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HIGHLIGHTS

Efficient functionalization of silica beads
by formaldehyde-crosslinked urea.

U(VD) and Th(IV) maximum sorption ca-
pacities ~1-1.2 mmol g~ *, at pH 5.
Uptake kinetics fitted by the pseudo-first
order rate.

Efficient metal desorption with HCl solu-
tions; stability at sorbent recycling.

A flowsheet is proposed for selective re-
covery of U(VI) and Th(IV).
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ABSTRACT

Urea and thiourea have been successfully deposited at the surface of silica beads (through one-pot reaction with form-
aldehyde) for designing new sorbents for U(VI) and Th(IV) recovery (UR/SiO, and TUR/SiO, composites, respec-
tively). These materials have been characterized by FTIR, titration, elemental analysis, BET, TGA, SEM-EDX for
identification of structural and chemical properties, and interpretation of binding mechanisms. Based on deproton-
ation of reactive groups (amine, carbonyl, or thiocarbonyl) and metal speciation, the optimum pH was ~4. Uptake ki-
netics was fast (equilibrium within 60-90 min). Although the kinetic profiles are fitted by the pseudo-first order rate
equation, the resistance to intraparticle diffusion cannot be neglected. Sorption isotherms were fitted by Langmuir
equation (maximum sorption capacities: 1-1.2 mmol g~ !). Thermodynamics are also investigated showing differences
between the two types of functionalized groups: exothermic for TUR/SiO, and endothermic for UR/SiO,. Metal de-
sorption is highly effective using 0.3-0.5 M HCl solutions: total desorption occurs within 30-60 min; sorption/desorp-
tion properties are remarkably stable for at least 5 cycles. The sorbents have marked preference for U(VI) and Th(IV)
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Selectivity issues
Application to acidic leachates

over alkali-earth and base metals at pHq ~4.8. By preliminary precipitation steps, it is possible “cleaning” ore leach-
ates of pegmatite ore, and recovering U(VI) and Th(IV) using functionalized silica beads. After elution and selective

recovery by precipitation with oxalate (Th-cake) and alkaline (U-cake), the metals can be valorized.

1. Introduction

The development of new sorbents and new sorption processes is driven by
dual strong incentives at national and international levels such as: (a) the ne-
cessity to minimize the impact of industrial activity on the environment (in-
cluding water body compartment) (Rosenberg et al., 2016; Xie et al., 2019),
and (b) the development of recycling strategies (to save primary resources,
optimize global uses, and promote independent sourcing of strategic targets)
(Sun et al., 2016; Swain and Mishra, 2019). Metal ions are important contrib-
utors to the contamination of water bodies due to the discharge of industrial
wastewater containing hazardous contaminants (which are accumulative in
the food chain and may have high toxicological impact) (Bleise et al., 2003;
Zhang et al., 2011). The high demand on metals for high-tech applications
(for example, rare earth elements, REEs) (Swain and Mishra, 2019), the
high tension on base and precious metals made strategic the development
of processes for recovering these metals from secondary sources (tailings, in-
dustrial wastes, or sub-marginal ores) (Wu et al., 2017). The nuclear power
industry requires the supply of uranium, which is frequently associated with
thorium in most geological resources (Gabriel et al., 2013).

In most cases, the first step in the recovery process from these mineral or
material resources consists of leaching steps (Abhilash and Pandey, 2013;
Zhang et al., 2016), followed by concentration and separation processes,
such as solvent extraction (Wu et al., 2018) (including extractant impreg-
nated sorbents (Mosleh et al., 2020), and membranes), precipitation
(Borai et al., 2016; Hamza et al., 2019) (eventually coupled to bioreduction,
(You et al., 2021)). The sorption of uranium was investigated using differ-
ent types of sorbents such as ion exchange resins (Ang et al., 2017;
Smirnov et al., 2017), chelating resins (Ang et al., 2018; Zidan et al.,
2020), mineral sorbents (Gladysz-Plaska et al., 2018; Liao et al., 2019),
biosorbents (Dabbagh et al., 2018; Hamza et al., 2021; Nuhanovic et al.,
2019; Ozudogru and Merdivan, 2020), biobased char (Ahmed et al.,
2021), or iron-based materials (Chen et al., 2017). Composite materials
(Liu et al., 2020b; Yilmaz et al., 2020) (Kamal et al., 2021; Liu et al.,
2021a; Liu et al., 2021b) (Wang et al., 2021), and metal-organic frame-
works (Li et al., 2021) have also retained a great attention requiring fre-
quently complex synthesis methods.

Apart the proper reactivity of OH groups at the surface of SiO,, these
materials are very efficient for elaborating composite sorbents; indeed, sil-
ica particles and beads bring useful stable mechanical properties and highly
porous characteristics. In addition, the specific porosity of silica may con-
tribute to expand the specific surface area of polymer-based composites.
The functionalization of these surfaces allows increasing the reactivity
and selectivity of these sorbents. A wide diversity of functional groups
have been immobilized at the surface of silica-based supports, including
amino-acids (Ismail et al., 2020; Yang et al., 2018), amino-compounds
(Amesh et al., 2020b; Hamza, 2019; Wamba et al., 2018), organic acids
(Amesh et al., 2020a; Kouraim et al., 2019), phosphorous-based moieties
(Giannakoudakis et al., 2021; Guo et al., 2017; Sarafraz et al., 2017; Yang
et al., 2019), sulfonic groups (El-Magied et al., 2018), amidoxime groups
(Xiao et al., 2018; Yin et al., 2017; Yin et al., 2015), cyclodextrin and
macrocycles (Barbette et al., 2004; Liu et al., 2016).

Urea- and thiourea-based sorbents have been successfully used for the
sorption of uranium or thorium. These functional groups were grafted on
biopolymers such as chitosan (Orabi et al., 2018; Wang et al., 2020), cellu-
lose (Orabi, 2019), or their derivatives impregnated in synthetic resin (such
as Amberlite XAD-16) (Merdivan et al., 2001). Urea-formaldehyde (Ertan
and Guelfen, 2009; Kirci et al., 2009) and thiourea-formaldehyde (Gezer
et al., 2011; Muslu and Gulfen, 2011) (Elwakeel et al., 2020; Hao et al.,
2014) resins have already shown their interest in sorption applications.
Urea-formaldehyde resin (synthesized as micron-size particles) were also

directly used for uranium recovery (Hao et al., 2014; Ma et al., 2020): sorp-
tion reached an optimum at pH 5-6 with equilibrium time close to 180-240
min and a maximum sorption capacity around 0.42 mmol U g~ *. There is a
need for developing simple synthesis procedures for elaborating highly re-
active composite materials having good mechanical stability, fast kinetics
of sorption and good regeneration properties.

The complementary properties of silica-based materials (mechanical
and textural characteristics) and urea/thiourea reactivity (amino- and
thio-based groups) clearly highlight the potential interest of directly
grafting urea-based compounds on silica supports. A very simple process
is applied in this work for the coating of silica beads by the condensation
of urea or thiourea at the surface of the material using formaldehyde as
the crosslinking agent in acidic solution. Depositing the functionalized
polymers as a thin layer at the surface of silica beads is supposed to offer
several advantages such as higher mechanical stability, and both higher ac-
cessibility and availability of reactive groups (specific surface area), com-
pared with bulk polymer (including improvement of mass transfer
properties).

The urea-formaldehyde resins have been investigated for metal binding
(including uranyl removal) showing some limitations in terms of mass
transfer and sorption performances (maximum sorption capacities). Herein,
the concept is based on the association of a stable mechanical core (silica)
with a polymer coating (shorter diffusion layer for enhanced mass transfer).
The coating layer allows producing micro-size objects that can be efficiently
separated by settling and sieving (contrary to nanometer sizes that would
be required for single urea-formaldehyde resins for reaching short equilib-
rium times). In addition, the second objective of this work consisted in eval-
uating the beneficial/antagonist effect of substituting urea with thiourea in
terms of sorption performances and binding mechanisms. This concept is
relatively simple (one-pot coating step on pre-formed silica beads) not in-
volving complex modifications or sophisticated supports as may consist
when functionalization steps are required or when using for example
metal organic framework. Another benefit of this study consists of the test-
ing of the process with real effluents (an aspect frequently underestimated).

In this study, the sorption properties of urea- and thiourea-
functionalized silica beads (UR/SiO, and TUR/SiO, respectively) are com-
pared for the recovery of both U(VI) and Th(IV), first from synthetic solu-
tions, before applying the sorbents to the treatment of pre-treated
pegmatite-ore leachates.

2. Materials and methods
2.1. Materials

Thiourea, urea, acetic acid, and formaldehyde solution (ACS reagent
37% w/w) were purchased from Sigma-Aldrich (Merck, Darmstadt,
Germany). Silica particles were obtained from Asahi Chemicals, Co Ltd.,
Osaka (Japan). Uranyl nitrate hexahydrate (UO5(NO3)»,6H50) was sup-
plied by SPI Supplies (West Chester, PA, USA). Acetone was purchased
from Chron Chemicals (Qionglai, China). Thorium nitrate hydrate (Th
(NO3)4xH,0) was obtained from Otto Chemie Pvt. Ltd. (Popatwadi, Mum-
bai India). Bromofom was supplied from Adwic (Qaliubiya, Egypt). Other
chemicals were purchased from Prolabo products (VWR, Avantor Group,
Fontenay-sous-Bois France). Reagents were used as received (reagent
grade).

2.2. Synthesis procedures

For the synthesis of UR/SiO, and TUR/SiO,, 7.2 g of Urea (UR) or Thio-
urea (TUR) were dissolved in 20 mL of demineralized water, respectively.



The solution was transferred into a 100-mL round bottom flask (equipped
with a condenser); 10 g of silica were introduced in the reactor. Formalde-
hyde (37% w/w aqueous solution; 7.2 mL) was added into the reactor, the
pH of the suspension was turned to acidic medium (pH close to 3) by using
glacial acetic acid (1 mL). The mixture was refluxed at 90 + 3 °C, under vig-
orous agitation, for 5 h. The white precipitate was collected by filtration
and rinsed with acetone, before being air-dried at 60 °C overnight. The
final product for both UR/SiO, and TUR/SiO, weighted ~18.9 g; this
means a grafting yield of ~95%. The synthesis route is illustrated by
Scheme 1. The synthesis of sorbents took place in water system instead of
solvent to avoid the use of hazardous solvents and decreasing the synthesis
cost. The polymerization reaction was operated under air atmosphere. The
yield of grafting was determined through the average ratio of the total
weight of the final polymers and the weight of reagents (monomers, re-
agents, etc.). This interaction is supposed to proceed through the reactive
surface of silica beads via the interaction of hydrophilic groups present on
the polymer composite. This was reported in previous work for the grafting
of amine moieties on mesoporous silica. This hypothesis is based on the
possibility of siloxyl groups on the silica surface to be coupled with various
hydrophilic agents as monomers and functional groups without processing
surface pre-functionalization.

2.3. Characterization of materials

FT-IR spectra were acquired using a Shimadzu-IRTracer-100 FT-IR spec-
trometer (Shimadzu Instruments, Tokyo, Japan). The samples (dried at 60
°C) were grinded and mixed with KBr (1%, w/w) before being pressed to
form compact KBr discs for FTIR transmission analysis. The C, O, H, S,
and N contents were determined using a 2400 Series II CHNS/O elemental
analyzer (Perkin-Elmer, Waltham, MA, USA). The thermogravimetric
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analysis was performed using a TG-DTA Netzsch STA 449 F3 Jupiter equip-
ment (NETZSCH-Geratebau, GmbH, Selb, Germany) under N, atmosphere.
The morphology of composite sorbents was characterized by scanning elec-
tron microscopy (SEM) using a Phenom ProX (Thermo Fisher Scientific,
Eindhoven-Netherlands), while the semi-quantitative surface analyses
were achieved by energy dispersive X-ray analysis (integrated to Phenom
ProX SEM). The textural properties of silica particles, before and after
functionalization, were measured using the BJH method. The samples
were degassed at 120 °C for 12 h before being analyzed using a
Micromeritics TrisStar II surface area and porosity analyzer (Micromeritics
Instrument Corporation, Norcross, GA, USA). The analysis of the global sur-
face charge of the sorbents was performed by the determination of their
pHpzc using the pH-drift method (Lopez-Ramon et al., 1999). A fixed
amount of sorbent (i.e., ~100 mg) was dispersed into a series of flasks con-
taining 50 mL of an aqueous solution (background salt: NaCl, 0.1 M), with
initial pH value (pHy) varying between 1 and 14. The equilibrium pH
(pHey) was monitored after 48 h of agitation (using a pH-26A pH-meter,
Acculab, New York, USA). The pHp; value corresponds to the pH respect-
ing pHO = pHeq-

2.4. Sorption tests

Sorption tests were carried out in batch systems. The solution (V,
L) containing a fixed metal concentration (C,, mmol LY at pH, was
mixed with a given amount of sorbent (m, g) under agitation (velocity:
210 rpm), at room temperature (T: 22 + 1 °C) for 48 h. Samples were col-
lected and filtrated. The residual concentrations (Ceq, mmol L™ 1 for indi-
vidual metal ions were determined using ICP-AES analysis (ICPS-7510,
Shimadzu, Kyoto, Japan). For uptake kinetics, samples were homoge-

neously withdrawn at given contact times, filtrated, and analyzed. The
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Scheme 1. Synthesis procedures and proposed structures of UR/SiO, and TUR/SiO, sorbents.



sorption capacity (qeq, mmol g~ 1) was deduced from the mass balance
equation: g, = (Co — C,q) X V/m. These experimental conditions were in-
dividually fixed in function of their specific objectives. Specific and detailed
experimental conditions are reported in the caption of all figures (see
below).

The uptake kinetics were fitted with the pseudo-first and pseudo-second
order rate equations (PFORE and PSORE, respectively), and the model of re-
sistance to intraparticle diffusion (RIDE, the so-called Crank equation)
(Table S1a, see Supplementary Information). For equilibrium experiments,
the Langmuir, Freundlich, and Sips equations were used for modeling sorp-
tion isotherms (Table S1b). For sorption in multi-component solutions, the
same procedures were applied; the combined solution was prepared with
equimolar concentrations of metal/metalloid ions (1 mmol LY at pH5
(before adjusting the pH to several lower values for investigating the impact
of pH on selectivity).

Metal desorption was operated using similar experimental procedures
for desorption kinetics, and metal desorption/sorbent recycling steps
(water rinsing step was operated between each sorption/desorption runs).
Metal-loaded sorbents were collected from uptake kinetic series. The
mass balance equation was used for calculating the sorption efficiency
and capacity as well as the desorption efficiency. Different eluents were
tested, including 1 M NaCl/0.1 M H,SO,4, 0.5 M HNO3, 1 M citric acid,
and 1 M N32603.

Experiments were systematically duplicated; duplicated experimental
profiles are reported for illustrating the good reproducibility of results
(preferentially to presenting average values and error bars).

2.5. Ore leaching and metal recovery

The characteristics of the ore (geological and mineralogical informa-
tion) are documented in Annex A (see Supplementary Information). The
pegmatite material was collected from the Abu Rusheid zone in the South
Eastern Desert Egyptian district. The analysis of metal content in the ore
sample was performed after dissolving, using a series of different acids. A
fixed amount (i.e., 0.5 g) of quartered ore sample was digested in a Teflon
beaker (at 120-150 °C) using HF concentrated acid (10 mL) for Si digestion.
After evaporation of HF, a mixture of HNO5 (10 mL) and HCl (10 mL) con-
centrated acids was added under continuous heating for dissolving the min-
eral residue; a few drops of H,O, were also added for dissolving organic
matter. Filtrated solution was diluted using 100-mL measuring flask for
analysis of trace and major elements. Uranium was determined using the
ammonium metavanadate method (Davies and Gray, 1964; Mathew
et al., 2009) and Arsenazo method for REE analysis (Marczenko and
Balcerzak, 2000) by spectrophotometric determination using a UV spectro-
photometer (UV-160, Shimadzu, Kyoto, Japan) at the wavelength: 654 nm.
Other elements in the leaching solution were measured using a Unicam 969
atomic absorption spectrometer (Thermo Electron Corporation, Waltham,
MA, USA).

The mineralogical composition of the ore after grinding, sieving, and
bromofom separation is reported in Table S2. The acidic leaching was oper-
ated by contact of grinded ore with sulfuric acid (200 g L™ !, ~2 M) under
agitation (v: 200 rpm) for 2 h, at T: 22 + 3 °C. The solid/liquid ratio was set
to 1:3 (i.e., 1 kg for 3 L of acidic leaching solution). Under these conditions,
U and Th elements are partially leached (see below); however, these mild
conditions have been selected for minimizing the dissolution of most rare
metals such as Hf, Ta, and Zr (their recovery is currently under develop-
ment).

The high contents of Fe and Al in the ore induce high relative concentra-
tions of these two metals in the acidic leachates (pregnant liquor solution,
PLS, 2.4 L). To avoid excessive competition for further sorption tests, the
pH of the leachates was successively adjusted to pH 4 and pH 5 with
NaOH to sequentially precipitate Fe and Al and produce pre-treated (pre-
cipitated) pregnant liquor solution (PPLS).

Sorption tests were performed on PPLS using both UR/SiO, and TUR/
SiO,, at different pH values (i.e., pHeq: 1.28, 2.39, 3.65, 4.19, and 4.78
for UR/SiO, and pHeq: 1.48, 2.41, 3.64, 4.47, and 5.79 for TUR/SiO,).

The sorbent dose, SD, was 5 g L™ ! and the contact time was set to 5 h (ag-
itation: 210 rpm; T: 22 + 1 °C).
Metal desorption was operated using 0.5 M HCl solutions with a sorbent
dose of 17 g L™ ' at T: 22 + 3 °C for 60-min stirring time, at v: 120 rpm.
The eluates were treated by precipitation:

(a) First, at pH ~1, with oxalic acid solution (20% w/w; i.e., ~2.2 mol
L™1); 20 mL oxalate solution per 100 mL of eluate, at T: 22 = 3 °C,
under stirring (30 min), for the precipitation of thorium oxalate cake
(Kursunoglu et al., 2021).

(b) Finally, at pH 8 (controlled with NaOH solution) for the precipitation of
uranium cake (as sodium diuranate).

The purity grade was evaluated through semi-quantitative EDX analysis
of the precipitates. It is noteworthy that this part of the work is not sup-
posed to be representative of the optimized recovery and separation of tar-
get metals from the ore. The main objectives consist of illustrating a
complete flowsheet of treatment and showing the efficiency of the sorbents
for recovering U and Th from a complex solution.

3. Results and discussion
3.1. Characterization of sorbents

3.1.1. Physical characterization

Morphology — SEM micrographs: Scanning electron microscopy shows
that the grafting of either urea or thiourea changes both the size of the
beads and the surface morphology (Fig. S1, see Supplementary Informa-
tion). Raw silica beads are characterized by a roughly smooth surface (ex-
cept some local impurities and heterogeneities) with a size ranging
between 67 and 86 pm (average particle size: 82 pm). The coating of the
beads with the deposition of polymerized urea or thiourea increases the
size of the beads in the range 109-117 pm for UR/SiO, and 112-130 pm
for TUR-SiO, (average particle size for functionalized beads: 115 pm).
This is a first evidence that the functionalization of the silica material is ef-
fective (the average thickness of functionalized layer reaches 32 pm). In ad-
dition, the surface of the two sorbents becomes much more irregular, with
deposition of nanoaggregates (Atta et al., 2016). The deposition of urea (or
thiourea)/formaldehyde compound may block the porosity of silica parti-
cles but the irregular surfaces can contribute to partially compensate this ef-
fect (increase in external surface area). The deposition is not fully
homogeneous: the aggregates are randomly distributed, in terms of both lo-
cation and size.

The comparison of BET analysis of pristine silica beads, UR/SiO,, and
TUR/SiO, shows substantial differences in the specific surface area of the
materials and their textural characteristics (Fig. S2). The coating of silica
beads reduces the specific surface from 21 to 4-6 m? g~ !; this is correlated
to the decrease of the pore volume from 0.098 cm® g~ to 0.023-0.028 cm®
g~ 1. Consequently, the average size of the pores is increased. The coating
blocks the small pore and the average pore size logically increases; in addi-
tion, the proper porosity of the polymer layer contributes to this change in
the pore size. It is noteworthy that pristine silica beads have a significant
hysteresis in the BET profile, contrary to functionalized materials. The N5
adsorption/desorption profiles can be qualified as Type II isotherm accord-
ing the IUPAC classification (Alothman, 2012); in the case of pristine silica,
the hysteresis corresponds to H3 classification; which is usually associated
with slit-shaped pores. For functionalized sorbents, the hysteresis loop is
negligible for UR/SiO,, while for TUR/SiO,, the loop is more marked
(but more regular and less intense than in the case of pristine silica). The
functionalization blocks the smallest pores, and apparently, the blockage
is more intense for thiourea.

The thermogravimetric analysis of the two sorbents shows very similar
profiles (Fig. S3): the two profiles for weight loss are almost overlapped up
to 500 °C; the most significant differences are observed above this temper-
ature. Globally, the weight-loss transitions are weakly marked. The weight
loss for TUR/SiO, is generally a little lower than for UR/SiO,; however, at
the highest temperatures, the thiourea-derivative appears to be more



stable: the stabilization plateau occurs at temperature higher than 750 °C
(690 °C for UR/SiO,). In addition, the final weight losses reach up to 45.5%
for UR/SiO, and about 40.3% for TUR/SiO». At 800 °C, all the organic coating
is degraded and the remaining material corresponds to SiO,: the mineral core
represents ~60% for TUR/SiO, and ~55% for UR/SiO,. The similarity in the
thermal properties is also highlighted by the comparison of the DrTG profiles:
the main valley is detected at 271.65-271.51 °C. In addition, the DrTG is glob-
ally positive for UR/SiO, contrary to TUR/SiO,. The reference material (pris-
tine silica beads) shows a single and limited weight loss (close to 3%) assigned
to water release.

3.1.2. Chemical characterization

Fig. 1 shows the FTIR spectra of pristine silica beads and functionalized
materials (Table S3). Some peaks are characteristic of mineral compart-
ment; more specifically Si-O-Si bonds are identified close to ~1108
em ™!, ~800 cm ™}, and ~469 cm . Other bands (overlapped to the con-
tribution of other bonds) are reported at ~3400 cm ™ ! (OH at Si surface),
and ~1630 cm ™! (SiO, H,0Si). The grafting of urea is confirmed by the in-
crease in the relative intensity of some peaks: for example, the additional
contribution of CC stretching (overlapped with SiO, at ~800 cm ™ 1, the en-
largement of the peak at ~1109 cm ™! (corresponding to SiOC band). The
asymmetry of the peak (with a slight shoulder at ~1180 cm ™) can be
assigned to the contribution of another type of vibration. However, the
most significant modifications are identified at 1020-1026 cm ™! (CN
stretching), 1629 cm ~! (NH bending and CO/CO stretching), and 3410
cm ™! (NH stretching overlapped to OH stretching). For both UR/SiO,
and TUR/SiO, the peaks at 714 and 665 cm ™! disappear after polymer
coating. These peaks are generally assigned to OH out-of-plane bending vi-
brations (herein, at the surface of silica beads). The grafting of polymer
layer is mediated by these groups; therefore, the disappearance of these sig-
nals is directly correlated to the efficient functionalization of pristine silica
beads. In addition, the peak at ~1629 cm ™! after functionalization of the
support shows a clear asymmetrical shape, which is directly attributed to
the contribution of CO and NH. In the case of TUR/SiO,, the presence of
S-bearing groups is shown by the peak 1385 cm ™' (CS group), and the CS
stretching vibration (at 632 cm ™ !). The amine groups are also identified
at ~1629 cm ™! (NH bending). These different changes confirm the effec-
tive deposition of urea- and thiourea-based (crosslinked through the reac-
tion with formaldehyde in acidic solution) at the surface of silica beads
(contribution of OH groups).

The sorption of U(VI) and Th(IV) onto functionalized silica beads is
followed by some changes in the FTIR spectra (Figs. 2-3, Tables S4-S5).

For UR/SiO,, the peak at ~1629 cm ™' decreases in intensity and enlarges
(1647-1630 cm ™ 1): NH and CO groups are involved in metal binding. The
peak at 1022 cm ™~ ! (CN stretching) also disappears after the uptake of both
U(VI) and Th(IV), because of the protonation of reactive groups and/or the
interaction of nitrogen-based groups with metal ions. In the range
1550-1550 cm ™, the spectra show the appearance of small peaks, proba-
bly associated with the interaction of amine groups (and or hydroxyl
groups) with metal ions (Fig. S4). It is noteworthy that in the specific case
of Th(IV) sorption, the intensity of the weak peak observed at ~1383
cm ™! is considerably increased. This peak may be partly explained by the
binding of nitrate anions (through thorium nitrate uptake). In the case of
Th(IV) binding onto polysulfonamide functionalized silica, the peaks asso-
ciated with OH, NH and CO stretching vibrations were reduced (in inten-
sity) and redshifted (by 10-15 cm™ 1) (Cheira, 2020). Cheira also
identified sharp peaks at 1380-1392 cm ™! and 1052-1042 cm ™! for silica
and composites; these peaks were assigned to ThO vibration of thorium
ions. After U(VI) binding, the asymmetry of the band at 1180-1109 cm ™ 1
is enlarged. It is noteworthy that the typical signal for UO3 ™" (at around
925 + 10 cm ™}, (Hadjittofi and Pashalidis, 2014)) is not detected, being
overlapped with the wide band centered on 1109 cm ™. In the case of ura-
nium biosorption using cyanobacteria, two main changes were observed in
FTIR spectra (Yuan et al., 2020): these peaks appeared at 1454.1 cm ' and
916.0 cm ™ *. Actually, these peaks overlap here with existing signals com-
ing from CN stretching (amide) and OH bending (SiOSi and SiOC groups)
vibrations. The increased intensity and broadness after uranyl binding
means that these groups contribute to metal binding. This is consistent
with the strong interaction between uranyl and oxygen-bearing functional
groups (Zhang et al., 2014; Zhao et al., 2019).

After five cycles of sorption and desorption, the spectra are only par-
tially restored; meaning that the functional groups are irreversibly modified
by the binding of the sorbent and/or the successive treatment (with differ-
ent levels of acidity). In the case of TUR/SiO,, the most significant changes
are reported again in the region 1800-1300 cm ™ ': the 1630 cm ™' asym-
metric sharp peak is replaced by a broad band (with increased contributions
of side shoulders), similarly to uranyl sorption by UR/SiO,. This result con-
firms that metal binding occurs through amine groups with possible contri-
bution of OH groups. After metal desorption, this peak is closely restored to
its initial shape. The peak (assigned to CS stretching) at 1452 cm ~* disap-
pears after metal binding (and this peak is not totally restored after metal
desorption): thiocarbonyl groups are also involved in metal binding. This
effect of metal binding on sulfur-based groups is also demonstrated by the
appearance of a new peak in the region 2558-2563 cm ™ !; the relative
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Fig. 1. FTIR spectra of SiO,, UR/SiO,, and TUR/SiO, materials.
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intensity of this peak apparently decreases with metal desorption. The
large band (poorly resolved) at 3445 cm ™!, which corresponds to
overlapped contributions of OH and NH stretching vibrations, is shifted
toward higher wavenumbers after sorption of both U(VI) and Th(IV)
and for both UR/SiO, and TUR/SiO,. This is another evidence of the
cross-contributions of NH and OH for metal binding. These conclusions
(completed by the interpretation of pH effect, see below) allow suggest-
ing different modes of interactions of the two sorbents with U(VI) and
Th(IV) (Scheme 2).

3.1.2.1. Elemental analysis. The elemental analysis of the two sorbents shows
very similar nitrogen content (i.e., ~8.1%, w/w, or ~5.78 mmol N g~ 1)
(Table S6). In the case of TUR/SiO,, S-content reaches ~4.8%, w/w
(ie.,1.51 mmolSg~ 1). The molar ratio S/N is close to 0.26, while the ex-
pected ratio (based on the structure of thiourea and sorbent, Scheme 1)
would be close to 0.5. This means that the actual mode of synthesis does
not allow maintaining the stability of thiourea: sulfur group is probably

cleaved by reaction of thione with amines from adjacent chains. Actually,
only 50% of S-moieties from thiourea are retained on the sorbent.

On the other hand, the total weight fraction of these elements (C, H, O,
N, and S) represent around 73%, meaning that Si represent about 27% (in
weight). Therefore, SiO, represents about 57.8%; this is consistent with
the TGA analysis, which showed that the mineral fraction represent about
60% for TUR/SiO, and 55% for UR/SiO,, (see Section 3.1.1)

3.1.2.2. pHpyzc. The application of the pH-drift method allows determining
the total surface charge of the sorbents in function of the pH of the solution,
and deducing their pHpy values (Fig. S5) (Lopez-Ramon et al., 1999): 5.79
+ 0.06 and 5.22 * 0.04 for UR/SiO, and TUR/SiO,, respectively. The
ionic strength of the background solution (NaCl) hardly influences the de-
termination of pHpyc values. The pK, values of urea and thiourea com-
pounds are 26.9 and 21.1, respectively (Gémez et al., 2005): thiourea is
more acidic than urea, consistently with the shift in their pHp,¢ values on
composite materials. UR/SiO, is positively charged in a wider range of
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pH values, and the deprotonation of amine groups on TUR/SiO, occurs at a
lower pH value. The relative properties of carbonyl and thiocarbonyl corre-
late with the highest electronegativity of O compared with N groups
(Wiberg and Wang, 2011). This is consistent with the intrinsic properties
of urea and thiourea precursors, despite the probable degradation of thio-
urea during the synthesis procedure (see discussion of elemental analysis).
In the acidic pH region, the sorbents will be positively charged. The density
of charge is correlated to the amplitude of pH change: UR/SiOs is signifi-
cantly more charged than TUR/SiO,. Largest pH variations occur at pHo:
~4: equilibrium pH increases by up to 0.85 for UR/SiO, and 0.53 for
TUR/SiO,. The protonation of reactive groups contributes to the repulsion

of metal cations; this repulsion decreases as pH increases and tends to be
negligible at pHpyc values (i.e., 5.81 and 5.27, respectively). It is notewor-
thy that the silanol groups at silica surface are acidic; they contribute to
modulate the acid-base properties of the composite. However, the coating
of the beads with the polymer layers partially masks this effect.

3.2. Sorption properties

3.2.1. Effect of pH

The pH strongly influences the sorption of both U(VI) and Th(IV) by
UR/SiO, and TUR/SiO, (Figs. 3—-4) at two temperatures: T = 22 + 1 °C
and T = 50 = 1 °C. The trends are roughly the same for low and high tem-
peratures. Fig. S6 shows the sorption properties of pristine silica beads
under the same experimental conditions: the sorption capacities are drasti-
cally reduced below 0.06 mmol U g~ ! and below 0.05 mmol Th g~ *. Tak-
ing into account the fraction of silica into the composite (between 55 and
60%); this means that the contribution of silica support represents less
than 0.03 mmol g~ ! (in other words, negligible; less than 5% of the total
sorption reported for functionalized silica beads). This simple comparison
clearly demonstrates the beneficial effect of the functionalization of the
support on the intrinsic properties of the sorbent for capturing uranium
and thorium. This means also that silica mainly acts as a support for func-
tionalized polymer layers.

The duplication of experimental series confirms the reproducibility of
the sorption properties. In acidic solutions (i.e., pHeq 1-1.3), the sorption
capacities remain below 0.1 mmol g~ '. The sorbents are strongly proton-
ated and may repulse metal cations. Free uranyl cation (i.e., UO3 ") is pres-
ent and largely predominant at pH 4; hydrolyzed cationic polynuclear
species may coexist above pH 4 (Fig. S7a). The high density of positively
charged reactive groups strongly repulses free UO3 ™ species, while the in-
crease of the pH enhances metal sorption. Free Th(IV) predominates at
pH below 3, while hydrolyzed cationic species appears at higher pH values;
precipitation may occur at pH higher than 4-4.5 (Chen and Wang, 2007;
Chen et al., 2007; Esen Erden and Donat, 2017; Hu et al., 2017; Sheng
et al., 2008) (Fig. S7b). Thorium globally follows the same trends as U
(VI). The distribution of metal species is very debated (Moulin et al.,
2001); however, it is commonly accepted that thorium is less soluble than
uranyl, while its hydrolyzed species, such as Th(OH)7, Th(OH)3", Th
(OH); and Th(OH),, are formed at lower pH values (Esen Erden and
Donat, 2017). The highest increases in sorption capacities are reported for
pH,q varying between 2.3 and 4, while at higher pH, the sorption tends to
stabilize. The appearance of polynuclear hydrolyzed U species (and hydro-
lyzed Th species) reveals unfavorable for the binding of metal ions on these
amine-bearing sorbents. The presence of thiocarbonyl groups brings alter-
native groups (to carbonyl groups); however, the sorption properties are
slightly decreased. This may be explained by the smaller charge of
thiocarbonyl cation compared with carbonyl group (consistently with the
difference in electronegativity between O and S (Wiberg and Wang,
2011)). U(VI) and Th(IV) are classified as hard acids according the hard
and soft acid base principle (Pearson, 1966); they are expected to have
higher reactivity with hard bases (i.e., O-bearing ligands are more reactive
than S-bearing ligands). Other reactive groups (i.e., N-bearing) being the
same (same content), the difference in sorption capacities between UR/
SiO, and TUR/SiO is thus directly related to the highest reactivity of car-
bonyl groups compared with thiocarbonyl groups.

The profiles for U(VI) and Th(IV) are very similar for TUR/SiO»: the
sorption of U(VI) is slightly greater, except at pHeq close to 5 (where tho-
rium may begin to form colloidal Th(OH), species). For UR/SiO,, the differ-
ences are more marked: sorption capacities are about 0.1-0.3 mmol higher
for U(VI) than those observed for Th(IV). The highest difference is observed
at pHeq 3, making possible preferential concentrative effect of U(VI) over
Th(IV) (this effect is less detectable while considering the treatment of
ore leachates, see below), while using UR/SiO,, a weaker effect is expected
for TUR/SiO,. The difference in sorption capacities may be correlated with
the difference in the electronegativity of U(VI) (i.e., 1.7, according Pauling's
scale) and Th(IV) (i.e., 1.3) (RSC, 2020), while their hydrated radius are
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Scheme 2. Tentative mechanisms for the sorption of U(VI) and Th(IV) using UR/SiO, and TUR/SiO».

comparable (1.08 A for U(VD and 1.11 A for Th(IV)) (Persson, 2010)
(Table S7).

The sorption process is accompanied by a moderate increase of the pH
that does not exceed 0.3 pH unit (i.e., much lower than the pH variations
observed in the determination of pHpyc values) (Fig. S8 at T: 22 °C, and
Fig. S9 at T: 50 °C). Fig. S6b shows that the sorption process does not affect
the equilibrium pH value in the case of pristine silica beads, at least less
than in the case of functionalized materials, where the reactive groups
bring their proper acid-base interactions. In addition, the higher binding
of metal ions induces larger proton releases for functionalized materials.

The distribution ratio (D) is defined as the ratio qeq/Ceq. Plotting log;o D
vs. pHeq is frequently used for determining the molar ratio between proton
release and metal binding (as the slope of the curve). Fig. S10 compares the
log, plots of the distribution ratio vs. pHeq for the two sorbents at T: 22 °C
and T: 50 °C. Table S8 reports the values for the different systems (sorbent/

metal) at two temperatures (i.e., 22 and 50 °C). In the case of UR/SiO,, the
molar ratio is close to 0.5 (~0.575) for U(VI): two protons may be released
per sorbed uranyl ion. It is noteworthy that the temperature hardly affects
the slope for this sorbent. Temperature has a more marked effect on
TUR/SiO». Indeed, the slope decreases with increasing the temperature
(from 0.32 to 0.24 and from 0.425 to 0.37, for U(VI) and Th(IV), respec-
tively); the molar ratio would be closer to 0.33 (three protons released
per bound metal). Similar trend is identified for Th(IV) sorption onto
TUR/SiO, (from 0.43 to 0.36). It is noteworthy that for UR/SiO, the stoi-
chiometric ratio is higher for U(VI) than for Th(IV), whatever the tempera-
ture. On the opposite hand, for TUR/SiO, the stoichiometric ratio is greater
for Th(IV) than for U(VI). The differences in the functional groups on the
sorbents and the differences in the chemistry of U(VI) and Th(IV) signifi-
cantly affect the molar ratios and the sensitivity to pH. It is noteworthy
that increasing the temperature from 22 = 1 °C to 50 + 1 °C weakly
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changes the sorption performance. Regardless of the metal, in the case of
UR/SiO,, the sorption is slightly increased by increasing the temperature:
the sorption is slightly endothermic. The reciprocal trend is observed for
TUR/SiO,; the sorption appears to be slightly exothermic, with a little de-
crease in sorption properties at higher temperature. It is noticeable that
the variations are relatively limited for a temperature gap as large as 30
°C. This figure also confirms that for Th(IV) the two sorbents have close be-
haviors, while for U(VI) the superiority of UR/SiO, is demonstrated, espe-
cially with increasing the pH.

Fig. S11 shows the semi-quantitative EDX analysis of the surface of the
sorbents after U(VI) and Th(IV) sorption. The metals are efficiently bound
with weight fractions in the range 3.2-4.2% (i.e., 1.9-3.1%, atomic concen-
trations). EDX analyses are semi-quantitative and must be considered as
simply indicative: apparently UR/SiO, binds more U(VI) than Th(IV) con-
trary to TUR/SiO,, where Th(IV) sorption is slightly higher than for U(VI)
(probably due to the contribution of the binding or precipitation of colloi-
dal hydrolyzed species).

Based on the FTIR analysis of sorbents, sorbent titration, and the inter-
pretation of pH effect, it is possible supporting Scheme 2 with the following
arguments:

a. The pHpyc (close to pH 5) indicates that the sorbent is partially proton-
ated during sorption experiments (at pH 4). Therefore, electron pairs
are available for chelation (from thiols, amines and hydroxyl groups),
as well as ion exchange properties due to protons that can be exchanged
with cationic species of metal ions.

b. FTIR analysis showed decreasing intensities of the peaks assigned to the
reactive groups involved in sorption (such as OH and SH signals). The
shifts of other peaks (such as those associated with CO and CS), the

disappearance of CS (which is involved in tautomerization rearrange-
ment) can be correlated with the binding of metal ions.

c. The log;, plots of the distribution ratio vs. pHeg, gives also complemen-
tary information. In the case of UR/SiO,, the molar ratio is close to 0.5
(=0.575) for U(VI): this means that two protons may be released per
sorbed uranyl ion (which is mainly found as UO3™). A different trend
is identified for Th(IV) sorption onto TUR/SiO, (from 0.43 to 0.36),
which means three protons were exchanged by bound metal. However,
this interpretation is made complex by the co-existence of different
metal species bearing different global charge.

3.2.2. Sorption kinetics

Under selected experimental conditions (i.e., sorbent dose, SD: 0.667 g
L™ Co: 0.44 mmol L™; v: 210 rpm), the equilibrium is reached within
60-120 min, with residual relative concentrations in the range ~0.15-0.3
(Fig. 5). These kinetic profiles are relatively fast; however, taking into the
average size of the functionalized silica beads (in the range 110-130 pm),
this order of magnitude for equilibrium time indicates that the contribution
of resistance to intraparticle diffusion to the overall control of uptake kinet-
ics cannot be neglected. A substantial difference can be observed in the ki-
netic behavior of UR/SiO, and TUR/SiO,: The kinetic profiles for U(VI) and
Th(IV) are superposed in the case of urea-functionalized silica beads, while
for the thiourea derivative, the sorption of U(VI) is both slightly faster and
more efficient than that of Th(IV). A steeper initial slope is observed for du-
plicated curves of U(VI) binding onto UR/SiO, (compared with Th(IV)),
and the equilibrium sorption capacities reach ~0.45 mmol Th g~ and up
to ~0.55 mmol U g~ .

Sorption kinetics may be controlled by different mechanisms such as re-
sistance to bulk diffusion, film diffusion or intraparticle diffusion, in addi-
tion to the proper reaction rates (approached with the pseudo-first or
pseudo-second order rate equations, PFORE and PSORE, respectively,
Table S1a). Preliminary tests showed that maintaining the agitation speed
above 200 rpm avoids sorbent sedimentation and minimizes the resistance
to bulk and film diffusion (initial slope of the concentration decay curve).
The preliminary comment (see above) stated that the resistance to
intraparticle diffusion plays a non-negligible role; the Crank equation
(RIDE, Table Sla) was used for modeling the kinetic profile and ap-
proaching the determination of the effective intraparticle diffusion coeffi-
cient (D,, m? min~1). Table S9 summarizes the parameters of the
different models (and the comparison of statistical criteria: determination
coefficient, R? and Akaike information criteria, AIC). The PFORE systema-
tically fits better the experimental profiles than the PSORE and the RIDE.
In Fig. 5, the lines show the simulation of kinetic profiles with the
PFORE; the PSORE and the RIDE modeled curves are appearing in
Figs. S12-S13. The calculated q.q values (geq,1) are slightly higher (by
4-9%) than the experimental values. The values of apparent rate coeffi-
cients for PFORE (k;) confirm the shape of the kinetic curves observed in
Fig. 5. The rate coefficients are a little higher for U(VI) than for Th(IV),
whatever the sorbent. On the other hand, UR/SiO, shows little higher ap-
parent rate coefficients than TUR/SiO, for both U(VI) and Th(IV). It is note-
worthy that these differences are relatively weak; indeed, the k; parameter
globally varies in the range 0.036-0.050 min~*.

In the literature, the temptation is frequent to correlate the fitting of ex-
perimental profiles with given models to physical vs. chemical sorption.
Hubbe's group recently analyzed the literature on systems modeled with
the PSORE (Hubbe et al., 2019). They observed that frequently, the exper-
imental conditions are not perfectly designed to make possible the appro-
priate fitting of experimental profiles with physical soundness. More
specifically, they concluded that in many cases, the fitting of the kinetic
profiles (with inappropriate experimental design) may be associated with
the kinetic control through resistance to intraparticle diffusion. Therefore,
the assignment of the type of sorption mechanism simply based on mathe-
matical models may be debatable. Herein, the residual metal concentration
being far from the initial metal concentration, the required assumptions for
application of PSORE are not fulfilled. The determination of apparent rate
coefficients may be globally considered as a first approximation and a



AUR/Si02-U#1
A UR/SiO2-U#2
0O UR/SiO2-Th#1
©® UR/SiO2-Th#2
PFORE
J
\6
[ ®
JAN iy
A ____a
(2)
0 20 40 60 80 100 120
Time (min)
1
ATUR/SiO2-U#1
0.8 - ® A TUR/SiO2-U#2
OTUR/SiO2-Th#1
® TUR/SiO2-Th#2
- 0.6 4
o
o]
04 4
0.2 - —TTTTm———
(b)
0 20 40 60 80 100 120

Time (min)

Fig. 5. U(VI) and Th(IV) uptake kinetics using UR/SiO, (a) and TUR/SiO, (b) sorbents — modeling with the PFORE (SD: 0.667 g L™ 1 Co:0.44 + 0.1 mmol L™ pHo: 4;v: 210

rpm; T: 22 + 1 °C).

simple tool for comparing the systems (without assigning these profiles to
sorption mechanisms).

The intraparticle diffusion coefficients are in the range 0.9-83 x 10~ *!
m?min !, this is several orders of magnitude lower than the molecular dif-
fusivity of metal ions in water (for example 2.56 x 10~ ® m? min ! for U
(VD), (Marcus, 1997)). This is a confirmation that the resistance to
intraparticle diffusion contributes to the control of uptake kinetics. In the
case of TBP-impregnated sorbent, Abdel Raouf and El-Kamash found diffu-
sivity coefficients close to 1.02 x 10~ ° m? min~! for U(VI) and 1.14 x
107 m? min ™! for Th(IV) (Abdel Raouf and El-Kamash, 2006). It is note-
worthy that in the case of TUR/SiO- the diffusivity coefficients are compa-
rable for U(VI) and Th(IV) (0.93-1.53 x 10~ ' m? min ') and of the same
order of magnitude as Th(IV) for UR/SiO,; contrary to U(VI) diffusivity for
urea-functionalized silica beads (where the diffusivity is about 50 times
greater). Despite the variation in the value of the apparent diffusivity be-
tween the duplicated experiments, such a big difference is significant but
difficult to explain.

Fig. S14 compares the kinetic profiles for the sorption of U(VI) and Th
(IV) from bi-component equimolar solutions on both UR/SiO, and TUR/

SiO,. In the case of UR/SiO,, the affinity for U(VI) is higher than that for
Th(IV), consistently with previous trends from mono-component solutions.
The equilibrium concentration and the equilibrium time are lower and the
initial slope is steeper for uranyl compared with Th(IV). On the other hand,
for TUR/SiO, the initial slopes are comparable for the two metal ions, while
the equilibrium time is shorter for U(VI) and the equilibrium concentration
is higher for uranyl. TUR/SiO, is more favorable for thorium recovery than
uranium in binary solutions. This is globally consistent with the trends re-
ported below in the study of selectivity. It is noteworthy that in the case
of mono-component solutions, the profiles were superposed for U(VI) and
Th(IV); in the case of binary solutions, the slight preference of thiourea-
functionalized silica beads for Th(IV) over U(VI) shifts the equilibrium fa-
vorably to thorium.

3.2.3. Sorption isotherms

The sorption isotherms represent the distribution of sorption capacities
— or concentration of the sorbate on the sorbent — as a function of residual
metal concentration; q., = f(C,). This is a useful tool for qualifying the
sorption properties of the material through two criteria: the maximum



sorption capacity (at saturation of the monolayer), and the initial slope of
the curve (which is indicative of the affinity of the sorbent for the target
metal). Fig. 6 compares the sorption isotherms for U(VI) and Th(IV) using
both UR/SiO, and TUR/SiO, at pHy 4. The urea-functionalized silica
beads are slightly more efficient for U(VI) sorption than TUR/SiO, uptake
(both in terms of affinity and maximum sorption capacity). The steeper ini-
tial slope (correlated with the affinity coefficient) for U(VI) confirms the
higher efficiency of UR/SiO, compared with that of TUR/SiO. An opposite
trend is observed for Th(IV): highest sorption capacities and affinities are
observed for TUR/SiO, sorbent. The two sorbents have comparable con-
tents of amine groups; the main difference consists of the substitution of
carbonyl with thiocarbonyl groups. The relative changes in affinity and
sorption capacities for UR/SiO, and TUR/SiO, may be explained by the
fact that: (a) S-based ligands are more reactive with hard acids than O-
based ligands, and (b) the Pauling electronegativity of U(VI) is higher
than that of Th(IV).

The sorption isotherms can be fitted using conventional models (Lang-
muir, Freundlich, and Sips equations, for example; Table S1b). Fig. 6 clearly
shows a saturation plateau reached for residual concentrations close to
1.5 mmol L™ . The Freundlich equation being a power-type equation is
not appropriate for describing this kind of isotherm shape. On the opposite

hand, the Langmuir model supposes that the sorption occurs by monolayer
adsorption, without interactions between sorbed molecules and with ho-
mogeneous sorption energies (including homogeneous distribution of sorp-
tion sites at the surface of the sorbent). The Sips equation combines
Langmuir and Freundlich terms. This equation offers a third-adjustable pa-
rameter that usually improves the mathematical fit of experimental profiles
(at the expense of a loss in physical soundness). Table S10 compares the
maximum experimental sorption capacities to the maximum sorption ca-
pacities calculated from Langmuir and Sips equations; the other parameters
are reported together with statistical criteria (R? and AIC) for efficient com-
parison of mathematical fits. Duplicate isotherms confirm the reproducibil-
ity of sorption performances and the robustness of mathematical fits: the
Langmuir and the Sips equations give relatively good simulations of exper-
imental profiles. In Fig. 6, the lines represent the Langmuir fits of experi-
mental curves (the fits with the Sips equation are reported in Fig. S15).
The maximum sorption capacities are comparable for the different systems:
between 0.89 and 1.16 mmol g~ ' for Gmexp and between 1.01 and
1.18 mmol g~ for g, ;. The affinity coefficients are more favorable for U
(VI) and UR/SiO,, while TUR/SiO, shows a little greater affinity for Th
(IV) than for U(VI). This conclusion is consistent with previous discussions
on the relative preference of UR/SiO, for U(VI) and TUR/SiO, for Th(IV),
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as derived from the study of pH effect. Alternative models (including
Temkin and Dubinin-Radushkevich equations) have been used for model-
ing experimental profiles (see Figs. S16-17).

Complementary investigations were performed at T: 30 °C, 40 °C and 50
°C, for evaluating the impact of temperature on sorption performance and
calculating the thermodynamic parameters. The results are summarized
in Figs. S18-21 (lines representing the Langmuir fits). Tables S11-14 report
the parameters of the different models for the sorption of U(VI) and Th(IV)
using UR/SiO5 and TUR/SiO; at different temperatures. The study of the
temperature effect on the sorption of U(VI) and Th(IV) using UR/SiO,
and TUR/SiO, shows strong differences for the two sorbents
(Figs. S16-17). These differences are marked in both terms of maximum
sorption capacity (saturation plateau) and initial slope analysis. First of
all, for both U(VI) and Th(IV), the sorption onto UR/SiO, is enhanced
with temperature, while that onto TUR/SiO, decreases: metal sorption is
endothermic for UR/SiO,, while for TUR/SiO, the reaction is exothermic.
The affinity coefficients (b)) were used in van't Hoff equation for calculat-
ing the thermodynamic parameters: AH® and AG’, the enthalpy and Gibbs
free energy changes (kJ mol ™ ') and AS’, the entropy change (J mol ™!
K™ 1) (Tran et al., 2021).

0
AG® = —RTInK{, = —RTlnb; = —RT In {bL x @} (1

Yadsorbate
AG® = AH°-TAS® 2)

where C’,qsorbate 1S the unitary standard concentration of the adsorbate
(=1 mmol L™") and Yadsorbate is the activity coefficient of the adsorbate
(usually considered close to the unity in the case of diluted solutions).

Fig. S22 shows the plots of In by * vs. the reciprocal of absolute temper-
ature. The analysis of slope and ordinate intercept allows determining the
thermodynamic parameters, which are summarized in Table S15. As ex-
pected, for UR/SiO,, the positive values for enthalpy change confirm the
endothermic sorption of both U(VI) and Th(IV). It is noteworthy that the en-
thalpy change is significantly greater for Th(IV) compared with U(VI) sorp-
tion. On the other hand, for TUR/SiO,, similar negative values of the
enthalpy change confirm the exothermic behavior of sorption (similar
values for U(VI) and Th(IV)). The adverse effect of temperature is usually
associated to physical sorption, while the enhancement of sorption with
temperature (at least in a first step) is frequently associated with chemisorp-
tion (which needs higher activation energy).

The values of entropy changes are also opposite for UR/SiO, (positive,
and greater for Th(IV) than for U(VI)) and TUR/SiO, (negative, and compa-
rable for the two metals: —39.8/—42.2 J mol ™! k™ '). With UR/SiO.,
metal sorption is followed by an increase in the randomness of the system
contrary to TUR/SiO,, which shows a more conventional evolution of en-
tropy change (i.e., negative values).

For the different systems, the values of Gibbs free energy are negative in
a very narrow range (i.e., between —20 and — 30 kJ mol ~!); the sorption
process is spontaneous. As expected, the spontaneity is slightly greater for
UR/SiO, than for TUR/SiO, and varying under reverse trends for the two
sorbents with temperature increase (favorable for UR/SiO, and less favor-
able for TUR/SiO,).

These different results confirm the strong difference in the mechanisms
involved in metal binding for silica beads functionalized with either urea or
thiourea: predominance of chemical vs. physical sorption, respectively.

Table S16 reports the sorption performances of alternative sorbents ap-
pearing in recent publications. Though UR/SiO, and TUR/SiO, are not ap-
pearing among outstanding sorbents such as pycolylamine (Liu et al., 2017)
or functionalized MCM-41 silica (Bayramoglu and Arica, 2016) for U(VI),
and magnetic/rosin amidoxime (Atta and Akl, 2015) or carbon nanofi-
ber/polymer composite (Tuzen et al., 2020) for Th(IV), the sorbents have
interesting combined performances (relatively fast, good sorption levels
and affinity), compared to most of reported sorbents. The actual fraction
of polymer in the composite sorbent does not exceed 40-50%; this means
that converting the sorption capacities to the effective amount of reactive

coatings confirms the high efficiency of UR- and TUR-layers for binding
both U(VI) and Th(IV). Indeed, as shown in Fig. S6a, the sorption of pristine
SiO, remains negligible (below 5% of the sorption capacities reported with
functionalized SiO,, under selected experimental conditions).

3.2.4. Selectivity — sorption from multi-metal solutions

The complexity of real effluents may affect the sorption performance of
target elements. Investigating the selectivity is thus a requisite for evaluat-
ing the effective potential of new sorbents. The sorption of U(VI) and Th(IV)
from multicomponent equimolar (1 mmol L) solutions at different pH
values for both UR/SiO, and TUR/SiO, is shown in Fig. 7, as the selectivity
coefficient for U(VI) and Th(IV) against other metal ions present in the so-
lution. The selectivity coefficient (for example, SCy,aerqr) is defined as the
ratio of distribution coefficients:

DU o ng,U X Ceq,Meta[

SCu et = 3

D Metal Ceq,U X qeq,Merul

Competitor metal ions (and metalloid) are selected among those usually
present in the leachates of Egyptian ores: Ca(II), Mg(II), Si(IV), and Al(II)
(for aluminosilicate minerals), Fe(IIl) and Zn(II) (for usual heavy metals).
The figure shows that, in most cases, the selectivity for U(VI) and Th(IV) in-
creases with equilibrium pH. Some local dispersions in the trends may be
observed for Mg(Il), Fe(Ill), AI(III), and Zn(Il) at intermediary pH
(i.e., 3.3-3.5), especially for UR/SiO-. The two sorbents show marked pref-
erence for U(VI) and Th(IV) against the other metals. In addition, UR/SiO,
is slightly more selective than TUR/SiO,. This may be explained by the
presence of thiocarbonyl group, where the S-bearing ligand is classified as
a softer ligand (compared with O-bearing ligand); consequently, the func-
tional groups may also interact with a wider range of other heavy metal
ions. This contributes to the decrease in the selectivity. Table S17 reports
the physico-chemical properties of selected metal ions (Lewis acid charac-
ter, solution-phase electronegativity, Pauling electronegativity, enthalpy
of hydration, ionic radius and softness). Regarding the selectivity between
U(VI) and Th(IV), the coefficients are much lower than for the other com-
petitor metals. In the case of UR/SiO,, whatever the pH, the sorbent has a
weak preference for U(VI) against Th(IV): the SCy, 1, is systematically
greater than 1 (decreasing from 2.8 to 1.5 with increasing the pH). In the
case of TUR/SiO,, the preference is controlled by the pH: at low pH
(i.e., pH 1.43), the sorbent preferentially binds U(VI) (SCy, 1 is close to
1.43); on the opposite hand, when the pH increases to 4.98, the sorbent
marks a weak preference for Th(IV) (SCry,,z ~ 1.48). These weak SC values
mean that the two sorbents will not be effective for the separation of these
two actinides. As a general conclusion, working at pH close to 5 allows sep-
arating U(VI) and Th(IV) from heavy metals and UR/SiOs is slightly more
efficient for the selective recovery of uranium and thorium.

Fig. S23 provides another perspective on selective separation: the distri-
bution ratios (D, in log; o units) are plotted against the equilibrium pH for
the different systems. The curves for U(VI) and Th(IV) are clearly out of
the trends followed by the other competitor ions, and the shift (also marked
by the relevant slopes) is accentuated when the pH increases to 4-5. The
separation efficiency (associated with high D values) increases with the
pH, and the relative positions of the linearized curves confirm that UR/
SiO5 has a preference for U(VI) against Th(IV), contrary to TUR/SiO»
(where the curves are almost overlapped).

Fig. S24 shows the semi-quantitative analysis of the sorbents after being
exposed to multi-metal solutions at pH 5. Though the sorbents bear higher
contents of U(VI) and Th(IV), the sorbents also accumulate substantial
amounts of Fe > Ca, Zn, Al, Mg.

3.2.5. Metal desorption and sorbent recycling

Metal desorption and sorbent recycling are also important criteria in the
development of new sorbents. There are three main strategies for desorbing
accumulated metal ions from loaded supports: (a) changing the pH (for re-
versing the equilibrium for systems where the pH strongly influences metal
binding), (b) using a complexing agent (for displacing the equilibrium
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Fig. 7. Selectivity tests for the sorption of U(VI) and Th(IV) from multi-component equimolar solutions at different pH values for UR/SiO; (a: SCy,pterar and b: SCrp/pgerar) and
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playing with the gradient in affinity), and (c) increasing the ionic strength
(for displacing the ion-exchange equilibrium). These strategies (and their
combination) have been tested for selecting the optimum eluent. Fig. S25
compares the desorption kinetics for both U(VI) and Th(IV) on metal-
loaded functionalized silica beads. In the case of Na,CO3 (1 M) eluent, U
(VI) desorption is fully achieved within 60 min for TUR/SiO, and
180 min for UR/SiO,. The ability of uranyl to form strong complexes in
the presence of carbonate or bicarbonate may explain the efficiency of
this eluent (Kabay et al., 1998; Stopa and Yamaura, 2010). Thorium desorp-
tion is less efficient: both the equilibrium time (between 120 and 240 min)
and the rate of desorption depend on the sorbent; however, desorption effi-
ciency does not exceed 70%. This is consistent with previous observations
on U(VI)/Th(IV) sorption/desorption using graphene oxide/MnO, compos-
ite (Pan et al., 2016), where Pan et al. also observed the differential desorp-
tion between U(VI) and Th(IV). Citric acid (1 M) was also tested for the
elution of loaded sorbents. The complete desorption is only obtained for
U(VI)-loaded UR/SiO, sorbent (requiring 180-240 min of contact); for
the other systems, the equilibrium was reached after 120 min and the de-
sorption efficiency varied between 62% and 78%. Citrate anions are less ef-
ficient for complexing U(VI) and Th(IV), making difficult the displacement
of metal ions from sorbent surfaces. The release of metal ions is less efficient
from thiourea-functionalized silica beads. Similar depreciated desorption
for TUR/SiO, (against UR/SiO») is also observed for metal desorption
using 1 M NaCl/0.1 M H,SO, eluent: the desorption ranges between 79%
and 92% (within 120 min of agitation); while total desorption occurs
within 40 min in the case of UR/SiO, for both U(VI) and Th(IV). However,
the best desorption profiles are clearly obtained with more acidic solutions,
using 0.5 M HCI solutions: total desorption is achieved within 120 min for
Th(IV) elution from TUR/SiO,, while 30 min are sufficient for the other sys-
tems (metal ion/sorbent).

Hydrochloric acid was selected for further studies, using a concentra-
tion of 0.3 M (for reducing the aggressive strength of the eluent). Fig. S26
compares the kinetics of desorption for the different systems. A remarkable
superposition of the profiles is observed. Under selected experimental con-
ditions, 30 min of contact are sufficient for achieving the complete desorp-
tion of U(VI) and Th(IV) from UR/SiO, and TUR/SiO,. The slopes for UR/
SiO, are steeper than those for TUR/SiOs: the thiocarbonyl group contrib-
utes to strengthen the interaction with metal ions, making more difficult

the release of bound molecules; this is also consistent with the slower kinet-
ics observed in the sorption step. The desorption kinetics of U(VI) and Th
(IV) from sorbents loaded in bi-component solutions is shown in Fig. S27.
Full desorption takes place within 60 min of contact. Faster desorption
(20-30 min) is observed for U(VI) with UR/SiO5 and Th(IV) with TUR/
SiO4; however, these differences are not marked enough for playing on ki-
netics for improving the separation of U(VI) and Th(IV).

The recycling of the sorbent was tested for five successive sorption/de-
sorption cycles using 0.3 M HCl solutions. Table 1 shows that for both U(VI)
and Th(IV) the functionalized silica beads offer remarkable stability in
terms of sorption and desorption performances. Desorption efficiency re-
mains systematically higher than 99% along the five runs. A weak and pro-
gressive decrease in sorption efficiency is observed. It is noteworthy that
the loss in sorption efficiency remains below 4% at the fifth cycle

Table 1
Sorption (SE, %) and desorption (DE, %) efficiencies for five successive recycling
steps for UR/SiO, and TUR/SiO for U(VI) and Th(IV) removal.

Th(IV)

Sorbent Run  U(VD

SE DE SE DE

Aver. St Aver. St Aver. St Aver. St

dev. dev. dev. dev.
UR/SiO, 1 95.1 1.2 100.4 0.5 63.4 1.1 100.0 0.1
2 937 1.3 99.8 0.1 63.0 1.5 99.8 0.4
3 93.0 1.1 99.6 0.6 622 1.4 100.0 0.2
4 919 1.3 100.0 0.1 61.6 0.9 100.0 0.7
5 91.2 1.2 995 03 612 1.1 100.0 0.0
Loss 4.1% 3.5%
(5th/1st)
TUR/SiO, 1 759 0.6 99.7 0.2 645 1.0 100.1 0.2
2 755 0.9 100.0 0.0 637 09 100.0 0.0
3 748 0.3 999 03 634 1.0 100.0 0.1
4 74.0 0.5 99.9 0.4 62.7 0.9 100.2 0.5
5 73.0 05 99.7 0.8 622 0.8 100.3 0.4
Loss 3.8% 3.6%
(5th/1st)

Metal-loaded samples were collected from uptake kinetics. Demineralized water
was used for washing sorbets between each recycling step. Desorption step: SD:
2g LY time: 2h; T: 22 + 1 °C; v: 210 rpm.



(compared with initial sorption performance). These levels are consistent
with many data reported in the literature (Keshtkar et al., 2013; Liu et al.,
2020a; Ma et al., 2020). This performance is much better than for other sup-
ports, where the loss in sorption reached up to 20% at the fifth cycle for
functionalized porous activated carbon fibres (Mishra et al., 2015), or
15% for functionalized marine fungal biosorbent (Han et al., 2020). This
means that the sorption is stable despite the changes observed in FTIR spec-
tra; these chemical modifications (probably associated with protonation of
some reactive groups) are not inhibiting the reactivity of functional groups
at the surface of silica beads. Since the metals are apparently fully desorbed,
the weak decrease in sorption efficiency may be associated with the chem-
ical changes in the polymer coating in both terms of chemistry (functional
groups) and physics (possible changes in the porous characteristics, due
to pore shrinkage), rather than to the saturation of reactive groups. The
FTIR study showed that the spectra were not restored after the fifth desorp-
tion step. However, the loss in efficiency remains very limited at the fifth
cycle: the sorption performance remains remarkably stable.

3.3. Application to metal recovery from ore leachate

3.3.1. Ore leaching (PLS) and pre-treatment by successive precipitation steps
(PPLS)

Table S2 summarizes the characteristics of selected pegmatite ore
(major metal oxides and valuable metal traces). The acidic leaching pro-
duces pregnant leaching solution (PLS) bearing huge amounts of aluminum
(~13.99 g AL L™, 0.518 mM), sodium (~6.28 g Na L™, 0.273 M), iron
(~3.36 g Fe L1, 0.06 M), and potassium (~2.19 g K L™, 0.056 M).
Apart these major elements, which may have competitive effect (especially
Al(IID) and Fe(IlD)), the leachates contain important concentrations of cal-
cium (~0.53 g Ca L™, 0.013 M), magnesium (~0.33g Mg L™ ', 0.014
M) and manganese (~0.13 g Mn L%, 2.37 mM). The leaching released
about 50% of target metals (i.e., U and Th); 69% of Na, 51% of Fe,
30-35% of Al and Mn, about 14% of Mg and K. The limited extraction of
U(VI) can be partially explained by the possible presence of uranium
under both U(VI) and U(IV) forms.

These high levels of metal ions (potentially competitive) may explain
that pre-treatments were processed before testing the sorption properties
of functionalized silica beads, in order to decrease their residual
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concentrations to levels compatible with the sorption process. The first pre-
cipitation step was operated at pH 4 to mainly remove Fe(III); the second step
at pH 5 drastically reduces the concentration of Al(III). At the end of these suc-
cessive precipitation steps, their removal yield reached up to 97.5% and
99.2%, respectively: their final concentrations are close to 84 mg Fe L™ !
(1.50 mmol Fe ™) and 106 mg Al L ™! (3.93 mmol Al L.~ ). Calcium was
also significantly reduced: loss reaches ~40% (residual concentration close
to 320 mg Ca L™, 7.98 mmol Ca L™ !). Other elements were reduced by
less than 20% with residual concentrations ranging between 111 mg Mn
L~ (2.02 mmol Mn L™ 1Y) to 277 mg Mg L~ ' (11.4 mmol Mg L™Y). The
highest concentrations correspond to K and Na elements (1.79 g KL ™' and
6.88gNaL ™!, or 0.046 mmol K L™ ! and 0.299 mmol Na L.~ 1), which are rel-
atively innocuous for the sorption process. The precipitation steps weakly
alter the concentrations of target metals (loss around 20%): 218 mg U L™ 1
(i.e.,0.916 mmol UL~ ") and 338 mg Th L.~ ! (1.46 mmol Th L.~ !). The behav-
ior of other strategic metals, significantly present in the pegmatite, such as
REEs, Zr, Hf, and Nb is currently under investigation.

3.3.2. Metal sorption from pre-treated leachates

Section 3.2.4. showed that sorption efficiency and selectivity in multi-
component solutions strongly depend on the pH (in the range 1.3-1.5 to
4.8-5.8). Table S17 summarizes the results in the sorption treatment of
PPLS using UR/SiO, and TUR/SiO,, at different pH values (SD: 5 g L™ i
time: 5 h). The ranges of sorption efficiencies are reported together with
the variation range in sorption capacities. The beneficial effect of pH in-
crease on the recovery of these metals strongly depends on the metal; the
most sensitive to pH are Si, Fe and Mg for UR/SiO5 and Si, Fe, U for
TUR/SiO,. It is noteworthy that the cumulative sorption capacity reaches
2.08 mmol g~ ! for UR/SiO, and 1.73 mmol g~ for TUR/SiO,. The maxi-
mum sorption capacities for the recovery of U(VI) and Th(IV) from ore
leachate, are very close for the two sorbents: close to 0.177 mmol g~ * for
U(VI) and 0.275 mmol g_1 for Th(IV). These levels are substantially
lower than the maximum sorption capacities reported for synthetic single-
component solutions: the complexity of the solutions strongly reduces the
efficiency of the sorbents for U and Th recovery and the selectivity observed
while using synthetic equimolar solutions (Section 3.2.4).

Fig. 8 shows the selectivity coefficients SCy, arerar a0d SCrp/pgera in func-
tion of equilibrium pH for the two sorbents. These profiles are obviously

UR/SIO,
(b) SCorp/Metal pH,,
p m1.28
7 02.39
50 2 / e
% F% 33.65
0z %
40 \\/é Z | =4.19) |
ez
%z S
20 AN S N
10 Y
) =
0  J
Si Ca Mg Fe Al Mn U Th
TUR/SIO,
@) SCrumetat [ pH,,
W1.48[
100 - 02.41

R\

80 A

60 A

A

gl
LI

NS |

NY

40 4

-

N

AN

A
2N
Y/

20 1

0 4

Si

Fig. 8. Recovery of U(VI) and Th(IV) from leachates of Egyptian ore at different pH values for UR/SiO, — SC coefficients (a: SCy/arerar and b: SCr/erar) and TUR/SiO- (c: SCyy
et and d: SCrpner) (SD: 5 g LY time: 5 h; T: 22 + 1 °C; metal list includes Si metalloid).



influenced by the different orders of concentrations of the metals in the
PPLS; however, this gives some general trends on the preference of the sor-
bent for the different metals. This figure confirms the central role of the pH
in the selectivity of the sorbent for U and Th. The selectivity of the sorbents
increases with pH,q: optimum pH is close to 5. The highest separation of U
from other base metals (or metalloid) is obtained at this pH value using UR/
SiO, according the series:

Mn(T) (172) ~ Ca(Il) ~ Mg(II) > Si(IV) (149) > AI(TI) (138) >
> Fe(IM) (43) > > > Th(IV) (4)

At pHeq: 4.78, SCy, 1y reaches 4.2. The sorbent has a marked preference
for U(VI) over Th(IV) but not sufficient for achieving the simple and effec-
tive separation of the two metals. Much higher levels of selectivity are ob-
tained against base metals; this allows reaching high levels of
concentration; the concentration factor (i.e., CF: qeq/Co, L g~ 1) is improved;
however, the huge excess of some of these metals makes difficult the selec-
tive separation of U(VI) and Th(IV) from base metals.

In the case of thorium separation, the highest selectivity coefficients are
found with TUR/SiO, at pHeq 5.79, at least against heavy metals (and met-
alloid); this is probably associated with the occurrence of formation of col-
loidal species or precipitates. The SCry, iy varies between 0.65 and 1.27;
consistently with previous results (Section 3.2.4), TUR/SiO, is poorly selec-
tive for Th(IV) separation from U(VI). For heavy metals (or metalloid), the
SCrh/Mear Values can be ranked according:

Mg(II) (97) > > Al(IM) (67) ~ Mg(II) ~ Mn(II) ~ Si(IV) >
> Fe(III) (31) > > > U(VI) (5)

The plots of log;¢ D vs. pHeq (Fig. S28) follow similar trends as those re-
ported in the study of U(VI) and Th(IV) sorption from multi-component
equimolar solutions (Fig. S16). The linear plots for U(VI) and Th(IV) are
shifted toward higher distribution ratio compared with those of other
metals: the sorbents show significant preference for U(VI) and Th(IV)
against base metals. UR/SiO, remains more efficient for U(VI) binding
(preference against Th(IV)); on the opposite hand, in the case of TUR/
SiO,, the distribution ratios are almost overlapped for the two actinides.

Fig. S29 shows the semi-quantitative EDX analysis of the sorbents after
the treatment of PPLS at pH 5. The data show that the sorbent have roughly
the same metal contents. The presence of S element at remarkable level also
for UR/SiO, (free of S-groups) means that the sorbent also binds S and P el-
ements (probably as free species or as metal-complexed forms).

3.3.3. Metal desorption from sorbents and treatment of eluates

The elution of the metals from sorbents loaded from PPLS at pHy: 5 was
performed using 0.5 M HCl solution. Table S18 demonstrates the highly ef-
fective desorption of the metals; the data report the average values (and rel-
evant standard deviations) for the results collected at different pH values
for leachates treatment (pHo: 1-5). In most cases, the desorption yield ex-
ceeds 96%, the weaker elution levels are reported for Fe(III) and AI(III) (de-
sorption yields between 92% and 95%). As expected, since the metal
sorption increased with the pH, the levels of metals in the eluates vary ac-
cording pH. Table S18 shows the concentrations obtained specifically
with the sorbents loaded at pHy 5. The concentrations of U(VI) and Th
(IV) reach comparable values: 605-585 mg U L~ ! (2.54-2.46 mmol U
L™} and 895-911 mgThL™ 1 (3.86-3.93 mmol Th L™ 1) in the eluates pro-
duced from both UR/SiO, and TUR/SiO,. These levels are significantly
higher than those obtained with the other metals. This is consistent with
the preference of the sorbents for U and Th and with the concentration fac-
tors reported above.

The separation of thorium may be processed using oxalate precipitation
method. Indeed, in acidic solutions, the weak solubility of thorium in the
presence of oxalate (Kobayashi et al., 2009) makes possible the selective
precipitation of Th(IV) from U(VI) and base metals (Abd El Fatah, 2020).
Tables S19 and S20 report the precipitation efficiency of the different
metals in the presence of oxalic acid (15%, w/w) at pH ~1.1. All the metals

are precipitated with yields ranging between 14% and 21% for UR/SiO,
and 14-29% for TUR/SiO,, except thorium that was almost completely re-
covered by oxalate precipitation (—~96%). The semi-quantitative EDX anal-
ysis shows the thorium oxalate cake contains traces of chlorine, iron and
uranium (total: ~4.3%, weight percentage; 2.1-3.3, atomic percentage).
The process allows recovering relatively pure thorium salt that could be cal-
cined to produce thorium oxide.

After the precipitation of thorium, a new precipitation step (at pH ~9)
allows recovering uranyl hydroxide (recovery efficiency: ~97.7%). Other
metal ions are also precipitated with yields around 21-28% (up to
34-25%, for thorium). However, the relatively low concentrations of the
metals in the residue of oxalate precipitation step may explain that the
semi-quantitative analysis (Fig. S30) shows that the U cake contains
about 8-10% of impurities (as Cl, Na, Fe, Ca, Al, Mg, and Th, 8-9%, in
atomic percentage).

A series of washing steps (using deionized water) was performed to re-
move most of the soluble ions such as C1 7, Na™, and Mg2+; the concentra-
tion of the other co-ions was significantly reduced consequently to the
dilution effect.

3.3.4. Proposed flowsheet

Scheme 3 shows suggested flow sheet for the treatment of pegmatite
ore. Fig. 9 reports the distribution of selected metals for the two types of sor-
bents within the different compartments: ore residue (after leaching), dif-
ferent precipitates for the pre-treatment of PLS, residual solution after
sorption step, residue on the sorbent after elution step, thorium-cake
(after oxalate precipitation), uranium-cake (after alkaline precipitation)
and residual final solution. The two profiles of distribution are very similar
showing the global reproducibility (consistent with the relatively close
sorption behavior of UR/SiO, and TUR/SiO,). First, Si(IV) is not repre-
sented, the leaching process was ineffective for solubilizing this metalloid.
The leaching step is poorly efficient for Ca(II) and Mg(II): 85-95% of
these alkali-earth elements remains in the ore; this is favorable for decreas-
ing the competitive effect for the sorption of target elements. For base
metals (including Fe(IID), Al(III) and Mn(ID)), the extraction ranges between
30% and 50%. Most of leached iron is precipitated at pH 4 (more than 97%
is assigned to the residual ore and the pH 4 precipitate); a residual amount
(corresponding to ~1.4%) is collected in the pH 5 precipitate. In the case of
Al, about 99.8% is localized in the residual ore (~68.5%), the pH 5 precip-
itate (~24.1%), and the pH 4 precipitate (~7.2%). For Mn, the treated ore
still contains 65.6% of total element, while very low amounts are succes-
sively precipitated (about 4.7%). A substantial fraction (~21.5%) is passing
through the sorption step (collected in the residue); while most of the re-
maining fraction (~5.1%) is collected in the final residue (after U-cake for-
mation; 3.1% of total Mn is distributed in the other compartments as
traces). The leaching process has a global efficiency relatively low (about
50%) for target metals (i.e., U and Th); however, the combination of
leaching and pre-treatment of leachates allows the efficient separation of
competitor metal ions for improving the efficiency of the sorption process
of valuable metals. Indeed, for uranium, the leaching process released
about 55% of the metal, while the precipitation steps lose about 11.4% of
U(VI). About 5.8% of U(VI) is co-precipitated in the Th-cake; however,
most of uranium is recovered in the U-cake (34.5-35.8%) (traces, less
than 3%, can be found in the other compartments). The leaching of thorium
is less efficient (representing only 45.6%); however, a lower fraction of the
metal is lost in the successive precipitation pre-treatments (less than 9%).
The separation of the metal in the Th-cake is highly effective:
~32.9-33.3% of total Th; while residual Th(IV) can be collected in the res-
idue of sorption operation (1.56-2.22%) and in the final aqueous solution
(i.e., ~1%). It is noteworthy that the U-cake contains negligible fraction
of Th (around 0.4% of total Th).

4. Conclusion

The functionalization of silica beads with the surface deposition of
formaldehyde-crosslinked urea (or thiourea) allows preparing efficient
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sorbents containing up to 7.8 mmol N g~ ' (and for thiourea, up to
1.5 mmol S g~'). These amine groups, combined with carbonyl (or
thiocarbonyl) groups may explain the good sorption properties for U(VI)
and Th(IV). These sorption properties are significantly higher than those
obtained for pristine silica beads. At optimized pH (i.e., ~4-5), the depro-
tonation of reactive groups and the speciation of metal ions improve the
sorption capacities that can reach sorption capacities as high as
1-1.2 mmol g~ * (remarkable values taking into account the relative weight
fraction of silica support; i.e., 55-60%). Sorption isotherms (performed at
PHy 4, to prevent any risk of metal precipitation at high concentration)
are described by the Langmuir equation. The study of the effect of temper-
ature on the sorption of metal ions shows that sorption is endothermic for
UR/SiO, and exothermic for TUR/SiO,, as a complementary proof of the
difference in sorption mechanisms. The small size of functionalized beads
(110-130 pm in diameter) minimizes the resistance to intraparticle diffu-
sion (which cannot be neglected); the kinetic profiles are fitted by the
pseudo-first order rate equation and the equilibrium time in close to
60-90 min.

The sorption of U(VI) and Th(IV) in multi-component solutions shows a
remarkable preference for U(VI) > Th(IV) against base metals, alkali-earth
metals and Si metalloid at pHeq close to 5, especially for UR/SiO,. For TUR/
SiO,, the thiocarbonyl group brings new reactive groups with broader

reactivity, and consequently lower selectivity. The separation of U(VI)
from Th(IV) reveals difficult: the selectivity coefficients are relatively
close and UR/SiO, has a little preference for U(VI) against Th(IV), while
the trend is reversed for TUR/SiO,. Acidic solutions (0.3-0.5 M HCI) are
highly efficient for the elution of sorbed metal ions; the total desorption is
achieved within 30-60 min and the sorbent can be recycled for at least
five times with complete desorption and relatively stable sorption effi-
ciency (the loss in efficiency being less than 4% at the fifth cycle).

The acidic leaching of pegmatite ore produces a very complex effluent
containing huge amounts of competitor metals. However, the combination
of leaching with pre-treatment steps allows producing a leachate with more
appropriate concentrations; this makes possible the efficient sorption of tar-
get metals. Combined with elution and a series of selective precipitation
steps (successively: oxalate and alkaline), thorium- and uranium-cakes
can be obtained with relatively high purity.

The easy synthesis of urea-functionalized silica beads shows promising
performances for the recovery of uranium and thorium, even when applied
to complex solutions. The coating of silica beads strongly increases sorption
properties; the support mainly contributes to improving the mechanical sta-
bility of the material, enhances the specific surface area (compared with
bulk polymer) and would facilitate the application of the sorbents in
fixed-bed columns.
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