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ARTICLE INFO ABSTRACT

Keywords:
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The effects on the uranium extraction efficiency of the functionalization method of three kinds of functionalized
silica materials were evaluated in low sulfate (pH = 2) and high sulfate (pH = 1) solutions, with compositions
representative of typical effluents from uranium mines and leaching solutions from uranium ore treatment,

gfrgzgrl:' respectively. Silica supports were functionalized with amidophosphonate moieties either by peptide grafting or
Extractionl by non-covalent impregnation. Prior to impregnation, the surface of the silica supports was modified with either
Capacity alkyl chains or ionic liquid groups. The selectivity of the modified silica supports for uranium was determined in
Selectivity the presence of iron and molybdenum as competing cations. Our results show that both incorporation methods
Sulfate yield materials with good extraction efficiency and selectivity in low sulfate solutions. EXAFS data indicate that
EXAFS uranyl species have to first be desulfurized to be extracted by the phosphonate ligand. This process appears more
energetically favorable for the impregnated ligands than for the grafted ones under high sulfate conditions; likely
because the grafted ligands compete less efficiently with the bidentate sulfates coordination in uranyl coordi-
nation sphere.
Introduction The efficiency and selectivity of the uranium extraction process

Solid phase extraction (SPE) is a particularly attractive process to
selectively recover low-concentration uranium from acidic aqueous so-
lutions. Its two main advantages compared with liquid/liquid extraction
are that the process is solvent-free and compact, with the possibility of
performing extraction and back-extraction in separate locations. For
example, ores can be extracted on mining sites and then back-extracted
in a purification center after transportation. A well-investigated SPE
strategy for the removal of uranium ions from aqueous effluents has
been to functionalize metal oxide particles, [1] mesoporous silica [2-4],
carbon supports [5-8] or MOFs [9,10] using specific organic complexes
and also by photocatalytic reduction of U(VI) [11,12].

Among these, carbamoylalkylphosphonates have been shown to
have good liquid-liquid uranium extraction properties in (acidic) phos-
phate [13,14] and sulfate [15] solutions. These bifunctional amido-
phosphonate ligands have a high distribution factor for U(VI) extraction
and are highly selective versus Fe(III) in acidic solutions [16] both in
solvent extraction [17-19] and SPE [20-22].
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depend on a variety of parameters. In liquid-liquid processes, the most
important parameters are the nature of the solution (e.g. sulfate or
phosphate), the presence of competing cations (Fe and/or Mo for
example), and the chemical nature of the ligands and their concentration
in the organic phase. In the liquid-liquid extraction of uranium from
phosphate or sulfate solutions with carbamoylalkylphosphonates for
example, it has been shown that the extraction mechanism depends on
the phosphate or sulfate concentration: the more phosphate/sulfate
there is in the solution, the higher the ligand-to-uranium ratio has to be
for uranium complexation [23].

All these parameters may also affect the efficiency of SPE processes.
For example, we maximized uranium extraction from low sulfate acid
solutions by adjusting the length and the steric hindrance of the alkyl
chain of carbamoylalkylphosphonates grafted onto a silica support [24].

However, the mesostructure of the solid phase and the distribution of
the ligand inside the pores are also important. We have shown previ-
ously [20] that the uranium extraction capacity and selectivity of silica
materials depend on the initial size of the pores into which the organic

access article under the CC BY-NC-ND license
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structures are grafted.

Whereas in liquid-liquid processes the ligands are fully accessible,
this is not the case in SPE where ligand accessibility depends strongly on
the arrangement of the organic structures inside the silica pores. The
present study investigates how different modes of insertion of the same
carbamoylalkylphosphonate ligand into the same mesoporous silica
support can be used to obtain various arrangements of the organic
moieties in the pores of the support. These arrangements on the surface
of the pores are then linked with the uranium extraction efficiency in
SPE in terms of extraction capacity (isotherm) and selectivity towards Fe
and Mo.

Materials and methods
Material design

Fig. 1 shows how the ligand (Di-2-EthylHexylCarbamoyleEthylButyl
Phosphonate, referred to in the following as DEHCEBP) was attached
onto the same Davisil 60 (D60) silica support either by grafting via a
covalent peptide bond as described by Charlot et al. [20] (grafted@D60)
or by impregnation onto D60 prefunctionalized silica with alkyl chains
(AdsC8@D60) or with ionic liquid chains (AdsMiMBr@D60).

Effluent solutions

Mining effluents vary in sulfate concentrations and composition.
Therefore, two sulfuric acid solutions were selected and compared in
this study: a low sulfate, low competing cation (Mo and Fe) uranium
solution typical of mine effluents (referred to hereafter as the “low
sulfate” solution), and a high sulfate high Fe and Mo solution typical of
leaching solutions from uranium ore treatment (referred to hereafter as
the “high sulfate” solution). The pH was adjusted using sulfuric acid and
the desired [SO4]2’/ [U] ratio was achieved by adding sodium sulfate.
For the solutions with competing ions, Fe was added as iron sulfate
(Fe3(SO4)307H20) and Mo as sodium molybdate (NagMoOj4). The initial
compositions of the studied solutions are given in Table 1.

The impact of the initial sulfate concentration on the uranium
extraction capacities of the studied materials was analyzed using solu-
tions with and without competing ions (Mo and Fe), to separately
evaluate the effects of the functionalization method on the uranium
extraction capacity and selectivity of the materials.

0 o
\i:,o\/
N \
OH
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Grafted@D60
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Table 1
Initial compositions of the studied uranium-containing solutions.
Solution U(mg/ Fe(mg/ Mo pH  [SO41%7/
L) L) (mg/L) [U]
Low Isotherm 119 - - 2 50
Sulfate Selectivity 119 12,5 29,5 2 50
High Isotherm 400 - - 1 900
Sulfate Selectivity 400 5000 57 1 900
Chemicals

All organic reagents were used as received from Aldrich, Acros and
Fluka. Solvents were purchased from Acros, Pro-Labo, Fluka, and
Aldrich. Anhydrous solvents were obtained from Acros.

Materials synthesis

Di-2-EthylHexylCarbamoylEthylButyl Phosphonate (DEHCEBP) was
prepared as described by Turgis et al. [16] The grafted and impregnated
materials were synthesized in two steps (Fig. 2). Commercial meso-
porous silica supports (Davisil60, Aldrich) were pre-functionalized by
direct silanization with either commercial aminopropyltriethoxysilane
(APTES), octyltrimethoxysilane or 1-methyl-3- [3-(triethoxysilyl)pro-
pyllimidazolium bromide obtained as described in the literature, [25,
26] respectively yielding NH,@D60, C8@D60, and MiMBr@D60.
Amidophosphonate moieties were then attached. The grafted material
(grafted@D60) was prepared by peptide coupling as previously
described [27]. The impregnated materials were prepared as follows:
2.5 g of previously prefunctionalized silica (C8 @D60 or MiMBr@D60)
was mixed with 25 ml of dichloromethane containing 1.2 mmol of
DEHCEBP in a 50 mL round bottom flask for 3 h The final materials
(AdsC8@D60 and AdsMiMBr@D60) were obtained after evaporation of
the solvents and overnight vacuum drying.

Further experimental details and data on the ligand and the prepared
materials are provided in the supporting material (“I-ligand” for DEH-
CEBP and “II-Materials” for the final materials).

Analytical techniques

Solution 'H, 3!P and '3C NMR spectra were recorded on a Bruker 400

AdsMiMBr@D60

Fig. 1. Schematic diagrams of the studied amidophosphonate materials.
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Fig. 2. Schematic summary of the two-step process used to synthesize the studied amidophosphonate materials.

ultrashield VS spectrometer (Larmor frequencies, 400.13 MHz for H,
161.976 MHz for 3'P, 100.613 MHz for '3C) using deuterated chloro-
form as the solvent and internal standard. Solid-state cross-polarization
magic-angle spinning (CP-MAS) 3C, 3P and 2°Si NMR spectra were
recorded on a 400 MHz Bruker Avance spectrometer. The samples were
spun at 10 kHz. Triphenylphosphine oxide was used as internal standard
to quantify the 3'P contents of the materials.

Attenuated total reflection (ATR)-FTIR experiments were carried out
using a Nicolet iS50 device equipped with an ATR element (a diamond
crystal plate). The data obtained were processed using Omnics 9.2
(Thermo Electron Corporation). A background spectrum was recorded
prior to each experiment so that the contributions of carbon dioxide,
water vapor and diamond crystals to the spectrum could be subtracted.
Each spectrum was obtained as an average of 32 scans in the range
400-4000 cm™! at 4 cm™! resolution. ATR corrections were applied
during processing.

The uranium, iron and molybdenum concentrations used to calculate
the extraction capacity and selectivity of the materials were measured in
the extraction experiment solutions by ICP-AES (2% nitric acid; Analytik
Jena PlasmaQuant PQ9000).

Nitrogen sorption—desorption isotherms were measured at —196 °C
using a Quantachrome Novatouch LX3 surface area and pore size
analyzer. Samples were degassed at 90 °C for 24 h prior to analysis.
Surface areas were calculated using the Brunauer-Emmett-Teller (BET)
method. Pore sizes were taken as the maximum of the corresponding
distribution calculated using the Barrett-Joyner-Halenda (BJH)
method. Total pore volumes were calculated using the volume of
adsorbed gas at P/Py=1. The nitrogen sorption isotherm and pore size
distribution calculated using the BJH method for each support are given
in Table S1 in the supporting material.

Ligand concentrations per gram of solid (t;, mmol.g™!) were
measured by thermogravimetric analysis (TGA; Mettler Toledo), an
approach validated by Charlot et al. [20] by comparison with carbon
and nitrogen analysis. About 20 mg of material was placed in a 70 uL
alumina pan and heated from 303 to 1273 K at 5 Kemin~! under 30
mLemin~! air flow. Ligand concentrations were also measured by
quantitative 3'P NMR. A sealed vial containing a known amount of tri-
phenylphosphine oxide was added as internal standard alongside the
sample, and the mass of amidophophonate in the material was deter-
mined by comparing the respective integrated intensities of the two 3'P
NMR signals.

Uranium extraction experiments

Sorption isotherms were measured in the absence of competing ions
to determine the maximum extraction capacity of the materials, and
extraction selectivity experiments were conducted separately to eval-
uate the effect of competing cations. For the sorption isotherm experi-
ments, approximately 50 mg of solid was added to a series of flasks, each
one containing different volumes of the considered solution. The solid/
liquid ratios (Wg/;, mgemL ') ranged from 2 to 10 in the low sulfate
solution and from 5 to 50 in the high sulfate solution. The extraction

experiments were performed in batch mode at 25 °C under shaking for
24 h after 48 h of conditioning in the absence of uranium. Previous work
with the same kind of ligand grafted onto silica with various pore sizes
showed that equilibrium was reached within 5 h, meaning that the 24 h
extraction time allows to reach equilibrium [20].

To measure the selectivity of the materials in the presence of
competing ions, uranium extraction experiments were performed under
saturated conditions, as identified from the previous sorption isotherms.
The solid/liquid ratios in the low and high sulfate solutions were 2.8 and
5.0, respectively. The extraction experiments were carried out using the
same protocol as for measuring the sorption isotherms.

After the extraction experiments, the studied materials were sepa-
rated from the liquid phase by filtration through a 0.22 um cellulose
acetate membrane. The concentrations of ions in the liquid phase before
and after contact with the functionalized solid were measured by ICP-
AES. These values were then used to calculate the extraction capacity
at equilibrium (Qx ), namely the mass or amount of uranium extracted
per gram of solid:

\%
Qe = [Xi = Xy &)
where X; and Xeq (mgoL*1 or mmolsL 1) are the uranium concentrations
in the solution respectively before contact and at equilibrium between
the solid and the solution, V is the volume of the solution (L) and mis the
mass of the solid sample (g).

The measured concentrations of ligand (ty, mmol-g’l) inside each
solid support were used to determine the required ligand to uranium
molar ratio (L/U) for each material:

TL
L/U= 2
/ QU.c ( )

If all ligand molecules are accessible for extraction, L/U gives the
stoichiometric coefficients of the complexes formed inside the pores of
the material during extraction.

The selectivity factor (SF) of the materials for uranium in the pres-
ence of Mo and Fe as competing ions was calculated using Eq. (3):

Oxe
SFi,( _ Qy.A: 3)

X];

Yl;

Isotherm modeling

The measured uranium extraction isotherms were fitted with the
Langmuir model or the Freundlich model. The Langmuir model is given
by:

_ szuKI [U]eq

C1+K (U, “)

Ou,

with
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[U]eq' [L] ([U]eq (Qmax - QU.cq)

1

where Kj, the Langmuir constant, is a measure of a material’s affinity for

the targeted element; [LU] is the concentration of ligand-uranium

complexes on the surface of the material, [L] is the concentration of
free ligand, [Ulf (mmol-g’l) is the uranium concentration in the liquid
phase after contact with the solid phase (at equilibrium), and Qnqx and
Qu,eq (mmol. g’l) are the maximum and equilibrium uranium extraction
capacities.Qy,. was obtained from the experimental data and Eq. (5) can
be linearized as follows:

[Ul,, 1 [Ul,,
= 6
Ove Ko Qo ©
The Freundlich model is given by:
Ih
0. = K,([01,,) @)

Where K, is the Freundlich constant and n a constant.
X-ray absorption spectroscopy

Extended X-Ray absorption fine structure (EXAFS) spectra of the
initial high sulfate uranium solution (pH = 1.5) and of the three inter-
mediate (D60, C8@D60, MiMBr@D60) and functionalized (graf-
ted@D60, AdsC8@D60 and AdsMiMBr@D60) materials after contact
with this uranium solution were recorded at the MARS beamline of the
SOLEIL synchrotron (Saint-Aubin, France) at 2.75 GeV and 450 mA. This
beamline is equipped with a water cooled Si(220) double crystal hori-
zontal focusing monochromator. A 13-element HPGe solid-state detector
(ORTEC) was used to collect the data in fluorescence mode. The
monochromator was energy-calibrated using the yttrium K edge at
1,117,038 eV for uranium measurements. All measurements were per-
formed at room temperature in 200 pL double-layered cells specifically
designed for radioactive samples.

The data were processed with the ATHENA code [28]. After energy
calibration, the Eg value was set to the maximum of the uranium ab-
sorption edge (17.177 keV). The EXAFS signal was extracted by sub-
tracting a linear pre-edge background and a combination of cubic spline
functions for the atomic absorption background; the data were then
normalized using the Lengeler-Eisenberg method. The pseudoradial
distribution functions were obtained by Fourier transform in k3y(k) with
ATHENA [28] between 3.5 and 13.4 A™! for uranium. The fit quality is
determined using R-factor and reduced y? both calculated with the
ARTEMIS module [28].

The back-scattering amplitude and the phase-shift function were
obtained from FEFF 8.4 calculations [29] performed on model struc-
tures. At the uranium Ly edge, the fitting operations were all performed
in R-space over individual radial distances for the three first-shell scat-
tering paths and the two second-shell scattering paths. U-Oy multiple
scattering path were also included with parameters constrained as twice
the values of the corresponding single spattering path. In one hand the
Debye-Waller factors for the four longer coordination shell (62 Os» o2 ol
6211, 62 12) were constrained to previously reported values. This was
decided to allow a reliable comparison between coordination numbers
(CN) for each sample and limit correlation between 62, CN and 502. In
another hand, for the main contribution from the Oy; short bonds it is the
coordination numbers that is set to 2 because the uranyl structure is
known to be very rigid. It allows both the 62 oyl and So2 to be considered
as floating parameters [22].

Chemical Engineering Journal Advances 9 (2022) 100225

Results and discussion
Structural characterization

During prefunctionalization (with amino groups for the grafted
material, alkyl chains or ionic liquid groups for the impregnated mate-
rials), the silane groups attach to the surface of the silica support via one
R-Si(0Si)(OR’)2 bond (T1 mode, R = 3-aminopropyl, Octyl or 3-BrMiM-
propyl, R’ = hydrogen or an ethoxy group), two R-Si(OSi)2(OR’) bonds
(T2 mode), or three R-Si(0Si)3 bonds (T3 mode). We have previously
presented 27Si solid-state NMR spectra of these materials [24] that show
that the organic moieties are mainly linked to the silica surface in T2
mode—implying the presence of silica-linked ethoxy groups—and in T3
mode [30]. The same results were obtained in the present study (Sup-
porting Material{ II Materials). The attachment of the desired organic
groups (aromatics for MiMBr@D60, alkyls for NHo@D60 and C8@D60)
was also confirmed by !3C solid state NMR, with the observation of
peaks assigned to carbamoylalkylphosphonates as well.

The peak at 1644 cm™! (vp.on, phosphonate) observed in the FTIR
spectra of all three materials (Fig. 3) confirms the presence of the ligand
inside the materials. The IR band at 3150-3088 cm ! (V—c—n, aromatic
imidazole), only found in the spectrum of AdsBrMIM@D60, confirms the
presence of the ionic liquid moiety, while the IR band at 1550 cm™!
(vc—o, amide) found only in the spectrum of the grafted@D60 material
confirms, alongside the NMR data, that the carbamoylphosphonate
molecules are anchored to the silica surface.

The nitrogen adsorption isotherms recorded for the materials (Fig. 4)
show that the volume of adsorbed gas decreases as the materials are
functionalized, consistent with the immobilization of organic species on
the surface of the pores of the silica support, whose concentrations were
measured by 31p NMR (Table 2). These data allow the volume occupied
by the ligand inside the materials (L/DVqqs) to be calculated using Eq.
(8).

L/DVass = 11/ ((VatsttaxStep1) — (VatsarStep2)) ®

where Vagsmax corresponds to the volume at P = Py in the nitrogen
adsorption isotherms.

The concentration of ligand in the grafted@D60 material (0.29
mmoleg~!) measured here by 3!P NMR is in agreement with the value
measured previously using the same approach [20] confirming the
reproducibility of the method. The concentrations of ligands in the
impregnated materials were slightly higher: 0.32 mmoleg™! in
AdsC8@D60 and 0.34 mmol/g in AdsMiMBr@D60. Since the added
amidophosphonates moieties are similar, they should occupy similar
volumes inside the pores and indeed, similar [L]/ Vads values were
obtained for the three materials.

The purity of the ligands immobilized on the supports after the
second synthesis step was monitored by 3!P solid state NMR (Fig. 5). A
single signal was observed for the grafted material, as we previously
reported, proving amongst other spectra that the material was correctly
functionalized. Following a similar behavior, impregnated samples tend
to have a single singlet around 26 ppm on the 3'P NMR spectrum.

Extraction of uranium from sulfuric acid solutions

Speciation studies have shown that in sulfate solutions, uranium is
present as uranyl monosulfate UO2(SO4)(aq), disulfate UOZ(SO4)22’ and
potentially as trisulfate UOZ(SO4)34’ groups [31,32]. Since both the
solutions studied here had low pH and sulfate was in excess, the pre-
dominant species was uranyl disulfate UO(SO4)2>~ with mono- or
bidentate coordination, the former predominating at low
sulfate-to-uranyl ( [SO4]2’/ [U]) ratios and the latter predominating at
high sulfate-to-uranyl ratios [31]. The complexes formed are
UOZ(SO4)2(HZO)HZ’ with n varying from 3 to 1 depending on the sulfate
concentration [31].
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Fig. 3. Fourier-transform infrared spectra with corresponding schematic representations of the three studied materials.
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Fig. 4. Nitrogen adsorption isotherms of the three studied materials and of the initial Davisil 60 silica support.

Table 3 summarizes the results obtained from extraction experiments
under saturated conditions performed with the non-functionalized “in-
termediate” materials to discriminate the effects of the different groups
(silanol, amino, alkyl, and MiMBr groups) present on the surface of the
pores.

In the low sulfate solution, the only material that extracted detect-
able quantities of uranium was NHy@D60, indicating that under these
conditions, of the different surface species, only amino groups extract
uranium, as reported previously [20]. The extraction capacity of the
amino groups is very low moreover, less than 10% of the total capacity
of the final material (see below). In the presence of competing cations,

the only detectable extraction capacities were for Mo with the materials
NH@D60 and MiMBr@D60, with very low values in both cases
(Table 3).

In the high sulfate solution, none of the three “intermediate” mate-
rials extracted any U, Fe or Mo from the solution, meaning that the
uranium extraction capacities of the functionalized materials are
exclusively due to the amidophosphonate ligands.

Uranium extraction from a low sulfate solution

As observed previously for the grafted material [20], Fig. 6a shows



A. Dressler et al.

Table 2

Adsorption properties and ligand concentrations in the prefunctionalized and

final materials.

Material SBET Vadsmax T L/AVgs
(mzog’l) (cm3og’1) (mmolog’l) (mmolecm )
D60 520 0.79 -
(+16) (+0.02)
NH,@D60 374 0.63 0.83 (+0.04) -
(+11) (+0.02) (TGA)
Grafted@D60 336 0.48 0.29 (+0.01) 1.00 (+£0.06)
(£10) (£0.01) (3P NMR)
C8@D60 409 0.67 0.73(£0.04) -
(+12) (+0.02) (TGA)
AdsC8@D60 274 (£8)  0.41 0.32 (+0.01) 1.07(+0.06)
(£0.02) (3P NMR)
MiMBr@D60 353 0.66 0.15 (+0.01) -
(+11) (+0.02) (TGA)
AdsMiMBr@D60 176 (+5)  0.29 0.34 (+0.01) 1.02(+0.06)
(+0.01) (P NMR)

that all three materials have a good affinity for uranium in the low
sulfate solution; the extraction capacity increases rapidly before leveling
off at 30-40 mgeg ! once the equilibrium concentration is reached. The
data are well fit by Langmuir isotherms (R? > 0.99, Table 4). Based on
the Langmuir constants (K)) of the three materials, these results suggest
that the most selective for uranium is AdsMiMBr@D60, and the least
selective is grafted@D60.

Fig. 6b shows the ligand-to-uranium ratios obtained from these data.
At equilibrium in the grafted material (in the absence of competing ions)
only about 2.4 ligand molecules are required to extract each uranyl ion,
in agreement with previous results [22], suggesting that under these pH
and sulfate conditions, the uranyl equatorial plane consists of two li-
gands bonded in monodentate fashion via a phosphonate group, two

monodentate sulfate groups and a water molecule.
For AdsC8@D60, Fig. 6b shows that on average, roughly 2.7 ligand

148

236

()
Fal
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molecules are required to extract one uranyl ion. This ratio is similar to
the grafted material’s considering that the remaining amino groups on
the surface can also extract a little uranium in this medium, as shown
above (Table 3). The ligand/uranium ratio for AdsMiMBr@D60 at
equilibrium is slightly lower, at about 2.0, suggesting that the ionic
liquid moieties facilitate the migration of uranyl groups into the organic
layer and/or arrange the amidophopshonate moieties in such a way as to
promote the formation of complexes with uranium. This result is
consistent with the higher uranium affinity of this material suggested by
the extraction isotherms (Fig. 6a).

Fig. 7. shows the selectivity factors calculated using the extraction
capacities measured for U, Fe and Mo.

Selectivity factors greater than 1 mean that the material is selective
for uranium over Fe and Mo whereas values less than 1 mean that the
material has a higher affinity for the competing ion. In agreement with
the Langmuir modeling results, Fig. 7 shows that the grafted material is
the least selective. Regarding the selectivity for uranium versus iron and
molybdenum, it seems that the functionalization method only has a
minor effect on the extraction mechanisms for these competing ions, but
that the impregnated materials are the most selective.

Uranium extraction from a high sulfate solution

In the high-sulfate solution and in the absence of competing cations,
the results obtained (Fig. 8) suggest that the mode of attachment of the
amidophosphonate moieties on the surface of the pores in the silica
support has a greater effect than in the low sulfate solution. At equi-
librium, roughly 2.6 ligand molecules are required per uranyl ion in the
grafted material, compared with about 2.1 in the two impregnated
materials. Langmuir Model does not describe the sorption isotherm of
the grafted material as well as the ones obtained with the impregnated
materials. The Freundlich model show a better fit to describe the
behavior of the grafted material (R = 0.9875), suggesting a more

20 60 40 20 0 -20

Fig. 5. Magic-angle spinning 31p NMR spectra of grafted@D60 (left), AdsC8@D60 (center) and AdsMiMBr@D60 (right) (Larmor frequency 161.976 MHz for 31p).

Table 3

Extraction capacities of the studied materials before functionalization with amido-phosphonate ligands.

Low Sulfate solution

High Sulfate solution

Material Isotherm solution (U) Selectivity solution (U, Fe, Mo) Isotherm solution (U) Selectivity solution (U, Fe, Mo)
Qu Qu Qre Qmo Qu Qu Qre Qmo
Cg@D60 0* 0* 0* 0* 0* 0* 0* [
MiMBr@D60 0% 0 0% 1.6 £ 0.1 0* 0* 0% 0
NH,@D60 3.2+1.4 1.7+ 1.4 [ 1.7 £ 0.3 0* 0* 0* 0*

Extraction capacities in mgeg '
" Below ICP-AES detection limit.



A. Dressler et al.

50
40+ ] 4 %
®
530 e R TR ¢
: X3 n T
g ] . * é
G2 o .
IS
104 B Ad
SC8@D60
® AdsMiMBr@D60
o ¢ Grafted@D60

0 10 20 30 40 50 60
Ugq (Mg.L™)

(a)

Chemical Engineering Journal Advances 9 (2022) 100225

6
Py m AdsC8@D60
® AdsMiMBr@D60
54 # Grafted@D60
2 f
1S
£ *
231 ¢ g LI
£ ¢ Y e o 4
224 ° ¢ o o
3
14
0 T T T T

0 0.05 0.1 0.15 0.2 0.25

Ugq (mmol. L")

(b)

Fig. 6. (a) Uranium extraction isotherms measured for the three studied materials in the low sulfate solution and fits of the data using a Langmuir model. (b) The

corresponding ligand/uranium ratios in the three materials.

Table 4
Langmuir modeling of uranium extraction isotherms for the three studied
materials.

Solution/Material Qmax K R?
(mgeg™ ") (Lemg ™)

Low Sulfate Solution

Grafted@D60 33.78 0.14 0.9895
AdsC8@D60 27.86 2.74 0.9996
AdsMiMBr@D60 40.98 27.11 0.9997
High Sulfate Solution

Grafted@D60 32.57 0.01 0.9707
AdsC8@D60 36.90 0.19 0.9992
AdsMiMBr@D60 40.65 0.16 0.9994

heterogeneous surface.

Hennig et al.’s data [31] indicate that the disulfate uranyl complex in
this solution consists of two sulfate groups in bidentate coordination and
a water molecule. The energy required to break these bidentate
sulfate-uranyl bonds and form phosphonate-uranyl bonds in the
complexation process may explain why the Langmuir constants for the
three materials are much lower than in the low sulfate solution
(Table 4). In the high sulfate solution, the two impregnated materials
have similar Langmuir constants. These results suggest that the limited
mobility of the grafted ligand makes it unable in this configuration to
adapt to the geometry of the uranyl ions and compete with sulfate
complexation due to higher sulfate concentration in this solution.

In the presence of competing ions, both impregnated materials are
highly selective for U versus Fe and Mo (Fig. 9) while the grafted ma-
terial is not. Table 3 shows that the functional groups present on the
surface before functionalization with amidophosphonate moieties are

SFE,

HH

™

25

[ ISFWo

1.6
0.9

AdsC,@D60 AdsMiMBr@D60 Grafted@D60

Fig. 7. Selectivity factors for U extraction versus Fe and Mo in the low sulfate solution for the three functionalized silica materials.
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Fig. 9. Selectivity factors for U extraction versus Fe and Mo in the high sulfate solution for the three functionalized silica materials.

not involved either in uranium or in competing cation extraction under
these conditions. One of the many possible explanation is that the
impregnated ligands might coordinate more easily with the uranium
species in solution, probably because their non-covalent attachment
affords greater mobility, and are therefore better suited to extract ura-
nium from high sulfate solutions. We thus performed an EXAFS study of
the uranium environment under high sulfate conditions to check for
differences between the grafted and adsorbed materials.

EXAFS investigations of uranyl extraction

In our previous EXAFS study of the uranium environment of the
grafted material under low sulfate conditions [22], we concluded that
the amidophophonate moieties bond with U is through a phosphonate
group in a monodentate fashion. The first coordination sphere of the
uranyl ions is then assumed to be completed by two monodentate sulfate
ions and one water molecule. We hypothesized that in a high sulfate

medium, the decomplexation energy would be higher because of the
energy costs of breaking the sulfate-uranyl bonds and forming
phosphonate-uranyl bonds.

To verify this hypothesis (that sulfate-uranyl bonds have to be
broken in the high sulfate solution), Uranium Ly; edge EXAFS spectra
were acquired for the initial high sulfate uranium solution, the three
intermediate materials and the three amidophosphonate functionalized
materials.

The EXAFS spectroscopy data were fitted to evaluate the chemical
groups in the material and their interactions. The pseudoradial distri-
bution obtained by Fourier transform of the k-space oscillation between
2.5 and 13.4 A™! is shown in Fig. 10. The spectra were then fitted in R-
space between 1.1 and 5 A In the extraction conditions used, five
different groups (sulfate, silicate, phosphonate, carbonyl and water) can
interact either in a mono- or a bidentate fashion with the uranyl inner
sphere. The expected distances (from the literature) corresponding to
each possible uranyl complex are listed in Table 6.
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As described previously, [20] the uranium coordination shell must
be fitted with two short trans-dioxo oxygen atoms (Oy)), because in its
oxidation state +VI uranium forms an actinyl ion. In addition, the
equatorial uranyl shell can be fitted with two distinct oxygen subshells
restricted as a short (2.25-2.45 A, Og) and long, (2.45-2.55 10\, Or)
bonds. These ranges were chosen to distinguish between potential co-
ordination groups and because the resolution, inversely related to the
maximum wave vector (AR = n/2kmayx), limits the EXAFS resolution.

The EXAFS oscillations were recorded between 2.5 and 13.4 A~ in k-
space, allowing bond lengths to be discriminated to within 0.1 A. To
reduce the number of free variables and allow a reliable comparison
between coordination numbers, the Debye-Waller factors (6) values
were kept fixed at literature values. The Og and Oy, coordination number
was left free as well as the second shell L; and Ly. In contrast, the Oy

Table 5

coordination value was fixed to 2 and its 6> considered as a variable
value. The EXAFS parameters obtained from the fits are listed in Table 6.

In the initial solution and the three intermediate materials (without
phosphonate ligand), the only heteroatom species considered were
sulfates and silicates.

In the initial high sulfate uranium solution, the equatorial plane is
best fitted with three to four shorter (Os) oxygen bonds at 2.36 A (Og in
Table 6) and two longer (Or) oxygen bonds at 2.5 A (Oy, in Table 6). This
Oxygen splitting can be attributed to the presence of sulfate groups as
this involves oxygen bonds different from water molecules (see Table 5).
This is confirmed by the second shell fit that provides a more precise
description of the uranyl neighborhood (see Table 6). The peak at 3 A (R
+ @) is attributed to bidentate sulfur atoms in the second shell at 3.13 A
while the absence of any contribution at 3.77 A indicates that no

List of uranyl shell and subshell interactions according to previous reports and the corresponding restrictions for fitting the EXAFS spectra.

Atom R (A) o2 (10\2) EXAFS Fit restrictions
1st sphere Silicate O, bidentate [33] 2.26 0.0057 0Og (2.25-2.45 A) A% = 0.0045
Sulfate O, monodentate [31] 2.27 0.0075
Silicate O, monodentate [33] 2.29 0.0035
Phosphonate O,monodentate [34] 2.35 0.0024
Sulfates O, bidentate [31] 2.40 0.0055
Phosphonate O, bidentate [34] 2.50 0.0039 0O, (2.45-2.55 A) A% = 0.006
Water O [22] 2.49 - 2.55 0.006
2nd sphere Silicate Si, bidentate [33] 2.72 0.0034 Siy,
Phosphonate P, bidentate [35] 3.10 [o] Sy; A% = 0.006
Sulfates S, bidentate [31] 3.11 0.06
Silicate Si, monodentate [36] 3.58 [4] [4]
Sulfates S, monodentate [22] 3.65-3.67 0.009 Smono A2 =0.009
Phosphonate P, monodentate [34] 3.92 0.0056 Prnono A2 = 0.008
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Table 6
Summary of the parameters used to fit the EXAFS spectra of studied materials.
High sulfate solution D60 C8@D60 MiMBr @D60 Grafted @D60 AdsC8 @D60 AdsMiMBr @D60
R-factor (%) 1.9 2.6 2.7 3.2 1.1 1.4 0.9
S|;,2 1 1 1 1 0.94 0.77 0.94
AE, (eV) 2.0 —0.6 6.3 1.2 1.6 2.3 2.9
Oyle CN 2% 2% 2% 2% 2% 2% 2%
o? (10\2) 0.0014 0.0028 0.0023 0.0032 0.0025 0.0024 0.0031
R (A) 1.76 £ 0.01 1.76 £ 0.01 1.78 £ 0.01 1.75 £ 0.01 1.76 £ 0.01 1.76 £ 0.01 1.76 £ 0.01
Os CN 29+1 2.3+0.74 3.3+1.2 1.7 +£0.3 29+1 3.2+1.2 23+1.3
6% (A% 0.0055* 0.0055* 0.0055* 0.0055* 0.0055* 0.0055* 0.0055*
RA) 2.36 + 0.04 2.25+0.03 2.30 £+ 0.04 2.28 +£0.02 2.3 £0.05 2.3 £0.02 2.32 £ 0.07
oL CN 22+04 48+ 1.4 0.8+1.3 4.6 +£0.2 23+1.5 3.0+1.1 20+21
6% (A% 0.0055* 0.0055* 0.0055* 0.0055* 0.0055* 0.0055* 0.0055*
RA) 2.5 £+ 0.06 2.44 + 0.02 2.6 £0.2 2.46 £+ 0.01 2.45 + 0.06 2.44 +0.03 2.44 + 0.08
L1 CN 1.8+ 0.4 22+05 1.8+0.8 2.6 £0.4 1.0+ 0.4 0.5+0.3 0.4 +£0.3
6% (A% 0.0060* 0.0060* 0.0060* 0.0060* 0.0060* 0.0060* 0.0060*
R (;\) 3.13 £ 0.02 3.11 £ 0.02 3.15 £ 0.03 3.15+0.01 3.14 £ 0.03 3.24 £ 0.06 3.14 £ 0.05
L2 CN 0 12+1 1.4+17 05+1 0.5+ 0.5 1.7 £ 0.9 1.5+ 0.7
¢% (A% 0.0090* 0.0090* 0.0090* 0.0090* 0.0090* 0.0090* 0.0090*
R (;\) 3.77 £ 0.06 3.67 £ 0.07 3.76 £ 0.09 3.76 £ 0.06 3.89 £ 0.12 3.86 £ 0.04 3.91 £ 0.04

CN, Coordination number.
" fixed values, 6% Debye-Waller factor; R, uranium-atom distance.

monodentate sulfate is detected. In short, the EXAFS data for the high
sulfate solution are consistent with a uranyl equatorial plane consisting
of almost two bidentate sulfate groups completed by water molecule.
This results agrees well with previous measurements in similar condition
by Hennig [31].

In the C8@D60 samples, the oxygen shell is similar to the one
observed for the initial uranium solution but with slightly more short
oxygen atoms but much less long. This overall short U-Oeq distances is
consistent with the lower average coordination number compared to the
initial solution. In the second coordination sphere, the L; shell distance
and coordination number is still consistent with bidentate sulfate groups
whereas a small amount of Ly is detected corresponding to monodentate
sulfate groups. This is consistent with the hydrophobic nature of the
octyl chains found on the surface of C8@D60, suggesting that uranium-
disulfate may be destabilized by these octyl chains.

In the D60 and MiMBr@D60 samples, the equatorial plane is best
fitted with the two types of bonded oxygen atoms in the first shell
reaching a minimum values, with bond lengths either close to 2.25 A (Og
in Table 6), attributed to monodentate sulfate groups (Table 5), and with
bond lengths close to 2.44 A (O, in Table 6), attributed to bidentate
interactions with sulfate groups. Looking further at the second shell
confirms this interpretation: the peak at 3 A (R + ¢) is best modeled by
bidentate sulfur atoms in the second shell at 3.13 f\, while the peak at
3.67 A can be assigned to monodentate sulfur atoms. In both cases (in
the D60 and MiMBr@D60 materials), the uranyl atom appears to be
surrounded by close to two bidentate sulfate groups and monodentate
sulfates. This is consistent with the hydrophilic functions on the surface
of D60 and MiMBr@D60, respectively siloxane and methylimidazolium,
suggesting that uranium may lies within these chains as anionic uranyl
tetrasulfate.

To summarize, in all samples without phosphonate ligands, the
uranyl ions appear to be surrounded by bidentate sulfate groups. In the
high sulfate solution, the coordination sphere is completed by at least
one water molecule, except in the C8@D60 sample and monodentate
sulfate in the MiMBr@D60 material and in D60 which appear to be in
the vicinity of the uranyl ions.

For the three amidophosphonate-functionalized samples, the second
coordination sphere become more difficult to read. Heteroatoms (P, S
and Si) from sulfates, silicates and phosphonates results into similar
second shell distances and the fits interpretation depends on both co-
ordination shell interrelation. In all three cases, the equatorial plane is
best fitted with two types of bonded oxygen atoms at 2.3 A, consistent
with monodentate sulfate or phosphonate, and at 2.45 A, consistent with
bidentate sulfate and possibly bidentate phosphonates. The results
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obtained for the materials without phosphonate ligands unambiguously
indicate that bidentate sulfate groups are the predominant coordination
mode of sulfate in the system. In grafted and adsorbed materials, both
the 2.45 A interactions (O in Table 6) and the U-L; at 3.15 A assigned to
bidentate moieties, decrease. In the second shell, the L1 coordination
number decreases from about 2 for materials without phosphonate to 1
and 0.5 for the grafted and adsorbed samples respectively. Both results
(first and second coordination sphere) indicate a decrease in the
bidentate sulfate coordination mode, higher for adsorbed samples than
for the grafted one. Concomitantly the longer U-Ly bond length at
3.86-3.91 as well as the short Og 2.30 A increase. This lenght increases
consistently while the amount of bidentate sulfate ligands decrease, and
this U-Ly bonds is too large to be attributed a monodentate sulfate (U-
Smono 1S expected at 3.75 A whereas the measured UL, is 3.9 A). This
signal can thus be assigned to monodentate phosphonate atoms. Alto-
gether, these results are consistent with a substitution of bidentate sul-
fate ligands by phosphonate groups in all three samples. Moreover it
states that this effect is twice more pronounced for the adsorbed samples
in comparison to the grafted one. Although the species making up the
first coordination sphere of uranyl cannot be firmly identified, the sec-
ond sphere seems to be consistent with the results of the extraction ex-
periments and the formation of 1:2 U/L complexes.

Indeed, the fact that in both impregnated materials, the peak at
3.86-3.91 A can be attributed to two monophosphonate groups is
consistent with the ligand/uranium ratio in the absence of competing
ions, confirming that two amidophosphonate moieties are required to
complex uranyl. The peak at 3.14 A attributed to bidentate sulfates has a
coordination of 0.5, while the coordination number in the initial solu-
tion is 2, indicating that the number of bisulfate ions around uranyl falls
drastically as the latter interact with the impregnated materials.

In the grafted material in contrast, the peak at 3.89 A can be
attributed to 0 or at most 1 monophosphonate group while the bidentate
sulfate peak at 3.14 A accounts at least for 1. This is consistent with the
grafted material being outcompeted for uranyl by the bidentate sulfate
groups found in this high sulfate solution.

As suggested above, the EXAFS analysis confirms that uranium
complexation by phosphonate groups requires the breaking of bidentate
sulfate-uranyl bonds and formation of phosphonate-uranyl bonds. The
EXAFS data are also consistent with the interpretation that this process is
less likely to occur in the grafted materials than in the impregnated
materials because the energy barrier in the case of the (less mobile)
grafted ligands is higher than for the impregnated ligands.
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Conclusion

This study shows how the functionalization method used to prepare
extraction materials can affect the uranium extraction mechanism and
the extraction efficiency. Various functionalized silica materials were
investigated as uranium extractants in two sulfuric acid solutions with
and without Fe and Mo as competing cations: a low sulfate solution, and
a high sulfate solution. Silica supports were functionalized with ami-
dophosphonate moieties either by peptide grafting or by impregnation
after different surface modifications.

Our results show that both types of material had good extraction
efficiency and selectivity in the low sulfate solution. In the high sulfate
solution, the impregnated materials extracted uranium more efficiently
and more selectively with respect to Fe and Mo than the grafted material
did, whose extraction capacity was much lower at the higher sulfate
concentration. EXAFS data support the interpretation that the grafted
functional groups compete poorly for uranium with the bidentate sul-
fates found in the high sulfate solution, in contrast with the impregnated
ones, with two amidophosphonate moieties required to extract one
uranyl ion, the same ratio as observed in the low sulfate solution. These
observations suggest that the bidentate sulfate-uranyl bonds (in solu-
tion) are replaced by phosphonate-uranyl bonds with the ligands present
on the surface of the pores in the materials. Impregnation affords more
flexibility to the ligands than grafting does, and thus reduces the energy
required for desulfurization. This may explain the higher extraction
capacity and selectivity of the impregnated materials. Impregnated
materials seem therefore to be the best candidates to extract uranium
from high sulfate solutions. Their ability to be fully recycled, eluted and
reused is currently being studied.
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