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Adsorptive Removal of lodate Oxyanions from Water using a Zr-
based Metal-Organic Framework

Christopher Copeman,? Hudson A. Bicalho,® Maxwell W. Terban,® Diego Troya,® Martin Etter,? Paul
L. Frattini,® Daniel W. Wells,® Ashlee J. Howarth™

A Zrg-based metal-organic framework (MOF), MOF-808, is
investigated for the adsorptive removal of 105~ from aqueous
solutions, due to its high surface area and abundance of open metal
sites. The uptake kinetics, adsorption capacity and binding mode
are studied, showing a maximum uptake capacity of 233 mg/g, the
highest reported by any material.

lodine is generally found in the environment as the stable
isotope 1?7I. It is an essential element for animals and humans
as it acts as a key component of thyroid hormones used to
regulate growth, development, and metabolism.!
Radioisotopes of iodine such as ?°l and 31|, on the other hand,
are produced as fission products in the generation of nuclear
power and can enter the environment through the mishandling
of spent nuclear fuel.? 12%| js a particular concern, because it is
extremely long-lived with a half-life of 15.7 million years.?
Radioisotopes of iodine exist in aqueous environments as
iodide, I, and its oxyanion, iodate, 10s™.# Both species are
readily soluble in water and can easily enter the body through
the ingestion of contaminated water or crops, as well as via
inhalation.>® Exposure to radioisotopes of iodine can lead to
thyroid pathologies,” including issues with hormone production
and cancer.® While materials and technologies have been
studied for the removal of iodine species from water, there is
often a focus on I7,% and the study of MOFs as sorption platforms
for iodine has been heavily focused on adsorption of gaseous
1,.10 Current materials for |03~ removal are often limited by slow
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kinetics or low uptake capacities, resulting in large amounts of
sorbent being required for sufficient uptake.*12

Metal—organic frameworks (MOFs) are coordination
polymers consisting of metal centers connected to one another
by organic ligands to form networks that are often crystalline
and highly porous.'® The metal nodes can be single metal ions,
chains, or clusters, while the organic ligands, or linkers, can be
di-, tri, or tetratopic.!* Due to the vast array of metal and
organic linker combinations, and a multitude of accessible
topologies, MOFs can be designed to have large surface area,
permanent porosity, and high thermal and chemical stability.1>
As a result, MOFs have been proposed for a diverse array of
applications including gas storage,’® catalysis,’” water
treatment,!® sensing,’® and more.?° Zirconium-based MOFs,
constructed using a Zrg octahedron cluster as the metal node,
take advantage of the strong Zr(IV)-O bond between the metal
center and multitopic carboxylate linkers, resulting in robust
materials that are stable in aqueous conditions.?! Additionally,
they can possess accessible metal sites, capped by labile —OH
and —OHj, ligands, that allow for the adsorption of a variety of
guest molecules. Zirconium cluster-based MOFs have been
studied previously as adsorbents for the removal of oxyanions

Figure 1 Zrs clusters (a) and 1,3,5-benzenetricarboxylate (b) are combined to
produce the 6-connected MOF-808 (c).
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such as selenate, selenite,?> 23 sulfate,?* pertechnetate,?® and
antimonate?® from water.

MOF-808 is a Zrg-cluster-based MOF with 6-connected
nodes bridged by the commercially available, tritopic, 1,3,5-
benzenetricarboxylate linker (Figure 1).2” MOF-808 is well
suited towards wastewater remediation due to its high thermal
and chemical stability (stable in solutions with pH ranging from
1-10).%8 Of the possible 12 metal node binding sites, only 6 are
occupied by structural organic linkers in the spn topology of
MOF-808, leaving 6 available to interact with adsorbate
molecules, leading to the potential for high uptake capacity of
guests.?’

MOF-808 is synthesized under solvothermal conditions
using ZrOCl,-8H,0 and 1,3,5-benzenetricarboxylic acid in DMF
with formic acid modulator at 120 °C. To ensure that the 6 nodal
sites are accessible for oxyanion adsorption, the as-synthesized
MOF is soaked in 0.1M HCI to remove the formate capping
ligands leftover from synthesis. Powder X-ray diffraction (PXRD)
confirms that the MOF is phase pure and crystalline after the
removal of formate capping ligands (Figure S1) and 'H NMR
spectroscopy shows the disappearance of the formate proton
at 7.92 ppm (Figure S2). N, gas adsorption analysis performed
on MOF-808 shows the expected Type 1b isotherm, with a
Brunauer-Emmett-Teller (BET) area of 2020 m?/g and pore
diameters of 10 and 18 A (Figure S$3), consistent with previous
reports. Scanning electron microscopy images show the
expected octahedral morphology, with crystallite sizes of
approximately 5 um (Figure S4).

To evaluate MOF-808 as a potential candidate for the
adsorption of iodate, 2.5 mg of MOF-808 was exposed to
solutions of potassium iodate with concentrations equivalent to
exposures of 2-7 iodate anions per metal node of MOF (41-287
ppm). The MOF was submerged in the solution for 72 hours,
resulting in iodate uptake between 0.95 per node and 1.93 per
node for exposures of 2 and 7 iodate equivalents, respectively
(Table S1). This translates to between 134 and 286 mg of iodate
per gram of MOF-808, indicating that the MOF has a high
gravimetric capacity for iodate adsorption.

Given the promising uptake of iodate in MOF-808 observed
after 72 hours, the kinetics of the adsorption process were
probed by exposing 2.5 mg of MOF-808 to 10 mL solutions of 1,
1.5, 2, 2.5 and 3 iodate anions per node (41, 61.5, 82, 102.5, 123
ppm respectively) (Figure 2a, Figures S5-9). The amount (q) of
iodate adsorbed in mg/g of MOF was determined using
equation 1.

Equation 1: g = (C;— Cg) x V/m

where C; is the initial concentration (ppm), C: is the final
concentration (ppm), V is the volume of the iodate solution (L),
and m is the mass of MOF-808 (g). In all cases, steep uptake is
observed within the first few minutes of exposure of MOF-808
to the iodate solution, with uptake continuing to increase until
reaching a plateau between 48-72 hours. The maximum
adsorption capacity, Q, was calculated by fitting the data to the
Langmuir adsorption model (Figure 2b, Figure S10), using
equation 2.

Equation 2: Ce/ge = (1/Q)Ce + 1/K.Q
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Figure 2. (a) lodate uptake kinetics for MOF-808 when exposed to 1, 1.5, 2, 2.5,

and 3 equivalents per node, 41.0, 61.5, 82.0, 102.5, 123.0 ppm KIOs. (b)
Langmuir plot summarizing the adsorption of iodate in MOF-808.

where Q is the equilibrium adsorption capacity (mg/g), Ce is the
equilibrium concentration (ppm), ge is the equilibrium uptake
(mg/g), and K_ is the Langmuir adsorption constant. Q was
determined to be 233 mg/g. This is the highest reported
gravimetric iodate uptake to date, with other materials showing
maximum adsorption capacities ranging from 0.01 — 170 mg/g
(Table S2).

Depending on the application envisioned, the ability to
reuse and recycle an adsorbent material may be an important
factor, reducing the cost and amount of material required to
remediate contaminated water. To assess the reusability of
MOF-808, 10 mg of MOF-808 was loaded with iodate by
exposing the MOF to a 1148 ppm solution of potassium iodate
overnight resulting in uptake of 1.36-1.61 iodate/node. The
following day, the iodate-loaded MOF-808 in the iodate solution
was placed on a membrane filter in a glass microfiltration
apparatus and the solution was passed through the filter by
applying vacuum to the flask. The MOF-808 powder was then
washed three times with 10 mL of water. 10 mL of 1% HCl was
then passed through the MOF by controlled vacuum filtration
over the course of 5 minutes. The MOF was then washed with
water three times and placed in 10 mL of fresh 1148 ppm iodate
solution overnight. The cycle was repeated three times for each,
1%, 3%, 5%, and 10% HCI. When using the 1% HCI solution for
regeneration of MOF-808, a maximum of 0.40 iodate/node was
removed from the MOF. The performance increased, however,
with increasing acid strength. Washing the MOF with 3% HCI
was found to remove a maximum of 0.55 iodate/node with a
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Figure 3. Adsorption and desorption cycles for iodate in MOF-808 105~ using (a)
1%, (b) 3%, (c) 5%, and (d) 10% HCI to remove adsorbed iodate.

further increase when using 5% HCl to 1.15 iodate/node. Finally,
using 10% HCI, the highest removal was obtained, with a
maximum of 1.43 node equivalents removed, representing up
to 85% removal of adsorbed iodate from the MOF. In between
each acid wash, MOF-808 was exposed to a 1148 ppm solution
of potassium iodate, and in each case, the maximum uptake was
preserved over 2 subsequent adsorption-desorption cycles
(Figure 3).

The mechanism of adsorption of iodate onto MOF-808 is
supported by diffuse reflectance infrared Fourier transform
spectroscopy (Figure S11) and differential pair distribution
function (dPDF) analyses from total X-ray scattering data
performed on samples of MOF-808 before and after iodate
loading (Figure 4). A substantial decrease in the O—H stretch at
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Figure 4. (a) MOF-808 node with bridging iodate ions. (b) Simulated differential
pair distribution function (dPDF) of this DFT model (red trace) overlaid atop
experimentally obtained dPDF of iodate-loaded MOF-808 from X-ray total
scattering data (grey trace) alongside the PDF of unbound iodate (blue trace).

3674 cm™ after iodate loading confirms that —OH ligands are
replaced by iodate (Figure S11). Distances obtained via dPDF
analysis are consistent with those determined by density
functional theory (DFT) calculations for the optimized geometry
of the Zrg cluster of MOF-808 with a bridging iodate. Atom-pair
distances of 1.9 and 3.7 A are observed after loading with
iodate, corresponding to I-0O and Zr—l, respectively. The signal is
consistent with a binding mode where the iodate bridges two
adjacent zirconium metal ions in the cluster, where peaks at
larger distances are consistent with distances expected
between iodine and successively further zirconium ions in the
cluster. In contrast, models with monodentate binding through
a single oxygen of iodate and chelate binding by two oxygen
atoms of iodate to the same nodal zirconium ion both tended
to predict severely mismatched pair distances between iodine
and zirconium atoms (Figures S12-S28). The DFT calculations
suggest that hydrogen bonding with bound water has a
directive effect on the iodate orientation — thus parts of the
dPDF not clearly indexed by the model may plausibly occur due
to distributed orientations, e.g. by interaction with further
water layers.

In order to test the integrity of MOF-808 after iodate
adsorption, PXRD data were collected on MOF-808 before and
after iodate loading as well as after regeneration using HCI
(Figure 5a). PXRD confirms that crystallinity is maintained not
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Figure 5. (a) Powder X-ray diffraction patterns (CuK,, A = 1.54178 A) for MOF-
808 including simulated, as-synthesized, and acid regenerated #1%, 3%, 5%,
10% HCl wash). (b) Nitrogen adsorption-desorption isotherms for MOF-808
before and after iodate loading.



Figure 6. SEM images with EDS elemental mapping for iodine (a), and zirconium
(b?, and a MOF-808 crystallite (c), with SEM-EDS line scan analysis (d).

only after iodate adsorption but also after 3 regenerative
washing steps with 1, 3, 5, or 10% hydrochloric acid. Retention
of porosity is also confirmed by comparing the N, adsorption
isotherms before and after iodate adsorption (Figure 5b). Both
isotherms are Type 1b isotherms, with a reduction in BET area
from 2020 m?/g to 1300 m?/g and a reduction in pore volume
from 0.471 cm3/g to 0.263 cm3/g in the 18 A pore (Figure $29).
This decrease in surface area and pore volume is consistent with
iodate uptake occurring primarily in the 18 A pore.

Larger crystallites of MOF-808 were grown for easier
visualization by electron microscopy. Scanning electron
microscopy images show that the MOF-808 octahedral
morphology is maintained after loading with lodate (Figure 6).
Furthermore, energy dispersive X-ray spectroscopy (EDS)
elemental mapping and line scan analysis of iodate loaded MOF-
808 crystallites shows iodine distributed evenly throughout the
MOF crystallite (Figure 6).

In conclusion, MOF-808, a robust, water stable Zrg-cluster
based MOF was evaluated for the adsorption of iodate from
water. MOF-808 is determined to have an exceptionally high
uptake capacity of 233 mg/g, equivalent to 1.63 iodate anions
per Zrg-metal node. This high uptake arises from the presence
of 6 —OH groups on the MOF metal node that act as adsorption
sites for oxyanions. Additionally, iodate-loaded MOF-808 can be
regenerated by washing with 10% HCI, removing over 80% of
the bound iodate over three cycles and without affecting
subsequent adsorption. Finally, iodate is shown to bind in a
bridging fashion to two zirconium ions in the cluster node.
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