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Highlights

e Highly stable metal-organic framework, MIL-101(Cr), for uses in aqueous, acidic adsorption

e Uranium recovery from low concentration acidic solutions

e  One-step ship-around-the-bottle synthetic approach to incorporate CMPO in MIL-101(Cr)

e Highly selective U(VI) adsorbent in competition with a high variety of metals, incl. rare earths and
transition metals

e Regenerable and reusable adsorbent via 0.1 M nitric acid stripping

Abstract

Mesoporous MIL-101(Cr) is used as host for a ship-in-a-bottle type adsorbent for selective U(VI) recovery from
aqueous environments. The acid-resistant cage-type MOF is built in-situ around N,N-Diisobutyl-2-
(octylphenylphosphoryl)acetamide (CMPO), a sterically demanding ligand with high U(VI) affinity. This one-step
procedure yields an adsorbent which is an ideal compromise between homogeneous and heterogeneous systems,
where the ligand can act freely within the pores of MIL-101, without leaching, while the adsorbent is easy separable
and reusable. The adsorbent was characterized by XRD, FTIR spectroscopy, nitrogen adsorption, XRF, ADF-STEM and
EDX, to confirm and quantify the successful encapsulation of the CMPO in MIL-101, and the preservation of the host.
Adsorption experiments with a central focus on U(VI) recovery were performed. Very high selectivity for U(VI) was
observed, while competitive metal adsorption (rare earths, transition metals...) was almost negligible. The
adsorption capacity was calculated at 5.32 mg U/g (pH 3) and 27.99 mg U/g (pH 4), by fitting equilibrium data to the
Langmuir model. Adsorption kinetics correlated to the pseudo-second-order model, where more than 95 % of
maximum uptake is achieved within 375 minutes. The adsorbed U(VI) is easily recovered by desorption in 0.1 M
HNOs. Three adsorption/desorption cycles were performed.

Keywords: Metal-Organic Frameworks e Adsorption e Uranium e Environmental Chemistry

1. Introduction

According to the International Energy Outlook Reference case (IE02016), the total world energy consumption is
projected to increase by 48% between 2012 and 2040. With renewables as the number one fastest-growing energy
source, nuclear power occupies second place with a projected annual consumption increase of 2.3%. Even though
the consumption of non-fossil fuels is expected to grow faster than the consumption of fossil fuels, the latter will
still account for 78% of the energy use in 2040[1]. Meanwhile, the world has to deal with environmental threats
caused by anthropogenic polluting emissions. Nuclear energy provides a significant part of the energy (electricity)
demand, combined with a reduction in polluting emissions. Uranium fuel will remain to play a key role in energy
production, with the rise of next generation light water reactors, which are expected to dominate the world market
in the first half of the 215t century[2]. However, as the demand for nuclear fuel rises, equal effort should be made to
close the nuclear fuel cycles (recyclability) or to optimize current processes with clear and effective waste
management strategies. At the 2012 level of uranium requirements, currently identified resources (2013) are
sufficient for over 120 years of supply for the global nuclear power fleet (5.9 million tons in the <USD 130/kg U
category)[3]. This calls for uranium extraction and recovery from sources other than the conventional orebodies.
Unconventional resources (where uranium is present as a by-product or as traces) include phosphate rocks, non-
ferrous ores, carbonatite, black shale, lignite, and seawater[3-5]. With the proper (economically feasible) techniques
at hand, these secondary resources could become viable orebodies.



For example, uranium occurs in all types of phosphate rocks with varying concentrations[6]. These rocks are usually
leached with acids, as part of the production process of fertilizers, which eventually leads to uranium containing
aqueous solutions that constitute as a secondary uranium source[7-9]. The uranium content of both the phosphate
rocks, as well as the obtained leachates, lies in the ppm range[5, 9]. In addition to uranium, many other ppm-level
impurities, such as Pb, Ni, Cu and Mn may be present[5]. Therefore, selective uranium recovery is necessary and
currently, solvent extraction processes and precipitations techniques are typically applied (industrially) to achieve
these kinds of selective separations[8, 9]. Despite their effectiveness, however, these conventional techniques
usually suffer from economical and/or environmental limitations, due to the labor-intensiveness and high usage of
chemicals that are inherent to the respective techniques[9-11].

In addition to being a key raw material for nuclear energy, uranium also causes a long-term potential environmental
hazard because of its long half-life and high radio-toxicity[12-14]. In the case of rare earth mining, uranium is often
present in the minerals via lattice substitution, resulting in radiation issues in rare earth processing[15]. Also in ion-
adsorption clays, mainly found in China, there is a considerable amount of uranium present (ppm range). These clays
are rich in yttrium and heavy rare earths (HREE), and are the main source for the world’s HREE production. No
measures are taken in controlling the uranium radiation due to its low concentrations in the clays[15]. An
appropriate method to selectively separate the uranium from these valuable rare earths is therefore desired.
These are but a few examples of uranium-containing sources that would benefit from recovery techniques optimized
for low concentrated, aqueous streams. Selective adsorption is an ideal technique to recover specific species from
such dilute solutions. Adsorbents are readily tunable to preference and the added value of easy separation and
reuse makes them perfect candidates for this field of metal recovery. Over the past decades, various materials have
been successfully applied as metal targeting adsorbents, both pristinely and functionalized, e.g., activated
carbon[16, 17], lignin[18, 19], carbon nanotubes[20], zeolites[21], clays[22], porous silicas[23, 24], metal
oxides[25]... Novel adsorbents are of high interest, not only to extract uranium from secondary orebodies for nuclear
fuel production, but also for the removal of these toxic radionuclides from waste streams and acid mine drainage[4,
11, 26-28]. Metal-organic frameworks (MOFs) could play a big role in the development of new water-applicable
adsorbents. This class of porous coordination polymers consists of highly uniform networks of inorganic metal
centers (ions or clusters), bridged with polytopic organic ligands as linkers. By varying these metal centers and/or
linkers, a vast amount of different MOFs can be synthesized, each with its specific physicochemical properties,
including water-stable MOFs [29]. Due to this remarkable versatility, MOFs have already been applied in a broad
range of research fields, such as gas storage and separation[30-33], catalysis[34, 35], separation of chemicals[36,
37], drug delivery[38, 39], magnetism[40], luminescence[41]... When dealing with aqueous metal adsorption, the
conditions are often very demanding and additional stability in acidic and/or alkaline media is required[29]. Several
types of MOFs meet these criteria, such as MOF-76, (NH,-)UiO-66, NH,-MIL-53, MIL-101(Cr)...[42, 43], which often
show remarkable stability even during long-term exposure to these conditions. Recently, it was reported that MOFs
could be applied as potential uranium adsorbents, e.g., Zn-MOF-74, Ln-MOF-76, UiO-68, and MIL-101(Cr) have been
functionalized (Zn-MOF-74, UiO-68, MIL-101) or used pristinely (Ln-MOF-76) to recover uranium from aqueous
environment[42, 44-46].

In this work, we have selected MIL-101(Cr) as a highly stable, mesoporous host for the embedment of N,N-
Diisobutyl-2-(octylphenylphosphoryl)acetamide (CMPO), a sterically demanding, commercially available ligand
known for its high affinity with U(VI). The mesoporous zeotypic MIL-101 cages with diameters of ca. 29 and 34 A are
ideal to enclose the CMPO, while the microporous cage-apertures (12 — 16 A) are small enough to contain it, yet
large enough to facilitate the transportation of metal cations through the pore network. CMPO is often used as a
highly efficient (co-)extractant for actinides and lanthanides in solvent extraction processes, such as the trans-
uranium extraction process (TRUEX)[47, 48]. The CMPO ligand was embedded in the MIL-101 host, through the
bottle-around-the-ship approach, in which the host is formed in-situ around the CMPO. This approach is cost- and
time effective, when compared to conventional adsorbent synthesis where the host is pre-synthesized, followed by
a single or multistep post-functionalization. The obtained materials were properly characterized by X-ray diffraction
(XRD), nitrogen adsorption, FT-IR spectrometry, X-ray fluorescence spectrometry and a combination of ADF-STEM
(annular dark field scanning transmission electron microscopy) and EDX (energy dispersive X-ray) spectroscopy. An
extensive U(VI) centered adsorption study was performed, including equilibrium experiments, kinetics, selectivity,
pH-influence, regeneration, and reuse, to investigate the viability of this novel material as a selective, reusable
uranium adsorbent.



2. Experimental

2.1 Chemicals and Reagents

Single-element standard solutions (1000 mg/L) for ICP-OES analysis were obtained from Chem-Lab, Belgium.
Uranium(VI) standard solution (10000 mg/L in 1% HNO3) was obtained from J.T.Baker, The Netherlands, and was
used for adsorption experiments. N,N-Diisobutyl-2-octylphenylphosphoryl) acetamide (CMPO) was obtained from
Carbosynth Ltd, United Kingdom. CdSO4 * 2 H,0 and Alz(SO4)s3 - 18 H,0 were obtained from Chem-Lab, Belgium, and
CoS04 * 7 H,0, CuS0O4 * 5 H,0, MnSO;4 * H,0, and ZnS0O4 * 7 H,0 from Merck, United States. NiSO4 * 6 H,0 and PbSO4
were obtained from UCB, Belgium. All remaining chemicals were obtained from Sigma Aldrich, Belgium. All
chemicals were used as received, without further purification.

2.2 Synthesis of Ship-in-a-Bottle CMPO in MIL-101(Cr)

N,N-Diisobutyl-2-(octylphenylphosphoryl)acetamide (CMPO, MW: 407.6 g/mol, 0.16 mmol) was ground into a fine
powder with mortar and pestle and added to a Teflon-lined autoclave containing 20 mL of deionized water.
Terephthalic acid (4 mmol) and Cr(NOs)s - 9H,0 (4 mmol) were added to this suspension (according to [49]). The
autoclave was heated to 210 °C for 8 hours (2 hours warm-up) under autogenous pressure. After cooling to room
temperature, the product was filtered off and washed thoroughly with 1 M HCI solution (at RT) and
dimethylformamide (DMF) at 60°C respectively (overnight), in order to purify the material from leftover and/or
clogged reagents. The material was once again filtered off and rinsed with acetone, followed by vacuum drying at
120 °C for 24 hours.

2.3 Characterization techniques

Different characterization techniques were applied to map the materials’ morphology, surface chemistry and
composition. Nitrogen sorption experiments were conducted at 77 K using a Belsorp-mini Il gas analyzer. Samples
were vacuum dried at 120 °C before measurements. Specific surface areas were calculated using the Langmuir and
BET method. Pore volumes were estimated at p/p0 = 0.90. FTIR (DRIFTS) spectra were recorded on a Nicolet 6700
FTIR spectrometer (Thermo-Scientific) equipped with MCT detector (Analyses performed at 120 °C under vacuum).
X-ray fluorescence (XRF) spectroscopy was used to quantify the phosphorous content of the material. The XRF
measurements were performed using an energy-dispersive Rigaku NexCG spectrometer. X-ray diffraction analyses
(powder) were performed using an ARL X’tra diffractometer (Thermo-Scientific). ADF-STEM and EDX spectroscopy
analyses were performed, using a FEI Tecnai Osiris electron microscope operated at 200 kV, equipped with a
ChemiSTEM system, to analyze the dispersion of phosphorous throughout the chromium-rich MIL-101(Cr)
environment.

2.4 Stability

The stability of the adsorbent was verified by exposure to pH 0 (either 1 M HCl or 1 M HNO3). 100 mg of adsorbent
was magnetically stirred in 50 mL of the respective acid solution for 48 hours. Afterwards, the solids were filtered
off, rinsed with distilled water and acetone, followed by vacuum drying at 120 °C. XRD and XRF solid analyses were
used to verify the material stability and leaching behavior.

2.5 Adsorption Experiments

The adsorbent was subjected to a series of adsorption experiments, including equilibrium, selectivity, kinetics, pH-
dependency, regeneration and reuse experiments. These were carried out in batch setup at room temperature (25
°C). The U(VI) equilibrium experiment was performed with varying initial concentrations (from a 1000 mg/L U(VI)
solution, 2% HNO3). The pH of the initial solutions was set to either 3.0 £ 0.1 or 4.0 £ 0.1 by adding aqueous NaOH
solution (0.1 M), followed by short sonication. These two pH levels were chosen since uranium speciation is very pH
dependent in this pH-range. The tests were performed in cylindrical plastic tubes, using 10 mg of adsorbent per 10
mL of solution (L/S: 1000 mL/g). The tubes were shaken for 24 hours to ensure equilibrium, using a GFL 3015 orbital
shaking device at 200 rpm. Each test was performed in duplicate and the average values are reported. After
filtration, using 0.45 um PET syringe filters, the filtrates (and initial solutions) were analyzed with ICP—OES (Vista
MPX, Varian). All solutions were acidified with HNOs prior to ICP-OES analysis.

The equilibrium metal adsorption capacity g. (mg/g) is calculated using the following equation:

CO _Ce
m .

de = |4



where Cpand C. are the initial and equilibrium metal concentrations (mg/L) in the solution respectively, V is the
solution volume (L) and m equals the adsorbent mass (g).

The experimental data was fitted to the Langmuir and Freundlich model, which are given respectively by the
following equations:

go = qmax-KL- Ce
¢ 14K,.C,
qe = Kr. Cel/n

where K; (L/mg) and Kr (mg/g.(mg/L)¥/") are the respective Langmuir and Freundlich constants, gmax is the maximum
adsorption capacity (mg/g), and n is a constant related to surface heterogeneity.

Selectivity experiments were conducted on a multi-element solution containing Eu(lll), Gd(III), Nd(l11), Y(l11), U(VI),
Al(I1), Cd(l1), Co(ll), Cu(ll), Mn(ll), Ni(ll), Pb(ll), and Zn(ll). The concentration of each metal was ~1 mg/L. Both the
adsorbent as well as the pristine MIL-101 were tested in this experiment. The conditions were kept identical to the
equilibrium study (L/S: 1000 mL/g and pH 4.0) and samples were filtered and analyzed in the same manner. Each
test was performed in triplicate and the average values are reported.

The affinity of the adsorbent for a specific metal is expressed by the distribution coefficient K4 (mL/g), calculated by
the following equation:

To account for analysis inaccuracies, Ky values between -30 and +30 are reported as Ky = 0 mL/g. The original data,
including standard deviations are shown in the Supporting Information Fig. S.1.

Kinetic experiments were performed with an initial U(VI) concentration of 30 mg/L (L/S: 1000 mL/g) at pH 3.0. Seven
different contact times were considered (5 min, 30 min, 60 min, 120 min, 360 min, 1320 min, and 1440 min). Each
test was performed in duplicate and the average values are reported. The experimental data was fitted to both
pseudo-first and pseudo—second-order kinetic models, which are given respectively by the following equations (non-
linear form):

qr = qe(1 —e™t)

GGkt
U= T kyqut
where g; is the amount of adsorbed metal at time t (mg/g), k1 and k; are the respective rate constants of the
Lagergren pseudo-first-order model (L/min) and the pseudo-second-order model (g/mg/min).
pH-dependency experiments were performed, in order to get information about: (1) the practical operating pH-
range of the adsorbent, (2) the pH level at which the MOF matrix no longer interacts with the adsorbate, (3) the pH
level at which regeneration experiments could be performed. The influence of pH on the adsorption was
investigated by performing experiments at three different pH levels: 0.5, 3.0, and 6.0, with an initial U(VI) solution
of 30 mg/L adjusted with either ag. NaOH (0.1 M) or ag. HNO3 (0.1 M) to the desired pH level, followed by short
sonication. The adsorption experiment was performed analogously to the equilibrium experiments.
Regeneration and reusability experiments were performed by initially saturating the adsorbent with a 100 ppm U(VI)
solution at pH 4 (setup similarly to the equilibrium experiments). Afterwards, the solids were filtered off from the
suspension and dried under vacuum, whilst the filtrate was analyzed for its uranium concentration. Regeneration
was then performed using 0.1 M HNO3, by shaking at 200 rpm for 24 hours at 25 °C (L/S: 1000 mL/g). The solids were
filtered off and dried once again, and the filtrate was analyzed for its uranium content. This comprises one cycle. A
total of three cycles were performed.

3 Results and discussion

3.1 Ship-in-a-bottle adsorbent

The CMPO-containing MIL-101 was synthesized through a so-called “bottle-around-the-ship” approach, in which the
adsorbent matrix is formed around a molecule of interest. Ideally, this molecule is then trapped in the system, but
can still act freely and unhindered within the pores of the host, hence the name of this approach. A ship-in-a-bottle
system is a perfect compromise between homogeneous and heterogeneous analogues. The effectiveness of a free
homogeneous ligand or other moiety (catalytic complex, biomolecule...) is combined with the advantages of
heterogeneous systems (easy separation and reuse). The way several frameworks of MOFs are built up makes them



very interesting for this kind of systems, and already several reports have been published where MOFs are used as
matrices for ship-in-a-bottle catalytic systems[50-56]. To our knowledge, MOFs have not yet been applied as ship-
in-a-bottle matrix for adsorbents. In this work, MIL-101(Cr) was selected as matrix, owing to its unique
characteristics. This particular MOF is both mesoporous and a cage-type MOF (as mentioned above), and is therefore
suitable to encapsulate rather bulky molecules (chelating ligands), which are often used as selective complexants.
The cage structure itself is made up of microporous windows (12 — 16 A), which can prevent such bulky moieties
from leaving the cages (Fig. 1). In addition, MIL-101(Cr) is one of the few mesoporous MOFs possessing an excellent
stability in both acidic and alkaline aqueous environments (short- and long term)[43, 57, 58]. All of these qualities
make the MIL-101(Cr) a perfect candidate for uses in aqueous adsorption environments and as a host for the “bottle-
around-the-ship” approach.

Fig. 1. Visualization of a CMPO molecule trapped in an individual MIL-101(Cr) cage. Three different angles of the cage are represented. The
CMPO ligand is visualized in the ball-stick manner, whereas the MIL-101 cage is represented as a wireframe, for clarity reasons. (High-
resolution images are provided in the supporting information, Fig. S.2)

3.2 Material characterization

Fig. 2 shows the DRIFTS spectra of the pristine MIL-101(Cr) and the ship-in-a-bottle CMPO in MIL-101, hereafter
called MIL-101-Ship. By comparing both spectra to the included pure CMPO spectrum, the presence of CMPO in the
structure can be successfully confirmed. A clear indication of aliphatic and aromatic C-H stretches in the MIL-101-
Ship spectrum is visible around 2850 — 3000 cm! and 3010 — 3050 cm! respectively. Phosphine oxide (P=0)
stretching vibrations are observed around 1100 cm-! and an additional aromatic C-H out-of-plane bending vibration
is visible as well around 690 cm-1. Other characteristic vibrations of the CMPO are not clearly discernible due to
either the overlap with vibrations inherent to MIL-101, or because of the limited ligand loading in the material. Fig.
3 shows the N;-sorption isotherms and XRD diffractograms for MIL-101 and MIL-101-Ship. In both of the nitrogen
adsorption isotherms, the characteristic MIL-101 isotherm shape can be recognized, which indirectly confirms that
the addition of CMPO to the synthetic mixture did not prevent the hydrothermal formation of MIL-101. This is
further confirmed by XRD where the MIL-101 crystallography is clearly observed in both patterns. Table 1 shows the
specific surface areas and pore volumes, as well as phosphorous content (wt. %) as detected by XRF. The calculated
CMPO loading (mmol/g) is added as well.
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Table 1. Numerical Nz>-adsorption data and loading calculations of MIL-101(Cr) and MIL-101-Ship.
Specific Surface Area - | Specific  Surface | Pore volume V, | Pcontent (wt. %) CMPO loading
Langmuir (m?/g) Area - BET (m?/g) (mL/g) (mmol/g)
MIL-101(Cr) 3400-3500 2500-2600 1.29 - -
MIL-101-Ship 3200 2365 1.15 0.28 £ 0.03 0.09 £0.01*

*for reference: MIL-101 contains ~0.14mmol cages/g when pore volume = 1.3 mL/g

A small reduction in Langmuir surface area (as well as BET surface area and pore volume) is observed in the MIL-
101-Ship, which can indicate the loading of the CMPO ligand inside the MOF. This reduction correlates well to the
rather low CMPO loading. Via phosphorous XRF analysis, a loading of ~0.3 wt.% P was found, correlating to ~0.1

mmol CMPO/g. In addition to these powder analyses, the phosphorous-chromium ratio was calculated based on

EDX data, demonstrating an average phosphorous loading of 0.12 mmol P/g, which is in good agreement with the
initial XRF analysis. ADF-STEM and EDX imaging was applied to observe the MIL-101-Ship structure and P dispersion,




respectively. Highly crystalline particles with the typical MIL-101 truncated octahedron morphology and preferential
{111} faceting are present. Phosphorous is found to be well dispersed throughout the material (Fig. 4).

Ry 60 nm 60 nm

Fig. 4. (a)ADF-STEM image of a MIL-101 crystalline particle recorded along the [011] zone axis. (b,c) chromium (green) and phosphorous
(white) EDX mapping, showing well dispersed P throughout the Cr-rich environment. Additional ADF-STEM images can be found in the
Supporting information Fig. S.3.

3.3 Adsorbent Stability

An important requirement for adsorbents (and heterogeneous systems in general) is material stability. In the case
of aqueous metal adsorption, a water-stable adsorbent is required, preferably with a high resistance to acidic
conditions (adsorption/regeneration). In order to assess the MIL-101-Ship’s resistance to these conditions, stability
experiments were conducted in 1 M HCl and 1 M HNO3. Based on XRD (Supporting information, Fig. S.4), the
adsorbent shows a perfect resistance to both acidic conditions. This was already confirmed by Van Der Voort et al.
for HCI[43]. Through XRF (phosphorous content analysis) it was found that no CMPO leached out during the acid
treatments, which confirms that the CMPO is trapped within the cages of the MIL-101.

3.4 Adsorption Studies

Selectivity

Adsorption of U(VI) in the presence of various competing ions was performed with the MIL-101-Ship adsorbent and
the pristine MIL-101, and evaluated in terms of the Kd values (Fig. 5). MIL-101-Ship shows a very high selectivity
towards uranium, with nearly no uptake of the competing ions, which include both REEs (Eu, Gd, Nd, Y) and other
cations (Al, Cd, Co, Cu, Mn, Ni, Pb, Zn). Fig. S.1 of the Supporting Information zooms in on the competing metals. It
appears that the pristine MIL-101(Cr) possesses some affinity for U(VI) as well. We believe this is due to the presence
of various hydroxylated uranium species ([(UO2)x(OH),]?*Y), next to the dominant uranyl (UO,2*) species, at pH levels
of ~ 4 and above. These hydroxylated species could weakly adsorb on the MIL-101 metal-oxide clusters. As the pH
increases (> 4), more hydroxylated species are present instead of uranyl[59] and the interaction with MIL-101
increases, according to Bai et al.[45], who postulated that the multi-nuclear hydroxide complexes of U(VI) may be
favored by the MIL-101.
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pH-dependency

The results are visualized in Fig. 6. At pH 6, both materials are active, with an increased uptake observed for MIL-
101-Ship. At this pH level, hydroxylated uranium species are dominant, which might explain the affinity with the
matrix (as mentioned above). At pH 3, U(VI) is entirely present as uranyl (UO,%*) and no interaction with the matrix
should be expected. Indeed, only MIL-101-Ship adsorbs U(VI), whereas the pristine MIL-101 shows no uptake at all,
which is a direct confirmation of the activity of CMPO within the cages of the MOF. At pH 0.5, none of the materials
are active in the adsorption of U(VI). This result is interesting with respect to regeneration of the adsorbent, where
a low pH could be used to effectively desorb the uranium.
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Fig. 6. U(VI) adsorption capacity in function of the pH for MIL-101-Ship (red) and the pristine MIL-101 (blue). Co(U) = 30 mg/L, L/S: 1000 mL/g,
T=25°C, t=24hrs.



Equilibrium study

A U(VI) equilibrium study on MIL-101-Ship was performed at two pH levels (3.0 and 4.0), as the uranium speciation
at both pH levels might results in different adsorption characteristics. A continuous increase of U(VI) adsorption at
both pH levels was observed with increasing initial uranium concentrations. The experimental data was fitted to the
Langmuir and Freundlich models, both of which are frequently used to describe the adsorption mechanism of metals
onto heterogeneous systems[60, 61]. Table 2 gives an overview of the obtained adsorption parameters for each
model at the respective pH level. At pH 3, a good correlation is found with both models, however, regardless of the
comparable correlation coefficient (R?), the Langmuir model is deemed more suitable as it concerns metal
adsorption through complexation with the CMPO ligand. This was also demonstrated by the pH-dependency study.
The calculated maximum adsorption capacity via the Langmuir model is 5.32 mg U/g at pH 3. At pH 4, an increased
U(VI) uptake was observed, which is again in line with the results for the pH dependency experiments. Both the
Langmuir and Freundlich models have a similar high correlation, but selecting either of these is not straightforward,
since at pH 4 a fraction of the uranium is present as UO,OH* which can interact with the framework. Besides,
adsorption of multinuclear uranyl hydroxide complexes would lead to a substantial increase in uranium uptake.
Nonetheless, as most of the uranium at pH 4 is present as uranyl, the Langmuir model was used to estimate the
maximum adsorption capacity at ~28 mg U/g. The Langmuir isotherms for both pH 3 and pH 4 are plotted in Fig. 7.
Both the Langmuir and Freundlich isotherms can be found in the Supporting information, Fig. S.5.

Table 2. Adsorption parameters of U(VI) on MIL-101-Ship at pH 3 and pH 4, fitted to Langmuir and Freundlich models.

Langmuir Freundlich
Gmex (me/e) K (L/me) R? n Ke (me/g (L/me)™") R?
pH 3 5.32 0.0215 0.9760 2.05 0.3833 0.9771
pH 4 27.99 0.0066 0.9833 1.43 0.4503 0.9894
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Fig. 7. U(VI) adsorption isotherm for MIL-101-Ship, fitted to the Langmuir model. pH: 3.0 and 4.0, L/S: 1000 mL/g, T = 25 °C, t = 24 hrs. Average
value of duplicates.



Table 3 gives an overview of the MIL-101-Ship adsorption performance, compared to other reported MOF-based
U(VI) adsorbents. On a pure capacity basis, our MIL-101-Ship does not surpass these reported adsorbents. This is
mainly due to the limited amount of cages per gram in MIL-101 (0.14 mmol cages/g for a pore volume of 1.3 mL/g),
which determines the amount of ligand which can be loaded into the structure. At ~0.09 mmol CMPO/g, we obtain
a ~65 % theoretical filling ratio (assuming on average 1:1 ligand:cage). If each of these ligands were able to
coordinate with one uranyl ion (which is generally the reported stoichiometry[44, 62]), the theoretical maximum
uptake would be ~24 mg U(VI)/g (framework affinity and multinuclear complex coordination left aside). By
normalizing the U(VI) adsorption to an active site basis (mg U(VI)/mmol active site), the MIL-101-Ship becomes
competitive with the other reported adsorbents, and future work on improving the ligand loading could increase
the uptake performance even further. Moreover, MIL-101-Ship excels at its zero-leaching behavior and high affinity
for U(VI) with almost no competitive metal uptake.

Table 3. Overview of reported MOF-based U(VI) adsorbents and their adsorption performance, compared to MIL-101-Ship.

Adsorbent Saturation pH | Active sites | Capacity/Active Ligand Selectivity for | Reference
capacity (mmol/g) site (mg/mmol) Leaching u(vi)
(mg/g) (1 run)

MIL-101-Ship 5.32 3.0 | 0.09 59 0% Highly over Al, | This work

Cd, Co, Cu, Mn,
Ni, Pb, Zn, Y, Eu,

27.99 4.0 | 0.09 310 Gd, Nd
MIL-101-NH. 90 5.5 | 1.63 55 0% NM [45]
MIL-101-ED* 200 5.5 | 1.28 156 30%* Highly over Co, | [45]
Ni, Zn, Sr, La, Nd,
Sa, Yb
MIL-101-DETA* 350 5.5 | 0.72 486 30%* Highly over Co, | [45]
Ni, Zn, Sr, La, Nd,
Sa, Yb
MOF-76 300 3.0 | - - - Highly over Sr, | [42]

Cs, Cr, Co, Ni.
Medium over

Pb, Zn
UiO-68-P(0)(OEt)2 217 2.5 | ligand:linker - NM NM [44]
1:1
Zn(H3BTC)(L).(H20)2 115 2.0 | NM** - - NM [63]
Zn-MOF-74 w/ | 360 40 | 08 450 NM NM [46]

Coumarin (11.7 wt%)

ED: ethylenediamine, DETA: diethylentriamine, H3BTC: 1,3,5-benzenetricarboxylic acid, L: N4,N4’-di(pyridin-4-yl) biphenyl-4,4’-
dicarboxamide), *: grafting via coordinatively unsaturated sites (CUS), **: ligands embedded in MOF structure, NM: not
mentioned.

Kinetics

To evaluate the adsorption rate of U(VI) by the MIL-101-Ship, a series of identical adsorption tests were conducted
with varying contact times (five minutes to 24 hours). The experiment was performed at pH 3.0, in order to obtain
adsorption solely by the CMPO and avoid matrix interaction (see pH dependency). The experimental data was fitted
to two kinetic models, namely the pseudo-first and pseudo-second-order model (Table 4). The best fit, namely
pseudo-second-order, was plotted in Fig. 8. Both fits are also provided in the Supporting information, Fig. S.6. The
pseudo-second order model indicates that the rate-limiting step is the surface adsorption that involves
chemisorption, in which the removal of adsorbate from a solution is a result of physicochemical interactions
between both phases[64]. The adsorption kinetics of U(VI) and other metal cations on ligand-functionalized
adsorbents have often been described with pseudo-second-order kinetics[45, 65-67]. From this model, it can be
calculated that after 375 minutes, over 95 % of the maximum U(VI) uptake is achieved and the adsorption gradually
equilibrates. Within the first hour, 75 % uptake is achieved. In practical applications, a sorbent with fast kinetics but
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smaller maximum uptake is often preferred over high uptakes and slow kinetics, and thus, the obtained kinetic
profile is suitable for uses in adsorption column setups (dynamic conditions)[68].

Table 4. Parameters of the pseudo-first-order and pseudo-second-order kinetic models for adsorption of U(VI) on
MIL-101-Ship. Co: 30 mg/L, pH: 3.0, L/S: 1000 mL/g, T = 25 °C.

Pseudo-first-order model Pseudo-second-order model

de (mg/g) k1 (L/min) R? de (calc) (mg/g) ka2 (g/mg/min) R?

3.05 0.0308 0.935 3.23 0.016 0.975
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Fig. 8. Adsorption kinetics of U(VI) on MIL-101-Ship, fitted to the pseudo-second-order kinetic model. Co(U) = 30 mg/L, L/S: 1000 mL/g, T =
25 °C, pH = 3. Average value of duplicates.

Regeneration and Reuse

Nitric acid (0.1 M) was used as regenerant, as a result of the pH dependency experiments. The results are plotted in
Fig. 9. Stripping efficiencies of ~98% are obtained. A total of three complete cycles were performed. A constant
uptake of about 10 mg U/g is observed, only slightly decreasing throughout the cycles. As three batch
adsorption/desorption cycles comprise over 140 hours of turbulent contact with the acidic aqueous environment,
additional XRD and XRF solid analyses were performed to investigate the adsorbent’s resistance to this long-term
exposure. The MIL-101 structure was found to remain perfectly intact, according to XRD, and the loss of CMPO was
nearly negligible (<5%), confirming the remarkable stability of the adsorbent.
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Fig. 9. Reusability results for MIL-101-Ship over three consecutive cycles, using 0.1 M HNOs as regenerant. L/S: 1000 mL/g, T = 25 °C,
adsorption pH = 4.0.

4 Conclusion

We have reported the innovative combination of a highly water-stable MOF with selective chelating ligands, through
a facile, cost-effective ship-in-a-bottle synthetic approach, yielding an effective adsorbent for uranium recovery
from aqueous environments. The adsorbent consists of N,N-Diisobutyl-2-(octylphenylphosphoryl)acetamide
(CMPO) trapped inside the cages of the MIL-101(Cr), making it an ideal compromise between homogeneous and
heterogeneous systems. The synthesis comprises a one-step procedure and yields a leaching-free material with a
loading of 0.09 mmol CMPO/g. The adsorption performance for U(VI) was investigated through an extensive
adsorption study, including selectivity experiments, pH-dependency, equilibrium, kinetics, regeneration, and reuse.
A very high selectivity was obtained for U(VI), with almost no uptake from competing metals, including rare earths
and transition metals. The maximum adsorption capacity was calculated via the Langmuir model at 5.32 mg U/g (pH
3)and 27.99 mg U/g (pH 4). Kinetic experiments show that 75 % of the maximum uptake is achieved within the first
hour of adsorption, after which the adsorption gradually equilibrates. Furthermore, the adsorbent can be effectively
regenerated using 0.1 M HNO3, and used for at least three cycles of uranium adsorption/desorption. It can therefore
be concluded that the ship-in-a-bottle CMPO in MIL-101 system may be an efficient and feasible adsorbent for U(VI)
recovery from aqueous environments, for instance as an effective uranium sequester in rare earth rich clay leachates
or waste streams in phosphate rock processing. These streams are often neutralized to slightly acidic pH (4 - 5) in
order to precipitate elements such as iron and thorium[15]. This is a suitable environment for our adsorbent to
purify the obtained leachate from uranium. Besides, a selective adsorbent could be an ideal end-of-line technique
to further increase the uranium recovery rate in industrial processes using solvent extractions.
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