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This review examines the advances and applications of metal—organic frameworks (MOFs) in the field of
the extraction of uranium from various sources, focusing on their potential to address critical issues in
nuclear fuel cycles. MOFs, characterized by their high surface area, tunable porosity, and chemical versati-
lity, offer a promising alternative to traditional extraction methods. The review paper provides a compre-
hensive analysis of the synthesis strategies, functionalization techniques, and adsorption mechanisms of
MOFs tailored for uranium capture. Furthermore, the review discusses the challenges and future direc-
tions in the field, emphasizing the need for scalable production, real-world application testing, and
environmental impact assessment. This review aims to highlight the potential of MOFs to improve the sus-
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Introduction

In the quest for sustainable energy and advanced technological
applications, the efficient extraction and recovery of valuable
resources such as uranium are of importance." Indeed,
uranium extraction is a vital process for the nuclear energy
industry, providing fuel for reactors that generate electricity.
Traditional extraction methods often pose environmental con-
cerns and are inefficient, necessitating the exploration of novel
approaches. In recent years, metal-organic frameworks (MOFs)
have emerged as promising candidates to address these chal-
lenges. MOFs, composed of metal ions or clusters coordinated
to organic linkers, exhibit remarkable structural diversity, high
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tainability and efficiency of uranium extraction processes.

porosity, and tailorable chemical functionalities. These unique
properties make MOFs as versatile platforms for adsorption,
separation or purification processes.” However, the effectiveness
of MOFs in uranium extraction depends on their stability under
the harsh conditions encountered in leaching processes. To be
viable for practical application, MOFs must maintain their
structural integrity and adsorption capacity in the presence of
high concentrations of acids, salts, and other contaminants.
This review aims to provide a comprehensive overview of
recent advances in the use of MOFs for the extraction of
uranium based on the fundamental principles of MOF design
and synthesis, to elucidate the mechanisms underlying
uranium sorption in MOFs, and to discuss the key factors
influencing extraction efficiency. The current state-of-the-art
MOF materials specifically tailored for uranium extraction will
be presented, highlighting their structural features, adsorption
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capacities and selectivity in different conditions (mainly from
seawater where MOFs have been extensively used).>! In
addition, the review will examine the challenges and opportu-
nities associated with scaling up MOF-based extraction pro-
cesses for industrial applications, including optimisation strat-
egies, stability concerns and cost effectiveness.

Through this review, we aim to highlight the potential of
MOFs as advanced materials for sustainable resource recovery
and provide insights into future research directions and practi-
cal implications in the fields of energy, environmental protec-
tion and materials science.

Uranium extraction with functionalized MOFs

Zn-MOFs. In 1999, Li et al.” introduced a novel MOF based
on zinc clusters and terephthalic acid. This material exhibited
the remarkable property of retaining crystallinity and porosity
even when fully desolvated. However, the water stability of Zn-
based MOFs is typically low, which limits their application in
solution processes.® Few materials synthesised from zinc clus-
ters have been investigated for uranium extraction.

In 2015, Wang et al.” developed a Zn-based material struc-
tured like Zn(HBTC)(L).(H,O), with L = (N4,N4'-di(pyridine-4-
yl)biphenyl-4,4’-dicarboxamide) and HBTC = benzenetricar-
boxylic acid for uranyl uptake from seawater. This structure
features hexagonal channels with an aperture of 4 A, decorated
with free-standing acylamide and carboxyl groups. Extraction
tests involved a 10 mL batch of uranyl solution at 100 ppm in
contact with 10 mg of material. At pH 2, the maximum adsorp-
tion was reached within five minutes, with SZ-3 exhibiting one
of the fastest uranyl adsorption kinetics described in this
review. The Langmuir isotherm model yielded a maximum
sorption capacity of 115 mg g . Uranium ions were desorbed
using a solution of 0.1 M Na,CO;, with approximately 93% of
the uranium recovered. Wang et al. further studied the adsorp-
tion, desorption, and stability of the Zn-based MOF in sea-
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water, demonstrating an extraction efficiency of 0.53 mg g
after 1 minute of contact in 1 L of 6 ppb uranyl concentrated
seawater. Subsequent extractions with the same material
showed extraction efficiencies of 0.51 and 0.47 mg g™, respect-
ively. PXRD analysis and IR revealing deprotonation of car-
boxylic acid and coordination with UO,** and carbonyl of the
acetylamide confirmed the regenerability of the MOF.

In 2016, Liu et al.® synthesised a new material called Zn
(ADC)(4,4"-BPE), 5 for uranyl extraction. This material was syn-
thesised with an equimolar ratio of Zn(NO;),, 4,4-BPE (trans-
1,2-bis-4-pyridylethene), and ADC (azobenzene-4,4"-dicar-
boxylic acid) in DMF. The linker ADC contains azo groups
expected to act as potential sorption sites for uranyl.
Extraction tests involved a 10 mL batch of uranyl solution at
200 ppm in contact with 5 mg of material. The optimal con-
ditions were determined to be 140 minutes of contact at pH =
6. IR analysis confirmed uranyl uptake onto the material, with
a maximum uptake capacity of 337 mg g™ " calculated from the
Langmuir isotherm. Thermodynamic parameters indicated an
endothermic and spontaneous adsorption process, with a che-
misorption mechanism proposed for uranyl adsorption.

still, on Zn-based MOFs, Song et al.” developed materials
bridged with functionalised isophthalic acid (hydrogen,
hydroxy, amino, and nitro) for uranyl adsorption in water and
seawater media. These four materials were synthesised with Zn
(NO3),, acylamide ligand (N4,N4'-di(pyridine-4-yl)biphenyl-
4,4'-dicarboxamide), and functionalised isophthalic acid to
give four materials named; 1-H, 1-OH, 1-NH,, and 1-NO,. The
PXRD pattern of these MOFs exhibited few differences,
suggesting a similar 3D framework for all four materials. CO,
adsorption uptake revealed a higher pore volume for 1-NH,
and 1-H compared to the other two MOFs, attributed to the
organic units in the pore wall. The pH effect on the extraction
process was investigated, demonstrating the influence of the
functional group on the extraction efficiency (Fig. 1).
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Fig. 1 Effect of pH on U(wv) sorption on Zn-based MOFs (w = 5mg, Cp =
100 mg L™, t = 300 min, T = 25 °C and V = 10 mL). J. Radioanal. Nucl.
Chem., 310, 317-327, © 2016.

The adsorption efficiency of uranyl on MOF 1-NO, and
1-NH, is strongly influenced by pH, with similar adsorption
capacities achieved at pH 1.5 for one material and at pH 2.5 or
pH 4 for the other. These properties render the MOF suitable
for pH-dependent chemical processes. The contact time
required to reach maximum adsorption was also investigated,
with equilibrium achieved in less than 10 minutes for 1-NO,
and 1-OH, but over 150 minutes for the other two materials.
Calculated maximum adsorption capacities using the
Langmuir isotherm model were significantly higher for 1-NO,
(165 mg ¢™") than for the other materials, with 1-NH, slightly
higher (95 mg g™ than 1-H (76 mg g™ ') and 1-OH (66 mg g™ ).
However, uranium desorption was incomplete regardless of
the eluent used for these materials. The conditions proposed
by the authors resulted in only 11.3% uranium recovery for
MOF 1-NO,. Extraction tests in simulated seawater resulted in
about 50% uranium recovery for 1-OH and 1-NH,, but negli-
gible recovery for the other two materials.

Zhang et al.*® developed a new coumarin-modified material
based on MOF-74, one of the more economical MOFs, with
poor stability in aqueous media. Loaded with coumarin, this
MOF exhibited high UV photosensitivity and potential for
photo-switched (photodimerisation) uranium storage/release.
The pore size of MOF-74 was controlled by the structure of the
zinc cluster, enabling the successful synthesis of microporous-
mesoporous MOF-74. Coumarin was then loaded inside in
varying proportions, measured by elemental and thermo-
gravimetric analysis, yielding several new materials. These
were analysed by N, adsorption, CO, adsorption and PXRD.

The addition of coumarin inside MOF-74 (“A-2”) slightly
modified the PXRD pattern, and with increasing coumarin
content, both micropores and mesopores were modified,
resulting in narrower pore size distributions. UV irradiation of
A-3: X wt% resulted in reduced N, uptake, suggesting a more
compact phase inside the material due to photodimerization
of coumarin. The thermostability of irradiated MOF remained
unchanged for materials loaded with less than 28.2%
coumarin.

However, for A-3: 28.2 wt% MOF, a loss of guest molecules
at 114 °C was observed before irradiation, which decreased to
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6.9% after irradiation, indicating guest retention due to photo-
dimerisation. Uranyl uptake was performed with a 10 mL
batch of uranyl solution in contact with 10 mg of material at
pH 4 for 5 hours (Fig. 2). Kinetic studies indicated a chemi-
sorption process, with U(vi) ions localised in a monolayer
uniform adsorption. The influence of microporous-meso-
porous synthesis on uranium uptake was evident between
MOF A-1 and A-2, with the adsorption capacity enhanced by
coumarin loading within the structure. However, as the cou-
marin content increased, the extraction efficiency decreased
due to reduced pore accessibility for uranyl ions. A-3: 11.7 wt%
exhibited high efficiency, with U(vi) adsorption unaffected by
UV irradiation. Conversely, for A-3: 20.6 wt%, A-3: 28.2 wt%,
and A-3: 35.7 wt%, the adsorption capacity decreased after UV
irradiation, indicating the efficiency of the photo-switching
behaviour towards U(vi) for materials loaded with more than
20.6% coumarin. Furthermore, the adsorption capacity could
be restored after UV light irradiation at 250 nm wavelength,
confirming the reversibility of photodimerisation. Uranyl de-
sorption was more efficient with a 0.1 M HCI solution, eluting
about 80% of U(vi) for A-3: 28.2 wt%. Re-irradiation of the
MOF resulted in full recovery of the remaining 20% of uranyl.
Zr-MOFs. In 2008, researchers at the University of Oslo intro-
duced novel materials synthesised by solvothermal methods
using zirconium chloride and a carboxylic acid based linker.""
These materials, known as the UiO series, composed of three
different MOFs - UiO-66, UiO-67, and UiO-68 - each named
according to the number of benzene rings in the linear linker
based on carboxylic coordination functions: one, two, and
three, respectively. The exceptional stability of these MOFs in
aqueous environments stems from their high coordination
level and robust binding between oxygen and zirconium.
Consequently, the UiO family has been extensively investigated
for metal extraction applications in both neutral and acidic
aqueous conditions. UiO-68 boasts large tetrahedral apertures
exceeding 10 A, while the outstanding stability of UiO-66
remains unaltered regardless of the linker length. In 2013,
Carboni et al.'® improved the chemical structure of UiO-68 by
incorporating a phosphorylurea derivative, as a bridging
ligand, resulting in a functionalised material with potential
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Fig. 2 Adsorption isotherms of uranium ion on Zn-MOF-74 (A) Magos-
pent = 10 Mg, pH =4, t =5h and T = 298 K (B) under ambience or after
UV (320 nm) irradiation. Mugsorbent = 10 Mg, pH = 4, t =5hand T =
298 K, tirradiation = 30 min. Reproduced with permission from Journal.
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affinity for uranyl ions. Moreover, the phosphorylurea moiety
offers the opportunity for post-functionalisation reactions,
allowing the synthesis of dihydroxyphosphorylurea UiO-68
derivatives (Fig. 3).

The porosity of these materials was rigorously investigated
by BET-C analysis and DFT calculations. A significant decrease
in surface area, from 3730 m”> g”* to 750 m> g, was observed
from MOF 1 to MOF 3, confirming internal functionalisation.
However, the relative pore volume, as assessed by dye uptake
measurements, was found to be greater for MOF 3 compared
to MOF 2. Following extensive material characterisation, the
group investigated the uranium extraction performance of
these materials in both water and simulant seawater media.
The extraction procedure involved a 10 mL batch of uranyl
acetate solution (50-100 mg L") in contact with 10 mg of
adsorbent for one hour at pH = 2.5. MOF 2 exhibited a satur-
ation sorption capacity (§ma) Of 217 mg g ' in water and
188 mg g ' in seawater, while MOF 1 and 3 displayed lower
efficiencies. Despite attempts, uranium desorption proved to
be challenging, even with a 1 M HCI eluant. The coordination
mode of uranyl with phosphorylurea was investigated by DFT
calculations in the gas phase to work with a water-free uranyl
complex, revealing a monodentate coordination with two pro-
tonated ligands and a slight preference for phosphoryl oxygen
over carbonyl oxygen.

More recently, W. Wang et al.”~ have also used phosphory-
lurea to develop a new functionalized MOF. The material was
synthesised by a solvothermal route (DUT-5 and DUT-6-NH,)
and then by in situ induced etching method (DUT-5-POR). This
approach provided a scalable structure with enhanced hydro-
philicity. The resulting BET surfaced was 1328 m> g~' for
DUT-5-POR, which is lower than the calculated 1860 m* g for
DUT-5. The authors explain this reduction by the presence of
phosphorylurea group in the DUT-5 channels. Additionally,
DUT-5-POR exhibited mesoporous pores, which increased the
kinetics and adsorption capacity for uranyl ions in the MOF.
The effect of pH on U(vi) adsorption was positive, with adsorp-
tion increasing as pH rose, reaching a maximum of 105 mg
g~ This enhancement is due to the electrostatic and coordi-
nation interaction between phosphorylurea and uranyl ions.

In 2016, Luo et al.* explored the efficiency of UiO-66 and
its amine derivative for U(vi) extraction. After thorough charac-
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Fig. 3 Design of a UiO-68 type MOF for the U extraction from sea-
water. Reproduced from Chem. Sci., 2013, 4, 2396-2402 with per-
mission from the Royal Society of Chemistry.
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terisation, UiO-66-NH, exhibited a lower surface area in BET
analysis compared to UiO-66 (1050 vs. 1382 m* g~!). Optimal
conditions for uranyl extraction were determined as 4 mg of
sorbent for 10 mL of uranyl nitrate solution (5-120 ppm) at pH
= 5.5 for 4 hours. The maximum sorption capacities calculated
by Langmuir isotherm models were close for both materials,
109 and 114 mg g~ for UiO-66 and UiO-66-NH,, respectively.
The introduction of the amino group led to a decrease in the
surface area and pore volume of UiO-66, which may account
for the similar adsorption efficiency of the two materials. The
selectivity of UiO-66 and its amine derivative was evaluated by
introducing competing ions during the sorption process, with
no significant effect on uranyl uptake observed under the
studied conditions.

Zirconium-based metal-organic frameworks (MOFs) are
renowned for their exceptional stability, particularly in
aqueous environments. However, their stability can be influ-
enced by various factors, including pH. While zirconium
MOFs generally exhibit excellent resistance to acidic con-
ditions, their behavior in alkaline environments can vary. In
general, these materials tend to maintain their structural
integrity at lower pH values, but as the pH increases, the MOF
framework may become susceptible to hydrolysis or ligand
exchange. This can result in the breakdown of the crystalline
structure and the leaching of zirconium ions into the solution.
The specific pH threshold at which instability occurs can
depend on the particular zirconium MOF and the nature of
the organic linkers used in its construction. Therefore, under-
standing the pH-dependent stability of zirconium MOFs is
crucial for their effective application in various fields,
especially those involving aqueous environments.

The concentration of ions in solution is also a critical factor
influencing the stability of MOFs beside the pH. In this way, a
novel zirconium-based MOF functionalized with an amidopho-
sphonate ligand was proposed and used in harsh sulfuric acid
conditions ([SO,>7] =1 M, pH = 2), commonly encountered in
uranium leaching processes.'> This MOF, derived from the
UiO-68-NH,, precursor, was prepared using an efficient post-
synthetic modification technique that achieved a high degree
of functionalization (95%). The resulting material demon-
strated remarkable stability and the MOF exhibited uranium
extraction capabilities in this condition, adsorbing U up to
25mgg .

Another effective method to enhance adsorption perform-
ance is by introducing defects into the structure. These defects
create open sites within the framework, facilitating the
efficient adsorption of the desired elements. An additional
advantage of creating defect in the framework is the ability to
manipulate functional groups as well as pore sizes.'® To
achieve this degree of tailoring, several methods have been
studied. X. Hou et al'’ reviewed the current progress in
induced defects in MOFs, covering both defect insertion strat-
egies and their impacts. Regarding uranium adsorption using
a MOF with defects, Z. Zhao et al.'® report a defective Zr-based
MOF with remarkable performance. The introduction of
defects into the structure was achieved by the addition of

Dalton Trans., 2024, 53,1710-17122 | 17113
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H,BDC instead of the original organic linker (H;BDC). This
controlled addition was performed at different H,BDC/H;BDC
molar ratios (1, 2, 3 and 4) leading to the defective M808-1,
M808-2, M808-3 and MB808-4 respectively. The optimal pH
range for maximum adsorption efficiency is between pH 6 and
9 (Fig. 4A). Furthermore, the more defects present in the
material, the higher the adsorption efficiency (Fig. 4B).

As previously discussed, improving the stability of a MOF
often involves strengthening the metal-linker bond. In 2015,
Mouchaham et al.'® developed new materials based on trioxo-
benzene with greater stability in complexing media than
UiO-67, and proposed zirconium phosphate MOF as a promis-
ing ultrastable MOF.

The pioneering study on lanthanide and actinide extraction
using zirconium-phosphate materials was carried out by Luca
et al.*® Three phosphonic acid ligands, derived from benzene
rings, were employed to synthesise MOFs with ZrOCl, clusters
in aqueous media. Due to the strong affinity between the phos-
phonic acid ligand and the zirconium cluster, the synthesis
often resulted in poorly crystalline or even amorphous
materials, referred to as unconventional MOFs.*!
Consequently, this publication extensively investigates the syn-
thesis of these new materials with the aim of obtaining
samples with convincing BET surface areas and high
crystallinity.

Recently, Zheng et a introduced a novel material for
uranium extraction based on zirconium clusters and tetrapho-
sphonate linkers. To overcome the problems associated with
Zr phosphonate MOFs, which generally have poor crystallinity
and a non-3D framework, they employed two steric linkers
named TppmH8 (tetrakis[4-(dihydroxyphosphoryl)phenyl]
methane) and TppaH8 (1,3,5,7-tetrakis(4-phosphonophenyl)
adamantine). In addition, they pioneered an innovative syn-
thesis method for gradual material formation by diffusion
through ionothermal synthesis. Among the three synthesised
materials, two exhibited interesting surface areas (225 m* g~*
for SZ-2 and 572 m”> g~* for SZ-3). In particular, SZ-3 showed
exceptional stability over a pH range of 1 to 11, as well as resis-
tance to concentrated nitric acid, hydrochloric acid, and aqua
regia. Extraction tests were performed using 10 mg of material
in contact with 10 mL of uranyl solution at a concentration of
10 mg L. The pH range studied was 1 to 7, with particular
emphasis on pH values of 1 and 4.5. Kinetic studies at pH 4.5
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Fig. 4 (A) The effect of pH on uranium adsorption by MOF-808 con-

taining defects. (B) Adsorption isotherms fitted by Langmuir and
Freundlich isotherm model. Reproduced with permission from Journal.
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revealed rapid adsorption within 5 minutes for SZ-2 (72.3% of
U extracted) and within 60 minutes for SZ-3 (80.2% of U
extracted).

Other MOFs. A subclass of MOF materials are zeolitic imida-
zolate frameworks (ZIFs), which exhibit zeolite or zeolite-like
topologies, along with remarkable chemical robustness and
thermal stability.”> Among these, ZIF-8, synthesised from zinc
salt and 2-methylimidazole as a linker, has been improved by
encapsulating Fe;O, nanoparticles for uranyl extraction.>* The
encapsulation of iron particles, of approximately 10 nm in
size, inside the MOF resulted in a 26% reduction in surface
area (from 1543 to 1137 m* g™ ).

Furthermore, the stability of Fe;O,@ZIF-8 was evaluated,
showing stability over the pH range of 1 to 6. Uranium extrac-
tion involved contacting a 4 mg batch of material with 10 mL
of uranyl solution at 250 mg L ™", followed by rapid removal of
the MOF with a magnet. Kinetic studies revealed rapid adsorp-
tion within the first 30 minutes, reaching equilibrium in
2 hours. Maximum uranyl adsorption occurred at pH 3-4, with
a measured maximum adsorption capacity of 523 mg g™ *.

Comparison with ZIF-8 and Fe;O, particles showed the
order of maximum adsorption capacity to be Fe;0, <
Fe;0,@ZIF-8 < ZIF-8, although specific values were not pro-
vided. Lanthanide separation from uranyl ions gave selectivity
factors ranging from 56 for lanthanum to 132 for europium.
However, uranyl desorption with a sodium carbonate solution
at 1 mol L™" achieved only 77% uranyl recovery.

In 2024, J. Guo et al.*® investigated a new sulfur-decorated
ZIF-68 synthesized via a solvothermal route for the removal of
uranium from seawater. In addition to its ability to regenerate
at low pH, SF@ZIF-68 exhibit a maximal removal efficiency of
79.02% and an efficiency capacity of 200.83 mg g~* at pH 6.
Furthermore, SF@ZIF-68 display a 66.61% capture efficiency
and a distribution coefficient approaching 10* towards UO,**
even when vanadium ions are 3000 times more concentrated
than uranium. The dodecahedron shape of the particle
explains the efficient adhesion of sulphur groups, while the
soft acid-hard base principles favour the affinity of sulphur
group for UO,>" over hard proton ions.

In 2023, A. Das et al.’>® developed a malonitrile (MN) func-
tionalized MIL-100(Fe). The synthesis of MIL-100(Fe) and its
functionalization with MN have been previously documented
in the literature.””>*® The authors reported a removal efficiency
of 97% and an adsorption capacity of 270 mg g~ ' at 232 K and
a pH of 10. The increase in adsorption capacity at higher pH is
explained by the uranium speciation. Specifically, in solutions
with a pH of 8-10, ([(UO,)(CO;),]>~ and [(UO,)(CO3)3]*") com-
plexes were found. The coordination interactions between
U0, and C=N are significantly stronger for these complexes
compared to those at lower pH levels. Additionally, MIL-100
(Fe)_MN maintained over 90% uranium adsorption efficiency
after five adsorption/desorption cycles. Structural, morphologi-
cal, and crystallographic analyses confirmed that the
material’s integrity was preserved throughout these cycles.

C. Bi et al® studied a novel adsorbent (PCN-222-OM) for
the recovery of U(vi) in wastewater. The pH of the system sig-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic diagram of synthetic procedures of PCN-222-OM.
Reproduced with permission from Journal.

nificantly impacts the material’s adsorption capacity for U(vi),
with different functional groups exhibiting optimal pH ranges
for adsorption. The authors compared the effect of pH on U(vi)
adsorption by (PCN-222-OM) but also from its intermediaries
(Fig. 5). The initial PCN-222 exhibited a maximum adsorption
capacity at pH 4 equal to 361.4 mg g~ ', while the two inter-
mediates (PCN-222-NH,) and (PCN-222-AD) showed maximum
adsorption capacities at pH 5 of 314.5 and 306.1 mg g~ "
respectively. Finally, the studied material PCN-222-OM was
found to be optimal at pH 6, with a maximum adsorption
capacity of 403.4 mg g™

Chromium MOFs have been developed for many years,
notably at the Lavoisier Institute (France). In 2005, Férey
et al*® introduced MIL-101, which is characterized by unu-
sually large pore sizes (29-34 A). Synthesised under hydro-
thermal conditions from chromium nitrate and H,BDC,
MIL-101 exhibits stability over months in air atmosphere and
remains unaltered when treated with organic solvents. Its
large pore apertures (12-16 A) and pore size make it promising
for large molecule adsorption.

Hence, Zhang et al.*' investigated uranium extraction using
MIL-101 derivatives, leveraging MIL-101’s stability in acidic
media and sufficiently large apertures for uranyl adsorption.
They developed materials functionalised via a coordination-
based post-synthetic modification (PSM) strategy. First,
MIL-101 was heated and dried under vacuum to remove any
molecules coordinated on the Cr(u) centres.
Subsequently, ethylenediamine (ED) was introduced to coordi-
nate the coordinatively unsaturated chromium centres (CUS)
of MIL-101. MIL-101 was modified with nitrogen-based linkers
for its potential affinity for metal ions (particularly uranyl) due
to the soft donor nature of nitrogen groups (Fig. 6).

The peak intensity exhibited a slight decrease after post-syn-
thetic modification (PSM) and no modification of crystallinity
was detected by PXRD analysis for ED-MIL-101. However, the
amount of ethylenediamine (ED) grafted onto MIL-101
induced significant morphological changes on the material
surface.

Zhang et al. controlled the amount of ethylenediamine
introduced onto MIL-101, resulting in four samples labelled A,
B, C, and D, with an Ed/Cr ratios of 0.34, 0.68, 0.98, and 1.42,
respectively. N, adsorption revealed a significant reduction in
surface area with an increasing amount of ED, attributable to
the decrease in pore volume following the replacement of co-
ordinated water by ethylenediamine.

water

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Work road-map of the ED-functionalized MIL-101(Cr) through
the post-synthetic modifications. Reprinted with permission from Sci.
Rep., 5, 13514. © 2015 Nature.

Uranium extraction was investigated using batches of
100 mL of U(vi) solution at 100 ppm, with 50 mg of MOF at
varying pH levels for 10 or 48 hours; however, Zhang et al. did
not provide kinetic studies. pH optimisation resulted in com-
plete uranyl extraction at pH 4.5 for 48 hours (Q; = 200 mg
¢™"). Moreover, the maximum extraction efficiency of ED
grafted to MIL-101 was achieved with an Ed/Cr ratio of 0.68,
with varying amounts of ED leading to decreased extraction
efficiency. The diffusion of uranyl within functionalised
MIL-101 proved to be more challenging with higher ED graft-
ing on the chromium -cluster. Unfortunately, ED-MIL-101
exhibited a 58% loss in uranyl extraction efficiency after 4
cycles of reusability due to the hydrolysis of the ED grafted to
the chromium centres (back-extraction with an aqueous solu-
tion at pH < 2).

Similarly, Bai et al.>* developed two new materials based on
the post-functionalisation of coordinatively unsaturated chro-
mium centres (CUS) with ethylenediamine and diethyl-
enetriamine (DETA). These materials were compared with a
MOF called MIL-101-NH,, obtained through the nitration of
terephthalic acid followed by reduction to yield the expected
functionalised linker. Functionalisation was confirmed by
PXRD, IR, and BET analysis, and thermal stability was attested
by TGA analysis. Uranyl adsorption experiments were per-
formed with uranyl nitrate solutions ranging from 5 to
200 ppm. n batch experiments, 10 mL of uranyl solutions were
contacted with 10 mg of material, stirred for specified times at
room temperature and controlled pH. The pH effect on U(vi)
sorption was investigated over a pH range of 3 to 6. MIL-101
showed no pH effect, in contrast to the three other MOFs,
which exhibited strong pH dependence. Although the
maximum adsorption was achieved at pH 6, pH 5.5 was
chosen for subsequent sorption studies to avoid uranyl hydro-
lysis and precipitation. Adsorption equilibrium was reached
after 2 hours, with a rapid rate observed within the first

Dalton Trans., 2024, 53,17110-17122 | 17115
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30 minutes for all MOFs. Functionalisation led to maximum
adsorption capacities of 350, 200, and 90 for MIL-101-DETA,
MIL-101-ED, and MIL-101-NH,, respectively. Notably, no mor-
phological changes were observed in MEB analysis, and only a
slight decrease in peak intensity was noted in PXRD analysis
after uranyl uptake.

Back-extraction of U(vi) was achieved at more than 99% for
all materials with a solution at pH < 3. MIL-101-NH, demon-
strated reusability, while the extraction efficiency of the other
two materials decreased by 30% after U(vi) desorption, which
was attributed to CUS hydrolysis during the extraction process,
similar to ED-MIL-101(Cr) by Zhang et al.

Selectivity tests were performed for MIL-101-DETA, showing
a strong pH-dependent adsorption efficiency and higher
selectivity for competitive ions at pH 5.5 than at pH 4. The
sorption mode of uranyl on the new materials was shown to be
in good agreement with Langmuir isotherm models,
suggesting a monolayer uniform adsorption of U(vi) for
MIL-101-ED and MIL-101-DETA. Conversely, MIL-101-NH,, did
not fit well with either Langmuir or Freundlich models, prob-
ably due to a physisorption mechanism resulting from steric
hindrance of the aromatic rings. EXAFS analysis of the loaded
materials with U(vi) confirmed differences in sorption mecha-
nisms between NH, and ED/DETA functionalised MOFs.
Furthermore, FTIR analysis revealed no adsorption of nitrate
ions as counterions on the MOF surface. Combined with
EXAFS-derived distances, these results led to the identification
of the uranyl complex [UO,][NH,],0,[H,0]; for MIL-101-ED
and MIL-101-DETA. MIL-101 has opened up intriguing new
avenues for functionalisation, leveraging unsaturated chro-
mium centres to significantly enhance uranium extraction
efficiency compared to linker functionalisation. However, Li
et al. proposed an alternative functionalisation approach for
MIL-101 using click chemistry on MIL-101-NH,.*? Initially syn-
thesised from 2-aminoterephthalic acid, MIL-101-NH, was
modified via a post-synthetic route to yield two additional
materials (Fig. 7).

This approach offers a wide range of new materials owing
to the facile functionalisation of the alkyne group, which also
allows for the use of hard donors such as oxygen to increase
the affinity for uranyl. The functionalisation of the material
was monitored by IR spectroscopy, liquid 'H NMR, and PXRD.
Initially, the IR study unequivocally confirmed the formation
of azide from MIL-101(CR)-NH,, indicated by a peak at
2124 cm™". Subsequently, the disappearance of the same peak
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Fig. 7 Post-synthetic strategy based on amino-derived MIL-101 for the
effective extraction of uranium(vi). Reproduced with permission from
Journal.
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confirmed the transformation of azide group, but not necess-
arily the formation of triazole carboxylic acid. RMN after diges-
tion also corroborated formation azide group and transform-
ation. However, the formation of triazole cannot be definitively
confirmed, although the product obtained exhibited a signifi-
cant shift in aromatic peaks. Powder XRD patterns indicated
poor crystallinity for all three materials. Li et al. attributed the
broad Bragg reflection to the small particle size observed in
TEM analysis. Nevertheless, comparison with the simulated
pattern of MIL-101 confirmed the formation of chromium-
based materials, with no significant modification in PXRD pat-
terns observed after functionalisation. N, adsorption experi-
ments revealed a decrease after each transformation, from
1907 for MIL-101(CR)-NH, to 890 m* g~ " for, suggesting frame-
work distortion or pore obliteration of the materials. Uranium
sorption was investigated using batches of 1 mL of uranyl
nitrate solution contacted with 1 mg of adsorbent at various
concentrations, pH levels, and contact times.

As expected, pH exerted a significant effect on uranium
extraction for MIL-101(CR)-triazole-COOH. Relatively poor
extraction efficiency was observed below pH 3 and above pH
11. However, maximum adsorption occurred at pH 5 to 10,
probably due to protonation of the carboxylic acid below this
range, and the influence of uranyl species in solution within
this pH range on extraction efficiency. Subsequently, extraction
tests were carried out at pH 7 to avoid uranyl ion precipitation.
Kinetic adsorption showed a rapid rate within 30 minutes,
reaching equilibrium at around 2 hours, consistent with the
study of Bai et al. on MIL-101-DETA. Similar to MIL-101-DETA,
a pseudo-second-order rate model agreed well with the adsorp-
tion isotherm of MIL-101(CR)-triazole-COOH, suggesting
chemical chelation rather than physical adsorption in the
uranium sorption process. A maximum adsorption capacity of
304 mg ¢~' was measured, with an estimated value of 314 mg
g~ from the Langmuir model. This gy, is very similar to that
of MIL-101-DETA mentioned earlier, and it’s noteworthy that
the N, adsorption for this material is close to that of MIL-101
(CR)-triazole-COOH (1074 vs. 890 m* g™ ).

The selectivity of MIL-101(CR)-triazole-COOH for uranyl
over rare earths and transition metals is presented in Table 1.
MIL-101(Cr)-triazole-COOH exhibits higher selectivity for U(vi)
over transition metals such as cobalt or nickel compared to
lanthanides. Nevertheless, MIL-101(CR)-triazole-COOH
demonstrates considerable potential for uranyl uptake (Kd
approximately 18000 mL g~') and remarkable selectivity for
U(vi) over competing ions. Additionally, successful uranyl de-
sorption was achieved using a 1 M Na,CO; solution (98%
uranium recovery). Interestingly, a lower uranium recovery rate
was observed with a 1 M HNO; solution (85% uranium recov-
ery), in contrast to the acidic elution method (pH < 3) used by
Bai et al. and Zhang et al. Unfortunately, the regeneration
efficiency of MIL-101(CR)-triazole-COOH decreased by 50%
after three cycles. Uranyl uptake in seawater exhibited lower
adsorption efficiency than in water (75%). Molecular dynamics
studies elucidated the mechanisms of uranyl ion adsorption.
Simulation revealed complete uranyl extraction by MIL-101

This journal is © The Royal Society of Chemistry 2024
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Table 1 Selectivity of MIL-101(CR)-triazole-COOH for uranyl over rare earth and transition metals. Reprinted with permission from ACS Appl.

Mater. Interfaces, 8(45), 31032-31041. © 2016 American Chemical Society

C02+ Ni2+ Zn2+ Sr2+

La3+ Ce3+ Sm3+ Gd3+ Yb3+

8530.1 115.2 371 2828.1

Sum

(CR)-triazole-COOH within 5 ns, with no subsequent modifi-
cations observed after 10 ns. Most of the uranyl ions migrated
to the MOF/solution interface, with only a small fraction enter-
ing the MOF structure, in contrast to MIL-101(CR)-NH, where
approximately one third of the uranyl ions remained in solu-
tion. Protonation of the carboxyl groups reduced the binding
capacity of MIL-101(Cr)-triazole-COOH, consistent with the
uranium extraction process. Density profiles of uranyl ions
over different simulation times corroborated these results.
Carboxyl groups on MIL-101(CR)-triazole-COOH
intense binding with uranyl ions, with an average distance of
2.24 A between oxygen atoms and uranyl ions and five co-
ordinated oxygen atoms in the first coordination shell.

Using Density Functional Theory analysis, Li et al. proposed
the formation of three pentacoordinate complexes of triazole
carboxylic acid with uranyl ions. The most energetically favour-
able binding mode involved uranyl coordination in a mono-
dentate fashion with one carbonyl oxygen atom and four water
molecules. Li et al. demonstrated the efficacy of linker post-
functionalisation for chromium-based materials, achieving
extraction values comparable to those of MOFs post-functiona-
lised on CUS, but offering a wider range of binding motifs to
explore. In 2016, De Decker et al.** synthesized a new material
based on MIL-101, termed CMPO@MIL-101, in three steps as
show in Fig. 8.

The functionalisation percentage for CMPO@MIL-101 was
determined to be 0.5 mmol of CMPO per gram of MIL101. In
an initial study by De Decker et al., the adsorption of europium
and the extraction selectivity towards zinc and yttrium were
investigated. Batches containing 50 mg of MOF were exposed
to 50 mL of europium solution at various concentrations. Only
one pH value was studied, and equilibrium was reached within
5 hours. The maximum adsorption, determined using a
Lagergren pseudo-first order kinetics model, was found to be
10 mg g '. The selectivity between europium and other
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Fig. 8 Step-wise anchoring of CMPO on MIL-101(Cr). Mil-101: pristine
MOF, —Cl: chloromethylated, —NH,: aminated, MIL-101-LIG: completed
CMPO on MIL-101. Reproduced with permission from Journal.
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elements was calculated as SFEu/Y = 3.2 and SFEu/Zn = 8.5. In
2017, the same CMPO@MIL-101 material was tested for uranyl
adsorption.®® Its affinity for uranyl ions compared to various
rare earth metals was evaluated. In this investigation, batches
containing 10 mg of CMPO@MIL-101 were exposed to 5 mL of
elemental solutions at concentrations of 10 or 500 pg L™" for
30 minutes at pH 4. Remarkably, De Decker reported that the
material reached uranyl adsorption equilibrium in less than
10 minutes, indicating its suitability for use in adsorption
column setups. Furthermore, CMPO@MIL-101 exhibited no
activity for uranium adsorption at pH values below 4.
Selectivity tests revealed a favourable selectivity towards rare
earth elements (SF > 30), but significant thorium adsorption
occurred alongside uranyl (SF = 1.3).

In a column cartridge test, 10 mg of sorbent was loaded
and conditioned to the appropriate pH with nitric acid. Then,
15 mL of uranyl solution at 100 mg L™' was passed through
the column at a flow rate of 1 mL min™" for the adsorption
test. Uranyl desorption was performed with 15 mL of
ammonium oxalate solution at pH 4. The column felt testing
for 5 adsorption/desorption cycles, with full recovery of uranyl
observed each time. De D