaller than the
MOF pore diameters, the diffusion process remains unhin-
dered. Table 1 summarizes the physical and structural proper-
ties of differently functionalized MOFs.

A key prerequisite for an adsorbent to be applied for
wastewater treatment is its water stability. Wastewaters of
industrial origin have a wide pH range, which largely
depends on the constituents. The high-level waste solutions
originating from nuclear energy facilities are highly acidic.
A common method to assess the water stability of the MOF
is to soak it in solutions of different pHs for a long time and
comparing the XRD patterns before and after soaking. If no
variations are observed in diffraction peaks intensity and
Bragg positions after the material exposure to pH variations,
the MOF is expected to show good water stability. Zr-MOFs
are one of the most widely used for heavy metal decontami-
nation due to their high structural stability in basic/acidic
media.”*7?! Studies dealing with the recovery of actinides
from seawater lack such pH evaluations, which make it
difficult to comment on their capability in the field of
nuclear waste management.

The presence of specific moieties on the MOF surface
creates recognition sites, which leads to selective host-guest
interactions. In the past few years, the tailoring of MOFs
with task-specific organic functionalities has become
a common strategy for the capturing of specific metal
ions from a matrix. The most used functionalities are
those containing amine, thiol, carboxylate, and hydroxyl
groups. The ligands containing O, N, and S as the donors
could be classified as hard, hard to borderline and soft
bases, respectively, according to Pearson HSAB theory.
Thus, soft and borderline metal ions such as Hg", Hg',
pb", Pd", cd", Ag', and Au™ can be more efficiently
adsorbed by modified MOF containing either N or
S-donors. Likewise, MOFs with O-donor functionalities
exhibit a higher binding affinity for hard metal ions such
as Cr'™, As"™ L™, Th', and UY! 140667374 The newest
approach of using macrocyclic groups or chelating ligands
with multiple donating sites have shifted the attention
toward designing highly selective metal-binding ligands
and their anchoring on the MOF surface.!*”



Table 1. Physical properties of functionalized-MOF.
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Physical properties

MOF Seer (m? 9_1) Dy, (nm) Morphology Particle size (nm) Ref
ZIF-8-mmen 970 1.5 Circular 50 (4]
CAU-7-TATB 220 26 Flat 800 (3]
NH,-Si0,@Cu-MOF 1100 - Octahedral - 56l
PCN-221 - - Spherical - B3]
MIL-101(Cr)-NH, 1450 - Prismatic 150 &6l
Ui0-66-PEls 420 25 Cubic - 57
TMU-23 - - Sheet 1581
NH,-ZIF-8 1250 - - - B9
Ui0-66-(COOH), 130 - - 174 7
MOF-801 735 - Octahedral 1500 341
Ui0-66-(COOH), 440 - - - el
SH-MiL-68(In) 290 0.6 - - el
Zr-MOFs-SH - 1.9 Cubic 1400 el
MMPF-6-SH 750 - Needlelike - (621
MIL-101-SH 1540 - - - 63l
Ui0-66-SH 460
Zr-MSA 510 - - 40 1
Zr-DMSA 275 25
Ui0-66-ATU 340 38 Irregular disc - el
Ce0,@Ui0-66-(SH), 540 - Spherical 1500 51
Ui0-66-MTD 460 1.0 Octahedral - (501
Ui0-66-TA 500 - Octahedral (63]
EDTA-chitosan/Cu-BTC 35 27 Octahedral - 1661
Ui0-66-EDTA 380 - Octahedral 500 52
Ui0-66-X 800 3.0 - - &7
TMU-325-65% 560 - - 6331
Ui0-66-RSA 930 - Octahedral - esl
MIL-101-0A 2920 - - 3000 (el
MIL-101-triglycine 1070 34 Spherical - ol
Cys-Ui0-66 570 38 - 041
Ui0-66-ATA(Zr) 575 1.0 Octahedral rn
MOFs-DHAQ 160 - Polygonal 72

Sger: Surface area determines by the BET method. D, Average pore diameter calculated by the BJH method.

Functionalized MOFs for metal adsorption

There are a great variety of methods reported in the literature
for metal ions removal, such as coagulation/precipitation, fil-
tration, membranes, biological process, and adsorption among
others. The adsorption-based methods are the most commonly
used given their simplicity, relatively low cost if the adsorbent
is reusable. A concise overview of the application of functio-
nalized MOFs as potential adsorbents for the capturing of
metal ions is presented in subsequent subsections. The possible
adsorption mechanisms are discussed to help readers to have
a better understanding of sorbent-sorbate interactions. Table 2
summarizes the adsorption capacity of functionalized MOFs
for metal ions and radionuclides from contaminated water.
The adsorption capacity of different adsorbents reported in
the literature for heavy metals and actinides have been sum-
marized in Table 3. This detailed literature review suggests that
functionalized MOFs have remarkable adsorption capacities
for the removal and recovery of metal ions.

MOFs for heavy metals

Contamination of waterbodies by heavy metal ions has serious
consequences on human health and environment.*>**!1*] The
cellular toxicity arising from the presence of heavy metals in the
living systems has been amplified by the inability of the body to
discharge them out of the system."'*) Modernization induces
more heavy metal contamination of waterbodies. Thus, there is
a need for severe intervention from the governments,

international bodies, environmentalists, and policymakers. The
task to develop diverse remediation methodologies must be
taken by researchers. They already explored numerous techni-
ques, such as electrocoagulation,!''®! chemical precipitation,'!”!
ultra-filtration,"'® solvent extraction,!'"! photocatalysis,'*"!
reverse osmosis, nano-filtration,'*! oxidation/reduction,!"*
and biological treatments!'>! for heavy metal removal from
wastewater. However, some of these processes have limitations
due to the high capital investment required for the development
and management of the technologies, which may or may not be
suitable for underdeveloped countries. Adsorption is considered
as an affordable method, which is actively used in several waste-
water treatment facilities across the globe with activated carbon
as the commercial adsorbent for the removal of impurities in
various stages of the treatment process. Among different porous
adsorbents, heavy metal capture using functionalized MOFs may
come useful in the coming decades. Functionalized MOFs
employing different functional groups (-NH,, -SH, -OH, and
—COOH) for wastewater remediation is in its developing stage as
is discussed scanning the recent published reports.

MOFs for lead removal

The increasing concentration of Pb in freshwater bodies arising
from the liquid discharge of petrochemical industries, smelters,
paint and pigment industries, battery manufacturing, and recy-
cling units have raised serious concerns for safe and healthy
well-being. It is one of the most toxic metals, which affects
almost every organ in the body. Among all the organs, the
nervous system is the most affected by Pb™! poisoning, which is
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Table 2. Summary of functionalized-MOFs for the adsorption of toxic and precious metals.

Experimental conditions

Metal Co Time (m;;
MOF ion (ppm) pH (h) T(CQ g7) Mechanism Cycles (% efficiency) Ref
DUT-67 Pb" 100 50 240 25 98.5 Complexation 5() 73]
MOFs-DHAQ Ph" 100 40 05 25 2133 Complexation 4 (83) 72
NH,-5i0,@Cu-MOF Pb" 50 60 05 25 166.7 Complexation 7 (80) 156l
Fe;0,-NHSO;H@HKUST-1 Pb" 5 70 40 25 384.6 Complexation 4 (90) el
Ui0-66-ATA(Zr) Pb" 00 50 20 25 387.0 Chelation, ion Exchange 8 (90) 71
TMU-23 Ph" 125 70 05 25 4347 Complexation 3 (75) 58]
CAU-7-TATB Ph" 50 7.0 240 25 50.6 Complexation -() sl
Ui0-66-(COOH), Ph" 500 50 240 25 4202 Coordination -0 1601
ZIF-8-mmen cd" 50 20 15 25 10000 - -0 144]
HS-mSi@MOF-5 cd" - 60 5.0 10 312.5 Electrostatic interaction, complexation - (-) 7
SH-MIL-68(In) Hg" 10 40 120 25  450.0 Complexation 5 (100) el
TMU-325-65% Hg" 100 44 03 25 14280 Complexation 5 (60) 1531
PCN-221 Hg" 120 71 05 25 2330 - 3 (80) 123
MIL-101-SH Hg" 100 50 20 25 250.0 Complexation 5 (80) 163l
Ui0-66-SH 110.0 5 (90)
Cys-Ui0-66 Hg" 100 50 3.0 30 350.1 Chelation 5 (80) 54
Zr-MSA Hg" 0 70 01 25 7340 Complexation 5 (96) el
Zr-MSA v 30 30 240 25 202.0 Reduction-complexation (-0 1491
Zr-DMSA 138.7
Fe;0,@Ui0-66@Ui067/CTAB  Cr"! 50 20 240 25 932.1 Electrostatic interactions 5(92) 79
EDTA-chitosan/Cu-BTC v 20 20 20 25 46.5 Electrostatic interactions 5 (100) e8]
MOF-801 o 50 70 10 25 156.2  Electrostatic interactions 4 (89) 124
Ui0-66(NH,) A . 00 92 - 25 200.0 Complexation 6 (87) [80]

As 71.1 6 (83)
Ui0-66(NH,) Sb'"V 500 43 20 25 61.8 Electrostatic interaction, coordination - (-)- (-) 181

Sh 105.4
Fe;0,@TA@UI0-66 As" L, 4030 40 25 97.8  Complexation, hydrogen bonding (- () 21

Sh 50.3
MMPF-6-SH cu" 400 50 - 25 427 - 30 (86) 162
Ui0-66-PEls cu" , 4 60 10 25 249 - 4 (90)-(-) 1571

Ni 115
MIL-101(Cr)-NH, pd" N 100 10 240 25 127.3  Electrostatic interactions 5 (100) 12l

Pt 35.1 5 (100)
Ui0-66-CO0CH; Co" 10 84 240 25 3344 Chelation 5 (95) 1671
Ui0-66-COONH, 339.7 5 (95)
Ui0-66-CN 2746 5 (95)
Ui0-66-S03H 2937 5 (95)
MIL-101-triglycine Co" 10 83 360 25 2326 Coordination - ol
Ui0-66-MTD AU 100 60 3.0 25 3105 lon exchange, chelation 3(87) 0
Ui0-66-TA Au" 100 20 200 25 3740 Chelation, ion exchange 6 (90) 1631
ZT-MOF Ay 200 - 240 25 333.3  Coordination 4 (88) 83]
NH,-ZIF-8 Au'”l 150 33 15 25 375.0 Electrostatic interaction 3(95) 159

Ag 222 3 (95)
Magnetite@MIL-101-505 Y . - 45 01 25 15.0 Complexation OO -O-(-() B
Magnetite@DETA-In-MOF Ce 33.0

’ Nd" 48.0

Eu" 45.0

Dy" 43.0

yil 15.0

ce 33.0

Nd" 37.0

Eu" 36.0

Dy" 350
MIL-101-NH, La" 100 55 60 25 216  Electrostatic interaction, complexation - (-)- (-)- (- (-)- (-)- (-)- ()= (- (-)- (-)- (-)- [B*!
MIL-101-ED ce 237 () (- ()5 (60)-(-)- (-)- (-)- (-)5 (96)
MIL-101-DETA Nd" 284
MIL-101-PMIDA Sm'" 32.1

Gd" 29.3

La" 30.3

ce 36.5

Nd" 54.0

Sm" 589

Gd" 66.0

La" 39.7

cell 52.8

Nd" 67.5

Sm' 68.9

Gd" 73.6

La" 37.2

ce 433

Nd" 63.9

Sm' 69.1

Gd" 87.7

(Continued)
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Table 2. (Continued).

Experimental conditions

dm
Metal G Time (m1g
MOF ion (ppm) pH (h) T(C) g7) Mechanism Cycles (% efficiency) Ref
HKUST-1 ceM - 60 80 25 353.0 Complexation, ion-exchange 3(10) (86l
Ui0-66-EDTA Eu" 80 50 100 30 1952 Complexation 6 (90) B2
Hg" 3716 6 (90)
Pb" 356.9 6 (90)
MIL-125-HQ Pb" 500 7.0 - 25  262.1 Complexation 4(78) 71
cd" 102.8 4(73)
CL::II 66.9 4(74)
Cr 539 4 (75)
Azo-MOF v 100 20 50 25 2000 Complexation -() 88l
ECUT-100 uv 300 20 57 25 3810 Complexation -() 891
MIL-101-0A U 10 80 10 25 3210 - 6(92) (691
MIL-53(Al)-AO v 100 60 83 25 137.0 - 5 (85)-(-) 901
MIL-53(Al)-NH, 54.0
HKUST-1 v 200 60 20 25 332.0 Complexation, electrostatic interaction - (-) o1
Co-SLUG-35 v 100 - 40 25 118.0 Anion-exchange 3 (50) 021
DSHM-DAMN v 400 80 40 25  601.0 Complexation 5 (95) 931
MOF-5 v 300 01 240 25 237.0 Complexation, electrostatic interaction - (-) 1941
MIL-101-COOH v 50 70 20 25 3140 CElectrostatic interaction 3 (50) )
MIL-101-NH, uv 100 55 40 25 95.0 Complexation S(-0-0) ©3l
MIL-101-ED 229.0
MIL-101-DETA 410.0
Zn(HBTC)(L)(H,0), wv 100 20 - 25 126.0 Complexation -() el
Uio-68-2 v 100 25 1.0 23 217.0 - (-0 1971
Ui0-68-3 109.0
Fe;04,@AMCA-MIL53(Al) v 20 - 240 25 227.0 Complexation, electrostatic interaction - (-)- (-) (281
Th" 286.0
MIL-100(Al) v - 30 03 25 1100 - -(-0) =9
Th" 167.0
Ui0-66 ThY 100 3.0 60 25 13.0 Complexation, electrostatic interaction 2 (50) el
Ui0-66-COOH 118.0 2 (50)
Ui0-66-(COOH), 370.0 2 (50)
Ho-MOF Th" 01 50 - 25 350.0 Complexation -() 73l
Table 3. Summary of adsorbents employed for the removal of heavy metals and actinides.
Experimental conditions
Im
Metal Co Time (mg
MOF ion (ppm) pH (h) TEQ g7) Remarks Ref
Graphene Nanosheets Pb" 40 4 15 30 357 Low adsorption capacity with no reusability study (100l
GO cu" 20 0 - 30 726 Excellent reusability but desorption at pH 0 pon
cd" 836
Ni" 62.3
Oxidized MWCNTSs cu" 30 5 4 30 284 High production cost (o2
Cd:l‘ 10.9
Pb 97.1
Groundnut husk AC cr -2 7 25 131.0 High adsorption at pH 2 (o3l
Cotton stalk AC Pb" 100 44 48 25 70.3  No reusability study (o4
MoSs”" intercalated Mg-Al-NO5-LDH cu" 30 - 24 25 181.0 High adsorption capacity but no reusability study [0s]
Pb" 290.0
Hg" 500.0
onjugated microporous polymer- - . oor desorption efficiency
Conj d mi | 2 Ph" 10 12 25 62.7 Poord ion effici 108l
Conjugated microporous polymer-3 93.2
iol Grafted Imine-Based Covalent Organic Hg . .0 Exceptional adsorption capacity with selectivity but no
Thiol Grafted Imine-Based Covalent Organic Hg" 10 56 2 25 43950 Exceptional adsorpti ity with selectivity b (o7
Framework reusability study
SiO, encapsulated natural zeolite Pb" 10 - 1 25 186.0 Good reusability but low adsorption capacity (1081
cd" 103
Q' 123
Dihexyl amide-functionalized MWCNT Th""VI 10 4 48 20 47.0 Good radiolytic stability but low adsorption capacity fos]
u 320
GO in calcium alginate uv 10 6 2 25 29.4  Slow kinetics with low adsorption capacity (ol
Amidoxime zeolite uv 200 45 2 10 5.0 Possible radiolytic stability but low adsorption capacity o
osphonic functional groups mesoporous . . - . ood adsorption capacity but with low selectivi
Phosphonic functional group p uv 143 28 25 2076 Good adsorpti pacity but with | lectivity ma
Sio,
Magpnetic talc TiO; composite ThY 250 4 2 25 54.5 Good desorption efficiency but no selectivity study (3
y
Wrinkled mesoporous carbon ThY 03 22 4 25 8.7 Excellent selectivity in the presence of lanthanides with low ma

adsorption capacity

GO: graphene oxide; AC: activated carbon; LDH: layered double hydroxide.
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Figure 4. (a) High-resolution spectra of N 1s; (b) S 2p before and after Pb" adsorptive removal employing UiO-66-amino thiouracil (ATA)(Zr); (c) the optimized
geometries, binding energies and bond lengths of UiO-66-ATA(Zr) adsorbing lead at different single ligand binding sites. The black, white, blue, red, yellow, and dark
gray spheres correspond respectively to carbon, hydrogen, nitrogen, oxygen, sulfur, and lead atoms.

much more serious for children than adults."**! Thus, it is
necessary to explore efficient adsorbent for the trapping of Pb"
from wastewater. In the literature, the application of functio-
nalized MOFs for the sequestration of Pb" ions has been
reported on many occasions. Zhao et al.”? developed
a dihydroxyanthraquinone (DHAQ) functionalized MOF for
the remediation of Pb-enriched wastewater. The XPS analysis
of the MOF-DHAQ-Pb confirmed a strong complexation of
Pb" ions through the DHAQ hydroxyl and carbonyl function-
alities. Another binding possibility was the monodentate Pb**
binding with N-atoms of the DHAQ linkage. These binding
modes were systematically validated by the energy calculations
using the DFT theory.

The broad breakthrough curve in the column study was the
limiting factor for the practicality of the MOF-DHAQs for the
treatment of industrial wastewater. The possible coordination
of Pb" ions with amine functionalities was reported over NH,-
Si0,@Cu-MOF, where the maximum adsorption capacity of

167 mg g~ was reported. The adsorbent was applied to the
water of the Karoon River, Iran, spiked with 5-50 mg L™" of
Pb" ions. The adsorbent was able to remove ~95% of Pb" ions
at 5 mg L™' Pb>* concentration, which decreased to ~82% for
50 mg L " Selective and efficient adsorption of Pb'" ions
with ATA functionality anchored on UiO-66 was reported by
Xiong et al, 71 where the adsorption capacity reached to
387 mg g ' at pH 4. The shift in the binding energy of O-,
N-, and S-sites of UiO-66-ATA(Zr) in their respective HRXPS
spectrum and appearance of new peaks for Pb—O (530.8 V),
Pb-N (398.2 eV), and Pb-S (161.4 eV) suggested the involve-
ment of amino, sulthydryl, and hydroxyl groups in the adsorp-
tion process via chelation, ion exchange, and electrostatic
interactions (Figures 4a and b). The DFT calculations were
done for different binding modes of Pb** with the N/S/O
binding sites of the UiO-66-ATA(Zr) adsorbent (Figure 4c).
Based on the energy and bond length considerations in differ-
ent optimized geometries, it was concluded that the interaction
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Figure 5. (a) High-resolution spectra of N 1s; (b) S 2p before and after Hg" adsorption employing Cys-Ui0-66; (c) the optimized geometries, binding energies, and bond
lengths of Cys-Ui0-66 adsorbing Hg" at different single ligand binding sites. The gray, white, red, blue, and yellow corresponds to C, H, O, N, S atoms, respectively.

with O-sites was dominant over N-sites or S-sites. The adsorp-
tion strength of different functional groups of UiQ-66-ATA
(Zr) followed the order, hydroxyl > amino > sulthydryl.

MOFs for mercury removal

Mercury in the form of methylmercury or ethylmercury is
among the most toxic pollutants, with detrimental effects on
kidneys, gastrointestinal tract, central nervous system, and
heart in humans. The well-known case of 1956 methylmercury
poisoning was reported in Minamata City, Japan, where thou-
sands died due to the intake of mercury-contaminated fish and
shellfish.*>**! Consequently, designing highly efficient adsor-
bents for Hg'" removal is required. Nowadays, researchers are

focused on the development of MOFs, which could be used for
selective and versatile capture of Hg'" ions from wastewater. Li
et al.**) studied the outstanding performance of a thiol mod-
ified MOF (SH-MIL-68(In)) for Hg'" removal with a 450 mg
g~ adsorption capacity. The HRXPS S 2p spectrum of Hg-
loaded MOFs showed a shift of 1.2 eV due to a strong coordi-
nation between the MOF thiol groups and Hg'' ions. In another
research work, the role of electron-donating N, O, and S atoms
in the removal efficiency of Hg" was investigated, employing
Cys-UiO-66 as the adsorbent. A good 350 mg g ' adsorption
capacity was reached at pH 5. Considerable positive shifts in
the binding energy of functionalities bearing N, O, and S were
recorded in their respective HRXPS spectra. These changes
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Figure 6. The Fourier transform infrared spectra of MIL-125-HQ before and after the adsorption of a) cadmium, and chromium, and b) lead and copper, and, bottom,
their respective complexes within the MIL-125-HQ framework. With permission from Ref. 87.%”! Copyright (2019) Elsevier.

confirmed the involvement of -C = N, -COOH, -OH, and -S-
H groups in the Hg" binding process (Figures 5a and b). The
DFT energy calculations predicted similar energy for the Hg'"'
binding with different coordination sites (Figure 5¢): -9.85 eV
(Model-S), -8.93 eV (Model-N1), -9.74 eV (Model-N2), and -
9.81 eV (Model-20). Thus, the DFT study corroborated the
XPS analysis, where Hg" ions interacted with the MOF via
monodentate (N, S) and bidentate (O) coordination and the S
— Hg being the strongest interaction.**!
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MOFs for chromium removal

The exposure to Cr'' compounds has been associated with
mutation and teratogenicity in humans and other living organ-
isms. Chromium is used in leather tanning, alloys manufactur-
ing, cement production, and metal plating. The unregulated
effluent discharged from these industrial units into nearby
waterbodies is a serious environmental issue.l°®!?]
Therefore, the capture and removal of Cr'' from industrial
waste solutions before being discharged is of paramount
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Figure 7. The optimized geometries, with distances in A, of the complexes and the binding energy. Reprinted with permission from Ref. 50.5% Copyright (2020) America

Chemical Society.



importance. Some research reports in the literature are focused
on finding MOFs for the removal of Cr"' jons. The chromate
(CrO,>) or dichromate (Cr,O,>") anions are the negatively
charged Cr"! species, which could be captured by the reduc-
tion-adsorption process (reduction of Cr"' to Cr'"). Yang et -
al.'*) studied the efficiency of Cr'! adsorption with modified
MOFs (Zr-MSA and Zr-DMSA), where the adsorption capa-
city was 202 and 138 mg g ' for Zr-MSA and Zr-DMSA,
respectively. The HRXPS Cr 2p spectra of Zr-MSA-Cr and Zr-
DMSA-Cr showed peaks at 587.0 and 577.3 eV for Cr'" ions,
indicating that the thiol functionality can reduce Cr"' to Cr™
and immobilize it as a Cr'—thiolate complex. The above
mechanism was further supported by the presence of peaks
for sulfonate groups in the HRXPS S 2p spectrum, arising from
the oxidation of thiol groups.

The possible capturing of Cr'! employing Fe;0,@UiO-
66@Ui067/CTAB as promising adsorbent was reported by Li
et al.””! The adsorbent worked well in the wide pH range
1.0-11.0 with the maximum adsorption capacity of
932 mg-g~" at pH 2.0. The HRXPS Cr 2p analysis showed the
presence of CrV! (579.3 and 588.9 eV) and Cr'"! (577.2 and
586.8 eV) species onto the Cr-loaded MOF composite, suggest-
ing the reduction of a fraction of adsorbed Cr'' ions.
Moreover, the C 1s binding energy of Fe;0,@UiO-
66@Ui067/CTAB-Cr increased by 1.7 eV, suggesting
a decrease in the density of C-electron clouds due to the strong
involvement of CTAB in the reduction of Cr*! ions.

MOFs for other toxic metals

Other than Pb, Hg, and Cr, many other toxic metals like Cd,
As, and Sb are known to have detrimental effects on human
health. Binaeian et al.'**! developed a novel ZIF-8-mmen for
the capture of Cd" ions from wastewater. Its monolayer
adsorption capacity of 1000 mg g~ was found significantly
higher than those reported for other MOFs. He et al.!®"!
reported UiO-66(NH,) for the removal of As™ (qm ~200 mg
g and As (qm ~71 mg g~*) from wastewater. In the HRXPS
Zr 3d spectra, a shift in the binding energy of Zr-O to a lower
value suggested the transfer of electron density to the As™" and
As" species. No shift in the HRXPS N 1s spectra confirmed that
the amine functionality was involved in the adsorptive removal
of As ions. More information on As™ and As' complexes
formed with the Zr—O bonds was gathered by EXAFS analysis
of As"-Ui0-66 and As"-UiO-66. The As—O shell was formed
by 2.4 and 4 oxygen atoms at 1.8 and 1.7 A in As"" and As",
respectively. The As atom in As™-UiO-66 and As'-UiO-66
was surrounded by 1.61 Zr atoms at 3.22 A and 0.91 Zr atom at
2.95 A, respectively. Thus, it was concluded that, in this MOF,
As'" formed bidentate binuclear complexes and As’ formed
bidentate mononuclear complexes. The MOF adsorbent in
a fixed-bed column purified 24 and 19 L of 100 ppb As™ and
As" solution, respectively, showing its capability to treat As-
contaminated groundwater in countries like Bangladesh or
India.

Qi et al.®! reported trivalent Sb and As adsorption onto Fe,
0,@TA@Ui0-66 microspheres as 50 mg ¢' and 98 mg g/,
respectively. The HRXPS Sb 3d spectrum of Fe;0,@TA@UIO-
66-Sb confirmed traces of Sb" species apart from a large frac-
tion of Sb'™ ions onto the adsorbent surface. The HRXPS O 1s
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spectra confirmed the involvement of hydroxyl groups of the
tannic acid, MOF, and Fe;0, in the adsorption of hydroxylated
sb™ and As™ species via hydrogen bonding. He et all®!]
reported  significantly high adsorption capacity of
Ui0-66(NH,) MOF for $b™ and $b¥ within 20 min of equili-
bration time. In the presence of competing anions such as Cl,
Br,NO;, CO;*, S0,*, H,PO, , and HPO,*", the adsorption
capacity of the MOF was not significantly affected for the
adsorption of As™ ions. But for As' anions, SO, and
HPO,* showed a competitive behavior probably due to struc-
tural similarities. The MOF showed quantitative removal of
antimony from metallurgical wastewater spiked with 10 mg L™
of Sb ions at pH 7, which confirmed its applicability in the
treatment of industrial wastewater.

MOFs for multi-metals study

Some researchers focused on the application of functionalized
MOFs for the simultaneous adsorptive removal of multiple
metals. A MOF with hydroxyquinoline functionalities (MIL-
125-HQ) was reported for the adsorptive removal of pb", cd",
Cu' and Cr'" with the maximum adsorption capacity of 262,
103, 67, and 54 mg g~ ', respectively. The possible complexation
of metal ions by the hydroxyquinoline functionality was reflected
in the FTIR spectra Figure 6, where a new band at 830 cm ™' was
recorded after the adsorption process.*”) Wu et al.*?) studied
the coordination of Eu', Hg", and Pb" by EDTA ligands
anchored onto the Ui0-66 MOF. The UiO-66-EDTA MOF
showed an enhanced adsorption capacity of 372 and 358 mg
¢! for Hg' and Pb", respectively. The binding energy shift of 0.8
and 0.6 eV in the HRXPS O 1s spectrum of UiO-66-EDTA-Hg
and UiO-66-EDTA-Pb, respectively, confirmed a strong chela-
tion of metal ions with the EDTA O-atoms. From the HRXPS
C Is analysis, it was evident that —-COOH and C — N from
C — N(C)-C played an important role in the coordination of
metal ions. The MOF adsorbent nonselectively adsorbed >99%
of mixed Fe™, Mn", Hg", cd", Pb", Cu", Co", Zn", and Ni"' due
to the strong chelation of the EDTA ligand.

MOFs for precious metals

Some published works focused on the application of functio-
nalized MOFs for the adsorptive recovery of precious metals
like Ag, Au, Pd, and Pt. For the selective recovery of Au'" ions,
Huang et al.%®! developed a ZT-MOF with trithiocyanuric
functionalities, where the maximum adsorption capacity
reached to 333 mg g ' at pH 7. The XPS analysis confirmed
peaks at 84.36 eV (Au 4f;,) and 87.36 (Au 4fs,) for Au™
species. The shift in the S binding energy confirmed the inter-
action of the sulfur-containing functionality with Au"" ions.
Wan et al.®) designed a novel UiO-66-MTD adsorbent with
mercapto-1,3,4-thiodiazole functionality for the recovery of
Au" from wastewater. The maximum adsorption capacity
reached to 302 mg g~ at pH 6. The possible regeneration of
UiO-66-MTD-Au and the recovery of adsorbed Au was done
by thiourea and HCI. In the HRXPS § 2p spectrum of UiO-66-
MTD-Au, the shifts in S 2p;; (164.3 eV) and S 2pyp
(168.76 eV) peaks to 163.7 eV and 168.74 eV, respectively,
confirmed the major involvement of S-containing functional-
ities in the Au'™ chelation. DFT calculations for possible
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interaction between UiO-66-MTD and AuCl, were carried
out with different geometries of the complex Figure 7. Based
on energy considerations, it was confirmed that the AuCl,”
ions interacted strongly with the S-containing functionalities
through chelate coordination.

In another approach, Zhou et al.™ studied NH,-ZIF-8 for
Au" and Ag' recovery. The maximum adsorption capacity of
NH,-ZIF-8 for Au™ and Ag' was 357 and 222 mg g, respec-
tively. The electrostatic interaction and reduction of noble metal
ions onto NH,-ZIF-8 were probed by XPS analysis. In the HRXPS
Au 4 f spectrum, peaks for Au' (88.7 and 84.25 eV) and Au™
(87.19 and 90.61 eV) confirmed a partial reduction of Au™ ions.
In the HRXPS Ag 3d spectrum, the peaks at 374.1 and 368.1 eV
implied a complete reduction of Ag' to Ag®. Both contributions in
N 1s signals (C = N and N — H), experienced a shift to lower
binding energy after the metal adsorption. Furthermore, the
abundance of C = N, N — H, and Zn—OH groups onto NH,-
ZIF-8 were responsible for the adsorption and reduction of noble
metal ions. For the recovery of Pt" and Pd" as anions from acidic
solutions, MIL-101(Cr)-NH, was found effective with signifi-
cantly higher adsorption capacity (277 and 141 mg g ' for Pd
and Pt, respectively) than its nitro precursor. The MOF adsorbent
was successfully used for the recovery of Pd from printed circuit
boards and spent catalyst. In the highly acidic leachates of printed
boards and spent catalyst, MIL-101(Cr)-NH, was able to adsorb
105 and 87 mg g~ of Pd, respectively, which made the adsorbent
highly suitable for the real-world application in recovering noble
metals from electronic wastes.*!

MOFs for rare earth elements

The 14 lanthanides along with yttrium and lanthanum are
classified as rare earth elements (REEs). These REEs are exten-
sively used in electronic devices, magnets, batteries, and lumi-
nescence devices.!'2°! With the increasing demand, alternative
methods are being developed for the pre-concentration of
REEs from low-concentrated ores. Also, researchers are keen
to recover REEs from discarded electronic equipments, mag-
nets, and batteries. In the literature, fewer reports are available
on the application of functionalized MOFs for the adsorptive
recovery of trivalent REEs from waste solutions. Lee et al.!"!
reported REE™ adsorption onto different MIL-101 MOF func-
tionalized with an amine, ED, DETA, and PMIDA groups. The
Gd" adsorption capacity followed the sequence MIL-101-NH,
< MIL-101-ED < MIL-101-DETA <MIL-101-PMIDA, which
was due to the increasing number of electron-donating atoms.
The highest adsorption capacity for MIL-101-PMIDA was due
to the presence of synergistic carboxylate (-COO™) and phos-
phonic (-PO;*") groups, which strongly coordinated with the
REE" ions. The trend, La™ < Ce'™ < Nd"™ < Sm™ < Gd™ was
observed for the REEs adsorption capacity onto MIL-101-
PMIDA. The DFT calculated bond distance for Ln"'-0O is
2.618 and 2381 A in [La(H,O)o]** and [Lu(H,O)s]**,
respectively.[127] Thus, the complexation of Gd™ ion with
O-atoms of PMIDA [Gd™M-PMIDA] is expected to be more
stable than the complex of Sm™ jon [Sm™-PMIDA], and the
lowest stability is expected for [La™-PMIDA]. The MIL-101-
PMIDA showed a 90% recovery of REE" in the presence of
divalent and trivalent transition metal ions.!®*!

Elsaidi et al.®¥ synthesized two magnetic MOF micro-
spheres, i.e., magnetite@MIL-101-SO; and magnetite@ DETA-
In-MOF for extracting REEs from aqueous and brine solutions.
The extraction ability of magnetite@MIL-101-SO; in brine
decreased by more than 50% as compared to freshwater. This
decrease could be due to the lower selectivity of SO;~ and
weaker interaction with REE" in the presence of other com-
peting metal ions and high ionic strength in the brine solution.
The magnetite@DETA-In-MOF showed exceptional REE
extraction behavior in both water and brine solutions. The
DETA ligand is a hard base, which strongly interacts with
hard acids like REE™. Thus, DETA ligand, preferentially coor-
dinated with the REE"" in the presence of other metal ions in
the brine. Thus, it is expected that these functionalized MOFs
could be used for the extraction of REEs from waste solutions.

MOFs for actinides

The three-stage nuclear power program of India is (i) first
stage: use of uranium in a pressurized heavy water reactor,
(ii) second stage: use of the plutonium generated in the first
stage, and (iii) third stage: use of thorium as U™ generated
from the fast breeder reactor. Thus, the recovery of radionu-
clides of interest (U, Th, and Pu) from nuclear waste solutions,
seawater, and minerals are a priority. Seawater accounts for
~99% of the uranium reserves with an average concentration of
3.0 ug L™'. The present technologies are ineffective in extract-
ing U from such a low concentration source due to a low
enrichment performance, slow adsorption kinetics, and poor
selectivity. The application of MOFs for actinide adsorption is
one of the hot topics exclusively focused on the effective recov-
ery of uranium (U?*) and thorium (Th?*?) from nuclear waste
solutions or seawater. Though studies dealing with the recov-
ery of Th and U using MOFs are limited, an insight into MOFs
possible usage in the recovery of actinides from seawater or
other poorly enriched sources was made and deserves a brief
discussion.

In the literature, auramine-O (AQ) functionalized MOFs
have been extensively studied for the preferential adsorption of
UYions from seawater. Liu et al."] reported 2.4 times hike in
the UY! adsorption capacity of MIL-53(Al) after incorporation
of AO groups into MIL-53(Al)-NH,, which could be linked to
a stronger complex formation of hydroxyl of AO groups with
uranyl ions than the N-donating ligands like -NH,. Moreover,
MIL-53(Al)-AO showed an increased adsorption performance
in the presence of carbonate salts. Since uranium mainly exists
as uranyl tricarbonate complex anion [UQ,(CO5);]*", the AO
functionality could be useful for its recovery from seawater.
Wu et al.[! reported UY! adsorption over AO-functionalized
MIL-101. The striking feature observed in this study was the
remarkable selectivity of MIL-101-OA for the uptake of uranyl
ions in the presence of ions generally found in abundance in
the seawater (Na, Mg, K, Ca, etc.). Moreover, 0.1 g of MIL-101-
OA was able to extract 0.46 mg of uranium from 100 L of
natural seawater after 5 days of agitation. Chen et al.!"**! pre-
pared AO appended UiQ-66 (UiO-66-A0) for rapid extraction
of uranium from seawater. The UiO-66-A0 showed extremely
fast uptake of uranyl ions (~99% uptake within 10 min) from
the Bohai seawater spiked with 500 ppb U. A mass of 1 mg of
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Figure 8. Left: raw Th Llll-edge k3 weighted EXAFS spectra of as-prepared ThY aqueous solution (A) and Th"-loaded UiO-66 (B), Ui0-66-COOH (C), and Ui0-66-(COOH),
(D). The best theoretical fits are also shown by the red dashed line. Right: corresponding Fourier transforms. Reprinted with permission from Ref. 46.¢’ Copyright (2020)

American Chemical Society.

UiO-66-A0 was able to extract 2.68 pg of uranium from 1 L of
spiked Bohai seawater after 3 days of stirring.

The carboxylate groups are known to form stronger com-
plexes with UY! ions than the other O-bearing functionalities.
Since the MOFs synthetic chemistry is centered on the use of
dicarboxylic and tricarboxylic acids/salts as linkers, MOFs
synthesized with such linkers should adsorb uranyl ions with-
out functionalization. Feng et al.”!! reported the maximum
uranyl adsorption capacity of 332 mg g”! onto HKUST-1 at pH
6. HKUST-1 (Cu3(BTC);(H,0)3) with BTC as a tricarboxylate
ligand has a great number of carboxylate groups, which served
as the binding sites for UY! complexation. Li et al.”*! adopted
a post-synthetic strategy for the transformation of MIL-101-

NH, (MOF-1) to carboxyl-functionalized MIL-101 (MOEF-3)
via a “click reaction.” Though the UY' maximum adsorption
capacity of MOF-3 was 314 mg g ', the MOF showed an
excellent selectivity in the presence of divalent transition
metal ions and trivalent lanthanide ions at pH 7. Wang et al.'®
reported ultrafast extraction of uranium from seawater using
MOF decorated with acylamide and carboxyl functionalities.
10 mg of their MOF extracted 5.3, 5.1, and 4.7 pg of uranyl ions
within 1 min from seawater (pH 7.8, 6 ppb of uranyl concen-
tration) in the three consecutive cycles after regeneration using
0.1 mol L™ Na,CO;.

Bai et al.*! studied uranyl adsorption onto MIL-101 func-
tionalized with an amine, ED, and DETA as the N-donating
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Figure 9. Representative structures with optimized binding geometries for the coordination of U0,** to one and two ligands. In all instances, UO,>* maintains five
coordination sites around the equatorial plane. Complexes formed with deprotonated ligands adopted identical structures. Uranium, carbon, nitrogen, oxygen,
phosphorus, and hydrogen are light blue, gray, dark blue, red, orange, and white, respectively. Reprinted with permission from Ref. 97.°”) Copyright (2020) American

Chemical Society.
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t=1ns

t=5ns

t=10 ns

Figure 10. Representative snapshots of the uo,%* binding process on MOF-3 during the simulation: (a) t =0 ns; (b) t = 0.1 ns; (c) t = 0.5 ns; (d) t =1 ns; (e) t = 5 ns; (f)
t =10 ns. The atoms of uranium and oxygen in uranyl ions are colored in blue and red, respectively. For clear demonstration, the uranyl ions are illustrated as spheres
defined by their van der Waals radii, and all water molecules and chloride anions are not shown. Reprinted with permission from Ref. 7474 Copyright (2020) American

Chemical Society..

groups. The adsorption capacity followed the trend: MIL-101-
DETA (350 mg g ') > MIL-101-ED (200 mg g ') > MIL-101-
NH, (90 mg g "), which was completely the reverse of the
functional group coverage for these grafted MOFs. The
anchoring of amino groups directly to the aromatic rings led
to increased steric hindrance and decreased functional activity.
Aliphatic amines are more active than aromatic amines. These
factors led to a low adsorption capacity of MIL-101-NH, for
uranyl ions. For MIL-101-ED and MIL-101-DETA, one and
two free amino groups were available for the complexation of
uranyl ions. MIL-101-DETA with 0.72 mol g~ of DETA func-
tional group (1.42 mol g~' of free amino groups) had more
accessible binding sites than MIL-101-ED (1.28 mol g ' free
amino group), which led to a sufficiently higher adsorption
capacity for MIL-101-DETA. Yang et al.l%¥] reported the max-
imum adsorption capacity of 200 mg g ' for azo-MOF, where
uranyl ions were complexed with azo and amide functional-
ities. Tao et al.[*”! reported ECUT-100 MOF, where the uranyl
adsorption was mediated by the amide and azo functionalities.

Li et al.’?! followed a direct extraction approach for the
recovery of uranium from seawater via anion-exchange
mechanism using Co-SLUG-35 as the adsorbent. The ethane
disulfonate (EDS®7) anions in Co-SLUG-35 were fully
exchanged with [UO,(CO3);3])* anions at pH 9. In the FTIR
spectrum of U-loaded Co-SLUG-35, the disappearance of char-
acteristic absorption bands for EDS*™: 1006, 1040, 1193 cm™"
and the appearance of bands at 687, 903, 1066, and 1415 cm ™'
corresponding to [UO,(CO5)3]*", confirmed the anion-
exchange process. The MOF was found selective for anions like
SO,”” NO’7, and CI” but the adsorption capacity decreased
from 89 mg g~* (in the absence of CrO,*") to 72 mg g (in the
presence of CrO,*"). The MOF showed an extraction efficiency
of 1.0 mg g from 1 L of seawater at pH 8.3, 5.3 ppb
U concentration. The best adsorption performance of 601 mg
g~! was recorded for diaminomaleonitrile (DAMN) functiona-
lized MIL-101 (DSHM-DAMN) at pH 8. The MOF showed

excellent selectivity for uranyl extraction in the presence of
alkaline and alkali metal ions found in seawater. The selective
extraction of uranium from seawater spiked with 100 pg L™
UY! was possible by UY! chelation, UY" being a weaker acid
compared to ions like Ba®*, or Sr**, by DAMN N-binding sites,
weaker bases compared to O-donating ligands like carboxylate
or hydroxyl. The HRXPS N 1s spectrum of DSHM-DAMN
showed two N-containing functionalities, i.e., C- NH,
(399.6 €V) and C = N (398.4 V), which shifted to 400.5 and
399.5 eV, respectively, after U adsorption. These positive shifts
of 0.9 and 1.1 eV confirmed the strong chelation of uranyl ions
by both amino and nitrile functionalities.*!

The magnetic MOF (Fe;O,@AMCA-MIL53(Al)) that has
been applied for actinide recovery was studied by Algadami
et al., P8I where the citric acid was grafted on MIL53(Al) by
amidation reaction. The magnetism was possible due to the
interaction of one of the carboxylate groups of citric acid
with Fe;O4 nanoparticles. The MOF adsorbent was effec-
tively used for the recovery of UY! (227 mg g ') and Th'Y
(286 mg g™') ions. Since Th' ions are harder acids as
compared to UY! jons, the complexation of Th'Y was stron-
ger with hard bases like carboxylate and hydroxyl function-
alities. Guo et all"’! reported the selective extraction of
Th'" from binary solutions of Th' and Ln"™ using an
uncoordinated  salen-containing MOF  (dMn-MOFs).
Though the MOF showed a low adsorption capacity of
46 mg g ', the separation factor for Th'/Eu™ was 16.4
suggesting a possible application for the recovery of Th
from lanthanide-rich minerals and nuclear waste solutions.
The 1:1 complexation between a Th'Y ion and salen, i.e.,
[Th(salen)]** was confirmed by the m/z ~ 409.2 peak in
electrospray ionization-mass spectroscopy spectrum. Even
better separation factors (Th'/Ln"™ ~6.2-21.0) were
reported for the uncoordinated terpyridine-containing MOF
(Ho-MOF), where the Th'Y coordination onto the MOF was
possible via N-chelating groups.!”!



Zhang et al.l*! developed mono-carboxylate- and dicarbox-

ylate-bearing UiO-66 for efficient and rapid recovery of Th'"
ions from weak acidic solutions. The trend for Th' adsorption
was: Ui0-66-(COOH), > Ui0-66-COOH > UiO-66. It fol-
lowed the carboxylate density required for Th'" ion complexa-
tion. The study concluded that Th'Y hydroxides were
coordinated  with the carboxylate  groups of
Ui0-66-(COOH),, (n = 1, 2) in the MOF pores via an inner-
sphere complexation mechanism. The presence of Th'" ions in
UiO-66 was linked to its precipitation and DMF exchange with
hydrated Th" species. The EXAFS analysis was conducted for
Th-loaded MOFs to validate the adsorption mechanisms
(Figure 8). The FT peaks at 2 A in spectra B — D shifted
toward a lower R direction, suggesting involvement of chemi-
cal forces in the Th'Y uptake process. Similar metric para-
meters were observed for Th-loaded UiQ-66-COOH and
Ui0-66-(COOH),. They suggested a similar Th" coordination
in both MOFs. Moreover, the coordination number (C.N.
~8.1) and the Th—O bond distance (R ~ 2.4 A) for Th-loaded
MOFs were lower than those observed for Th' hydrate (C.N.
~10.5, R ~ 2.46 A). These lower values confirmed that the
carboxylate-functionalized MOFs adsorbed Th' ions via
a chemical process. For UiO-66, a higher C.N. ~9.4 and the
presence of a small peak at ©3.9 A (attributed to backscattering
by Th-Th), revealed that the precipitation may have contrib-
uted to Th" uptake onto UiO-66.

In some studies, the uranyl-MOF interactions were
explored by DFT calculations. Carboni et al.!”’) performed
DFT calculations to investigate the optimized geometries
and relative stabilities of UY' complexes with carbamoyl-
phosphoramidic acid, representative of the metal-binding
ligand in MOF 2 and MOF 3. The inter-sorbent distances
of 4.5-4.8 A between carboxyl and phosphoryl oxygen were
obtained from the MOF structural models. These distances
associated with the large uranyl coordination sphere led to
the possibility of UY' cooperative binding. Then, seven
binding motifs for uranyl ions are possible as represented
in Figure 9. Based on the enthalpy consideration, the most
favored binding motif was II-1I (AH,q —197.9 kcal mol™),
where two fully protonated ligands coordinated with the
uranyl ion through the phosphoryl oxygen. Coordination
motifs I-1T (AH,q —197.8 kcal mol™) and I-I (AH,q -197.5
kcal mol™') were slightly less favorable. This study con-
cluded that the binding of uranyl ion with two ligands in
the protonated state was more favorable than one ligand. Li
et al.”* exploited DFT for studying the uranyl interaction
with the carboxylate- and amine-functionalized MIL-101.
The uranyl ion interaction with the carboxyl functionality
was enthalpically more favorable in the monodentate fash-
ion (AH,q -36.9 to -38.0 kcal mol™") than the bidentate
one (AH,q —33.1 keal mol™"). Moreover, the binding affinity
of carboxylate functionality for uranyl ions was much
higher than the amino functionality (AH,, -18.8 kcal
mol™"). For this reason, a higher UY' adsorption capacity
was recorded for MOF-3 in the study.

Li et al.”* studied the underlying microscopic mechanisms
for uranyl ions adsorption onto MOF-3 by molecular dynamics
(MD) simulation Figure 10. At t = 0 or before simulation, all
uranyl ions were located in the solution compartment. When
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the simulation started, uranyl ions rapidly adsorbed on the
surface of MOF-3 and preferentially stayed in the framework
rather than moving back to the solution. Within 5 ns, all uranyl
ions were extracted from the solution phase into MOF-3 show-
ing rapid establishment of the equilibrium state. Similar MD
simulations for amino-functionalized MOF-1 showed incom-
plete uranyl adsorption even after 30 ns. These results showed
a better UY' adsorption performance for MOEF-3 than for
MOF-1. The same inference was made for the protonated
MOFEF-1 and MOF-3 due to the involvement of repulsive force
between UY! cations and protonated carboxylate groups onto
MOF-3 and uranyl ions.”*!

Most published works are limited to the recovery of U and Th
from seawater and simulated wastewater. Projected MOF appli-
cations for the recovery of transuranic elements like neptunium,
plutonium, and americium from the high-level radioactive waste
solutions are highly dependent on the radiolytic stability of these
MOFs. Studies dealing with the radiolytic stability of MOFs are
needed to predict the possible applications of MOFs in nuclear
waste management. Nonetheless, the existing research works
have opened a new domain and possible applications of MOFs
for the recovery of valuable uranium from poorly concentrated
sources like seawater.

Challenges, opportunities, and future directions

MOFs have emerged as an alternative to conventional porous
adsorbents owing to their large surface area, porosity, high
crystallinity, and ease of functionalization. The anchoring of
metal ion-specific functionalities onto the MOF is centered
around Pearson HSAB theory. Though the grafting of metal-
specific N-donor, O-donor, and S-donor functionalities onto the
MOF surface is known to lower surface area and porosity, but
the functionalization process decreases MOF hydrophobicity,
which in turn increases the liquid-solid contact. These functio-
nalized MOFs have shown extraordinary adsorption perfor-
mances for metal ions of diverse groups and oxidation states,
further supported by an excellent selectivity. The MOF adsorp-
tion chemistry is a metal ion-ligand interaction governed by
complexation, electrostatic interactions, ion-exchange, chela-
tion, hydrogen bonding, and reductive adsorption. Though
MOFs show a significant improvement in selectivity, the adsorp-
tion capacity is still much lower than those of conventional
carbon-based adsorbents like activated carbon and graphene
oxide. Another factor is the cost-to-performance evaluation for
wastewater remediation, which depends on the MOF synthesis
cost, regeneration process, reusability, disposal, and environ-
mental toxicity. These evaluations are mostly absent in the
published works. The cost analysis done for the synthesis of
Ui0-66-NH, by Zhao et al.**l was 1.8 USD per MOF gram,
which further increased to 6.5 USD per gram for Cys-UiOQ-66,
showing the significant cost of functionalization. The overall
synthesis cost of a MOF is significantly higher than that of any
commercial adsorbents and ion-exchangers. So, in the present
conditions, it is hard to label a MOF, an economic adsorbent for
heavy metal removal. Another concern regarding MOFs is their
structural stability in water, which affects the performance and
may increase the toxicity as well. This MOF toxicity is another
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concern which needs thorough evaluation before MOFs being
used in the wastewater treatment.

The literature lacks substantial information on the adsorptive
recovery of precious metals and REEs using functionalized MOFs.
The only study on the practical application of MOFs for such
recovery was reported by Lim et al.”®! Their MOF adsorbent was
able to extract a significant amount of Pd from the acidic leachates
of discarded PCBs and spent catalysts. This demonstrates that
acid-resistant MOFs could be considered as economically viable
adsorbents for the preconcentration or recovery of noble metals
and REEs from discarded consumer products especially electronic
devices. The use of MOFs for sequestration of uranium and
thorium from seawater is attractive and could become a success
story if the same performance and selectivity of MOF are reflected
in scale-up studies. These functionalized MOF adsorbents showed
extraordinary recovery of radionuclides from poorly concentrated
seawater. It is still a challenge to recover these actinides from spent
nuclear fuels. So far, the radio-stability of MOFs is undocumented.
The radio-stability of MOFs against high-energy particles and
gamma radiation needs systematic evaluation for these adsorbents
to be used in the recovery process of the nuclear fuel cycle. This
could be translated for the recovery of radionuclides like pluto-
nium and americium. In the future, we hope for the development
of radiolytically stable MOFs, which could be used for nuclear
waste decontamination and actinide recovery from seawater.

The scarce information in the literature for real-world MOF
applications in wastewater treatment should not be the criteria
for ruling out their use and commercialization in the future.
The need is to develop green and stable MOFs through cost-
effective approaches, which may overcome many issues.
Column and pilot-scale studies for the treatment of industrial
wastewater using MOFs coupled with their cost-to-
performance evaluation could help researchers to comment
on the large-scale applicability of these adsorbents. Studies on
the biological toxicity of MOFs will be the deciding factor in
their potential utilization in wastewater treatment facilities.
The integration of these modified MOFs into columns, mem-
branes, and filter components could pave the way for advanced
devices. The original properties of MOF: high porosity, sorp-
tion selectivity, stability, and reusability could be combined for
their application in wastewater treatment plants. Moreover,
MOFs could serve as novel platforms for grafting specific
functionalities to recover precious noble metals and rare
earth elements from low concentrated ore leachates. This
could limit the use of toxic chemicals in the entire process
(like the use of toxic cyanide ions in the recovery of gold).

Current technologies in the removal of heavy metals are
centered on the use of activated carbon as the solid-phase
adsorbent or the use of chemicals as precipitating agents in
wastewater treatment facilities. These processes generate high
volumes of toxic sludge. The disposal treatment of this sludge
increases the operational cost along with possible contamina-
tion of the disposal site. MOF-integrated filters could be
a possible solution to remove toxic heavy metals without gen-
erating sludge. The preconcentration and recovery of precious
metals including rare earth elements from ore leachates are
some of the hot topics of the decade. This has been triggered by
the booming electronic industry coupled with the need to be
self-reliant by recycling resources. As such, MOFs developed

from common linkers are not very selective toward a particular
metal ion. The ability to incorporate metal-specific functional-
ities make them an important candidate for the solid-phase
extraction of precious metals, which up to now has been more
or less dependent on liquid-phase extraction involving the use
of toxic chemicals. Today, actinide extraction from seawater is
far from reality, mostly due to the ultra-low concentration of
U and Th in seawater with a significantly higher concentration
of other metal salts. MOFs anchored with specific organic
functionalities have shown potential in capturing Th and
U and enriching seawater. Although these studies are limited
in number, the recent growth in the field could lead to possible
commercialization soon. Also, the reprocessing of spent
nuclear waste to recover precious radionuclides of Th, U, Pu,
and Am is a challenging task. The high-energy radiations
deteriorate the structural integrity of the materials that makes
the process obsolete. So far, radiochemists are exclusively use
liquid-liquid extraction for reprocessing of spent fuel, but the
process has been challenged due to its poor reusability.
Although the literature lacks systematic studies on the use of
MOFs for actinide recovery in real nuclear waste solutions,
recent reports on the gamma-stability of MOFs could be the
starting point for exploring MOFs for nuclear waste deconta-
mination. Based on the scattered and scarce literature, it is hard
to predict possible direction for MOF applications in the
nuclear industry, but MOFs certainly have the potential to be
used for the preconcentration of rare earth, noble metals, and
actinides from their respective trace sources.

Conclusions

This review summarizes the development of functionalized
MOFs for their novel application in the adsorptive removal
or recovery of heavy metals, precious metals, rare earth ele-
ments, and radioactive actinides from wastewater and poorly
concentrated reserves. The literature is enriched with different
pre- and post-functionalization strategies for the development
of functionalized MOFs meant for removal and recovery of
specific metal ions. An overview of the novel and updated
methods for preparing functionalized MOFs is provided. The
discussion on the synthetic routes was mainly focused on the
organic linkers and their role as selective metal-binding sites.
The influence of physicochemical properties on the adsorptive
performance of the material is briefly discussed where surface
area, pore size, and water stability played a crucial role in
efficient metal loading. In most cases, the adsorption of metal
ions by MOFs was governed by complexation and coordina-
tion with some reports on the possibility of electrostatic inter-
actions, which were supported by spectroscopic and
computational evidence. The selectivity and reusability of the
functionalized MOFs turned out to be a determinant factor on
the overall efficiency of the adsorption process. Despite a high
cost and some practical difficulties, functionalized MOFs are
very promising materials for water treatment, particularly for
the enrichment of precious metals and actinides from poorly
concentrated sources. There are several MOFs that qualify for
their applications in the enrichment process. Detail column
studies and their applications in real solutions should be
explored for a better judgment of MOFs and their role in the



domain of separation and purification technology.
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