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Water pollution is an issue that should be carefully monitored and addressed. A major source of water pollution originates
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from high temperature industrial processes such as fossil fuel combustion and solid waste incineration. This waste typically
contains high levels of oxyanion/cation forming elements which are particularly hazardous due to their inherent solubil..,

in water and their resulting bioavailability. One approach for oxyanion/cation removal from water involves using

adsorbing medium to soak up and remove pollutants. Metal-organic frameworks (MOFs) offer an interesting platform for

water remediation. MOFs are structurally diverse, porous materials that are constructed from metal nodes bridged -

organic ligands. This highlight will focus on oxyanion/cation (POs*, AsOs*, SeOs%, Se0s*, UO;%**) removal from aqueous

solutions using MOFs as contaminant-selective sponges. The mechanism of adsorption in different frameworks will be

explored to gain insight into some design features that are important for MOFs to be used in applications to help alleviate

water pollution.

1. Introduction

Environmental pollution is a global issue that needs to be
mitigated.! While pollutants can enter our environment from
natural sources, the major causes of pollution arise from
anthropogenic sources such as industrial waste, resource
mining, the use of fertilizers and pesticides, burning of fossil
fuels and radioactive waste produced from nuclear power
generation.? The amount of air and water pollution on earth is
increasing daily due to urbanization, industrialization and the
steady increase in world population.! Given that humans need
clean air and drinkable water to survive, pollution prevention
and—perhaps more importantly at this stage—environmental
remediation is of utmost importance.

Water pollutants can generally be divided
categories, organic and inorganic, based on
composition. Common organic pollutants include solvents,3
polyaromatic hydrocarbons (PAHs),* detergents,®> dyes,® and
pesticides/insecticides/herbicides.” Inorganic pollutants are
generally more persistent in the environment than organic
contaminants® and consist of metal and metalloid species which
often rapidly oxidize to oxyanions and oxycations in industrial
waste due to the high temperatures and varying pH conditions
processes.? Given that inorganic
oxyanions/cations are charged molecules, they tend to be
highly soluble in water making them a very bioavailable form of
pollution.10 |t is therefore extremely problematic if these
pollutants are allowed to enter our water supply since many
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inorganic oxyanions/cations are toxic to humans and wildlife at
ppm or even ppb level concentrations.?

Many technologies have been explored and successfully
used for the removal of oxyanions and cations from wastewater.
including co-precipitation,!! chemical reduction to less soluble
species,12 reverse osmosis,3 bioreactors!* and vertical flow
wetlands.> These methods and processes however, are not
ideal since they require the construction of complex and spar-
consuming facilities and they incur high start-up ana
maintenance costs.? An alternative method for oxyanion/cation
remediation from water involves the use of a permanently
porous adsorbent material. Common adsorbents that have
been studied include iron oxides,1® aluminium oxide,1” activated
carbons'® and zeolites.'® There are a few drawbacks associated
with these adsorbents however, including: (1) low to moderate
surface areas that limit the number of sites available for
adsorption and (2) lack of tunability making specific
anion/cation selectivity difficult to achieve.

Metal-organic frameworks (MOFs) (Scheme 1) offer i1
interesting alternative platform for use as adsorbents ..
wastewater remediation applications. MOFs are structurally
diverse, porous materials that are composed of metal nodes
bridged by organic linkers. Using rational design, the chemical
and physical properties of MOFs can be elegantly tuned and
materials with very high surface areas,2° high porosity, and hij h
stability can be obtained.2! As a result, MOFs have shov »
promise in a wide variety of potential applications, includire
catalysis,?2 sensing,?3 adsorption, storage, and release of
gases,?* chemical separations,?> deactivation of chemical
warfare agents,2¢ light harvesting,2” as well as in the removal of
from air and water.2® For wastewater
adsorption applications, MOFs with
permanent porosity can be designed and the size, shape, an-'

toxic materials
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chemical composition of the pores can be tuned to promote the
uptake of specific analyte molecules with high affinity, high
selectivity and in ideal cases, both.2? Research on the use of
MOFs in oxyanion/cation wastewater remediation is still in its
infancy, but with the recent advent of MOFs that are highly
stable in water, under varying pH conditions, such as Zr-21b.30
and Hf-based3! MOFs, as well as MILs32 and azolate-based33
frameworks, this area of research is quickly expanding. It is
important to learn from early examples of MOFs used for the
removal of oxyanion/cations from water in order to understand
the possible mechanisms of adsorption in MOFs and to
determine design criteria necessary for synthesizing new MOFs
that are highly effective for remediation of polluted solutions.
MOFs have also been studied for the removal of hazardous
organic materials from water,3* anion exchange3> and
separation3® and sulfate encapsulation, complexation, and
extraction,3” but these examples are beyond the scope of this
highlight. Likewise, sorptive removal of nitrate and perchlorate
from water are outside the scope.3® Herein, we discuss
examples of MOFs studied for applications in the adsorption
and removal of phosphates, arsenates, selenates, selenites and
uranyl from aqueous solutions. Examples are divided into two
categories based on the predicted (and in some cases
confirmed) mode of analyte adsorption: (1) adsorption enabled
by metal nodes and (2) adsorption facilitated by organic linkers.
While there are many more examples of adsorption on the
nodes when considering oxyanion remediation, adsorption
mechanisms involving both metal nodes and/or organic linkers
are important to consider when designing materials for
wastewater clean-up. Table 1 shows the MOFs that will be
discussed, highlighting the metal nodes and organic linkers that
make up the frameworks.
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Metal lons Organic Linkers

or Clusters or Struts

Metal-Organic Framework (MOF)

Scheme 1. Simplified representation of a MOF where metal ions/clusters are
connected by organic linkers to give a three dimensional framework
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the removal of excess phosphates from water is of significant
environmental concern.

2. Adsorption Facilitated by Metal Nodes

2.1 Phosphates and Phosphorus Containing Compounds

Phosphates and organic phosphorus compounds are widely
used in fertilizers, detergents, and pesticides.3? The production
and prevalent use of phosphorus-containing products results in
runoff,
municipal and industrial wastewater.3? Consistent with its role

significant contamination of agricultural and of
as a primary component of teeth and bones, phosphate is
acutely toxic to humans only at relatively high doses (3 g/kg was
found to be lethal in pigs),*° but a more pertinent issue caused
by excess phosphate in water is eutrophication.#142 As a result,

2 | J. Name., 2012, 00, 1-3

Table 1. Metal-Organic Framework (MOF) structures highlighting the metal node
and organic linker constituents. Zr: light purple; Cu: light blue; Th: dark purple; re:
yellow; Zn: teal; O: red; C: grey; N: blue.
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Gu and coworkers reported the first example of adsorptive
removal of organophosphorus compounds from water using a
Zr-based MOF, UiO-67 (Table 1).#3 It is well known that hydrous
zirconia has an affinity for compounds containing phosphate
and phosphonic acid functional groups due to strong
interactions between surface Zr-OH groups and the oxygen
functionality of these phosphorus-containing contaminants.*4

This journal is © The Royal Society of Chemistry 20xx
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Indeed, a combination of Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)
analysis performed on samples of UiO-67 following adsorption
of organophosphorus compounds, glyphosate and glufosinate,
suggest that terminal Zr-OH groups (present due to missing
linker defects#> within the MOF-Figure 1) are responsible for
adsorption of the organophosphorus compounds through the
formation Zr-O-P bonds. The less reactive bridging -OH groups
in the node may conceivably also contribute to the adsorption,

but this was not confirmed.43

Defect Free UiO-67

UiO-67 with Defects

Figure 1. Defect free UiO-67 and an idealized representation of missing linker
defects in UiO-67 giving rise to terminal Zr-OH groups on select Zrg nodes. Zr: light
purple; O: red; C: grey.

In a similar study, the adsorptive removal of phosphate
anions from water using Zr-MOFs UiO-66 and UiO-66-NH;, was
explored.?® A modest increase in adsorption capacity was
observed in UiO-66-NH; at neutral pH (265 mg/g vs. 237 mg/g
in UiD-66) suggesting that hydrogen bonding and electrostatic
interactions between the amino functionality (most likely
ammonium under the conditions used) and phosphate anions
(HPO4% or H,POs) may lead to enhanced adsorption. The
primary adsorption mechanism however, was attributed to
interactions between the Zr(IV) and the phosphate anion,4¢
forming Zr-O-P bonds similar to those observed in UiO-67.43 It is
therefore possible that the increased affinity for phosphate
anions observed in UiO-66-NH, compared to UiO-66 is a
consequence of an increase in missing linker defects in the
functionalized framework giving rise to more terminal and
sorbate-displaceable node hydroxo ligands. (Note that at
neutral pH, terminal aqua ligands (at defect sites or on eight-
connected nodes; see bottom center entry in Table 1) are
largely converted to hydroxo ligands. Thus each missing linker
creates a pair of defects (one on each node), with each defect
site consisting of a pair of hydroxo ligands bound to a single
zirconium ion.) The synthesis of Zr-MOFs with large numbers of
defects may therefore be a worthwhile strategy for increasing
oxyanion adsorption capacity. The number of defects (and
hence the number of terminal -OHs present) can be controlled
via the choice of acid modulator and the choice of reaction time
(synthesis time).4’ Lin and coworkers discovered that when UiO-
66 is exposed to much higher concentrations of phosphate (i.e.,
> 25000 ppm instead of 50 ppm phosphate in the form of either
H3PO4 or Na3PQy), the BDC linkers of UiO-66 are extracted from
the MOF and replaced with PO43 linkers.*® This linker
replacement gives rise to porous, amorphous, and remarkably
chemically robust materials (ZrPhos and ZrOxyPhos) having the
same crystal shape morphology as the parent UiO-66. In turn,

This journal is © The Royal Society of Chemistry 20xx
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these daughter materials have been shown to be effective for
the removal of Sr, Pu, Np and U from high-level nuclear waste.

2.2 Arsenic Oxyanions

Arsenic is a highly toxic metalloid that enters our waterways via
erosion, runoff from orchards as well as from wastewater
generated by glass and electronics production.® Chronic
ingestion of arsenic through contaminated drinking water can
lead to stomach pain, nausea, partial paralysis, blindness and
cancer.*® The United States Environmental Protection Agency
(EPA) has mandated that levels of arsenic in drinking water be
less than 10 ppb to be considered safe for consumption.*s
Arsenic primarily exists as arsenite (HxAsOs33*) and arsenate
(HxAsO43%) in water and it is these forms that are the major
focus of remediation.>

There have been a handful of studies performed c..
adsorption and removal of arsenate from water using MOF
Both MIL-53(Al)*1 and MIL-53(Fe)*2 (Table 1) have been
explored for arsenate removal and in both cases, the adsorptic
of arsenate was attributed to interactions between the
oxyanion and trivalent metal sites in the framework. A detailed
experimental and computational study of the mechanism ot
adsorption of organoarsenic compounds by MIL-100(F:'
similarly showed the importance of open metal sites.>3 In this
study, the adsorption of p-arsanilic acid on MIL-100(Cr), MIL-
100(Al) and MIL-100(Fe) was explored to understand the effect
of changing the metal node on analyte adsorption. It was found
that MIL-100(Fe) had the highest adsorption capacity—z
consequence of the much higher lability of water coordinated
to the iron node versus aluminum or chromium. Bond lability ir
the different MIL derivatives was estimated using DFT
calculations and the Fe-O-As binding motif (Figure 2) w
confirmed by FTIR.

H,NPh-AsO.2
—

Figure 2. Proposed adsorption mechanism for p-arsanilic acid on the node of MIL-
100(Fe). As: light purple; Fe: yellow; O: red; C: grey; N: blue; H: white.

The adsorption of trace arsenate from water by the Z -
based MOF ZIF-8 (Table 1) has been examined.>* The authc
claim a high adsorption capacity for ZIF-8 (76 mg/g) for arsenat
removal, while also establishing a low equilibrium
concentration®> (9.8 ppb). This is the highest adsorption
capacity of any material reported for arsenate removal with
such low equilibrium concentration. Prior to arsenate
adsorption, the surface of ZIF-8 presents terminal Zn-OH sites

J. Name., 2013, 00, 1-3 | 3
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produced by the dissociative adsorption of water. After
adsorption of arsenate, analysis of the O 1s region of the wide-
scan XPS spectrum shows a significant decrease in the peak
attributed to Zn-OH and a new peak attributed to Zn-O-As
binding. This Zn-O-As binding could occur in a monodentate or
bridging fashion on the surface of ZIF-8 (Figure 3). Similar to the
MIL derivatives that were studied for arsenate>°? and
organoarsenic>® adsorption, and Zr-MOFs studied for
phosphate removal,*346 the adsorption of arsenate on ZIF-8
demonstrates the importance of open metal sites or more
specifically, the presence of metal sites with substitutionally
labile ligands, for the adsorption of oxyanions.

>
s s
Qo (W
= >
Z;—H AsO,? Z; .
—OH s'—OH
Z—H Z
> >
—OH T
5 <
—OH ‘—OH

Figure 3. Proposed adsorption mechanism of arsenate on the surface of ZIF-8
occurring in @ monodentate or bridging fashion. Zn: teal; As: light purple; O: red,
H: white.

2.3 Selenium Oxyanions

Selenium is a naturally occurring element that is essential in
very low concentrations (< 40 pg/day causes selenium
deficiency) but can also be toxic at concentrations only
moderately higher (> 400 pg/day).’® Selenium enters our
drinking water in many different ways such as erosion of natural
deposits, agricultural runoff, discharge from petroleum
refineries and mining, as well as via flue gas desulfurization
processes.>” The U.S. EPA recognizes the potential dangers
associated with selenium ingestion and has mandated the
maximum level for selenium in consumable drinking water to
be no greater than 50 ppb.38 Selenium primarily exists as
selenite (HxSeO32*) and selenate (HxSe04%*) in water making
these anions the primary focus of remediation efforts.5?

Our group recently reported the adsorption of selenate and
selenite by a series of Zr-based MOFs.5° NU-1000 (Table 1) was
shown to have the highest adsorption capacities (102 mg/g and
62 mg/g for selenite and selenate respectively) as well as the
fastest uptake rates of all the Zr-MOFs studied. Two important
design features contribute to the success of NU-1000 as an
adsorbent for selenium oxyanions: (1) the large 30 A apertures
of the framework help facilitate fast diffusion and adsorption of
selenate and selenite throughout the framework, and (2) the

4| J. Name., 2012, 00, 1-3

presence of labile hydroxyl and water ligands on the Zrg node of
NU-1000 allow for facile binding of the selenium oxyanions to
the Zrg node in bridging Zr-O-Se-O-Zr configurations (Figure 4).
These adsorption configurations were confirmed by diffuse
reflectance infrared spectroscopy (DRIFTS) and pair distribution
function (PDF) analysis of X-ray total scattering data. The use of
metal nodes containing labile ligands available for substitution
is another strategy for creating adsorption anchors within a
MOF. Unlike missing linker defects or anchors present only on
surface of a MOF, this strategy allows for
adsorption to occur uniformly throughout the framework.

the external

K e
Seo R

Figure 4. Adsorption of selenate and selenite on the Zr6 node of NU-1000. Zr: light
purple; Se: yellow; O: red; C: grey.

3. Adsorption Facilitated by Organic Linkers

Uranium is a naturally occurring element that is present at low
concentrations in nearly all soil, rock and water.6! Uranium is
commonly extracted and concentrated through mining and
refining processes for use in nuclear power generation. These
processes produce waste which can be distributed back into the
environment by wind and water. Exposure to uranium, through
contaminated drinking water for example, can lead to increased
cancer risk, liver damage, or both, and chronic ingestion can
lead to internal irradiation and chemical toxicity.?? As a
consequence, the U.S. EPA has set the acceptable limit for
uranium levels in drinking water to be no higher than 30 ppb 1
It should be noted that while the removal of uranium from
waste streams and mine drainage is important for human
health, the extraction of uranium from seawater is potentially
important for nuclear fuel production. An adsorbent material
that could effectively remove uranium from wastewater52 might
also be useful for uranium extraction applications.53

The first example of a MOF studied for application ...
uranium extraction from water was reported in 2013 by Carbo. ..
and coworkers.®* The Zr-MOF UiO-68 was used due to its
inherent water stability (owing in part to strong Zr(IV)-O bonds
between linkers and nodes)% and its large apertures that can
facilitate the adsorption or diffusion of species up to 10 A in
diameter.66 To enhance the affinity of UiO-68 for the uranyl

This journal is © The Royal Society of Chemistry 20xx
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cation (UO3?*), phosphorylurea groups were added to the
terphenyldicarboxylate  linker;  N-diphenylphosphorylurea
functional groups are known to be capable of extracting
actinides and lanthanides from aqueous solutions.” The
resulting UiO-68 derivatives named UiO-68-P(0)(OEt), and UiO-
68-P(0)(0OH); (Table 1) were shown to adsorb uranyl from water
and seawater with adsorption capacities as high as 217 mg/g
and 188 mg/g, respectively. Given that these capacities are
equivalent to the binding of one uranyl cation for every two
phosphorylurea groups, an adsorption
proposed whereby two phosphorylurea groups present on
adjacent terphenyldicarboxylate linkers form a binding pocket
for each linear uranyl complex (Figure 5). This mechanism was
supported by DFT calculations which show that monodentate
binding of each of two phosphorylurea ligands to one uranyl is
a thermodynamically favourable motif.

MOF ‘7
It w—MOF

Figure 5. Ball and stick representation of phosphorylurea functional groups
showing how the binding pocket is formed inside UiO-68-P(0O)(OH), for the
adsorption of uranyl. U: purple; P: yellow; N: blue; O: red; C: grey; H: white.

mechanism was

HKUST-168 and Th-MOF-76%° (Table 1) were also explored for
adsorption and removal of uranium from water. In HKUST-1,
adsorption was attributed to both coordination (with free
carboxylate groups) as well as charge-dipole interactions
between uranyl and the benzenetricarboxylate linker. The
effect of MOF surface charge was probed by monitoring uranyl
adsorption as a function of pH. An observed increase in uranyl
dication adsorption upon raising the solution pH from 2 to 6 was
ascribed to the MOF surface becoming more negatively
charged. In addition, adsorption via coordination of uranyl to
oxygen atoms of the benzenetricarboxylate linker, most likely
on the surface of HKUST-1, was proposed as an additional
adsorption mode since it is known that carboxylates have an
affinity for wuranyl.7® Surface charges and electrostatic
interactions were also reasoned to facilitate uranyl adsorption
by Tb-MOF-76. The pH dependence of uranyl uptake is
supportive of this type of adsorption mechanism.70

The use of organic linkers in a MOF to promote analyte
adsorption has been shown to be a successful strategy.
Adsorption mediated by surface charge and electrostatic
interactions may be important in some instances but to increase
affinity, selectivity and overall adsorption capacity, the use of
organic linkers that form a binding pocket inside the cavity of a
MOF is of particular interest. The construction of an analyte
binding pocket with specific size and shape, as well as the
incorporation of functional groups which are known to have an
affinity for a particular analyte, could prove to be a useful
strategy for creating ideal sorbents. A similar strategy has been

This journal is © The Royal Society of Chemistry 20xx

CrystEngComm

employed with discrete molecules37cand is akin to the manner
in which the substrate-binding sites of enzymes achieve
chemical specificity.

4. Summary and Outlook

Although research on remediation of oxyanion/cation-
contaminated water using MOFs is just beginning to grow and
expand, there is much to be learned from the studies discussed
here. The use of organic linkers containing functional groups
known to have a strong affinity for specific analytes has been
shown to be a successful approach for analyte adsorption.
While perhaps more synthetically challenging, the use of linkers
containing functional groups that can self-assemble and create
a strong binding pocket inside the cavity of a MOF may help to
increase analyte binding affinity and selectivity. One potent..-
limitation is progressive width-attenuation of MOF channels +
the assembled structures, resulting in slow analyte diffusion
and uptake rate; however, MOFs with hierarchical po-~
structure, such as NU-1000 (Table 1), may help since larger
pores can host the self-assembled binding pocket while smaller
pores remain unobstructed to facilitate rapid diffusion.
Additionally, coordination to metal nodes has been shown to k-
a particularly successful approach for adsorption of oxyanions.
Taking advantage of missing-linker defects and external-surface
defects is one approach to achieving oxyanion coordination by
node metal-ions, while the use of nodes with lower linker
connectivity’? (and hence the presence of labile ligands) is
another. In summary, a combination of water stability, large
pores and apertures (for ion transport), organic linker
functionality (for coordination and selectivity), and open metal
sites (for coordination and in some cases selectivity) may gi
rise to MOFs that are ideal sorbents for oxyanion/oxycation
removal from water thus creating another intriguing, practical
application for metal-organic frameworks.

Going forward, computational evaluation of MOFs that are
known,’2 as well as hypothetical MOFs, may help advance
research in this area. High-throughput screening can be
performed on MOFs prior to testing analyte adsorption and
even prior to MOF synthesis to expedite the discovery and
development of highly effective adsorbents.
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