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ARTICLE INFO ABSTRACT
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The recovery of thorium from aqueous industrial effluents is a challenge not only for environmental purpose but
also for the valorization of secondary resources. The complexity of these effluents not only require designing
highly efficient stable sorbent with highly reactive functional groups but also with good selectivity. Phosphonic
groups are efficient for the binding of thorium. Successive grafting of phosphonic groups through one-pot re-
action of vinylphosphonic acid with acrylamide-based reagents (as monomer and crosslinker) for polymerizing
an efficient sorbent (HVP/NIP) toward Th(IV) recovery in slightly acidic solution. On the other hand, the
selectivity objective was reached by adopting an ion-imprinting strategy (HVP/IP). While the templating weakly
improves sorption capacity (at 1.46 mmol g~ at pH close to 3), the most significant benefits concern the uptake
kinetics (slightly enhanced; equilibrium being reached in 20-25 min) and more significantly the separation
properties of HVP/IP, against base metals and uranium (to a certain extent). The selectivity coefficient (i.e., SCtn,
metal) increases twice (against U and Ca) and up to 16-folds against Al, at pHy 3. Fourier-transform infrared and
XPS spectroscopy confirm the structural differences for both sorbents (arrangement of reactive groups) and the
interactions modes involved in thorium binding mechanisms. The remarkable sorption properties of HVP/IP are
also illustrated by the good stability of the sorbent at recycling (loss in sorption less than 2% at the 10% cycle):
complete desorption is achieved using 0.3 M HNOj solution. The ion-imprinted sorbent is successfully applied to
the recovery of valuable metals (thorium, uranium, and gallium) from acidic ore leachate at different pH values.
The materials are fully characterized using different analytical tools; i.e., FTIR, TGA, XPS, BET, titration, and
elemental analysis.

1. Introduction leaching [9-12]. These acidic leachates may contain huge concentra-

tions of base metals apart thorium, uranium, and rare earth elements.

Thorium is part of the radionuclides that require special attention in
mining exploitation and management of secondary pollution (in the
surroundings of mining areas) [1,2]. Frequently associated with ura-
nium and rare earth elements (REEs) [2,3], its separation from base
metals (and other valuable metals) is of critical importance [4,5].
Recently, a regain of interest has been given to thorium due to promising
perspectives for designing new nuclear power plants [6-8].

The recovery of thorium from mining ores usually requires acidic

* Corresponding authors.

Based on concentration levels, processes such as precipitation [4,13] or
solvent extraction [4,9,13-15] are generally applied for the recovery of
these valuable metals. In the case of dilute effluents (produced from low
grade ores or as residues of precipitation and solvent extraction pro-
cesses), sorption techniques may be used for the removal of thorium
(and associated metals). The last decades have shown the possibility to
use biosorbents [16-18], mineral sorbents (raw or functionalized)
[19-23], composites [24], ion exchange and chelating resins [25-29],
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for the treatment of thorium-containing effluents (nuclear wastes,
leachates, and acid mine drainage). The design of a new sorbent may be
oriented by analogy with efficient extractants (applied in solvent
extraction) and by the proper coordination properties of specific func-
tional groups for thorium complexation [30-32]. A wide diversity of
reactive groups may be mobilized for the binding of thorium. Table S1
(see Supplementary Information) lists a series of sorbents bearing
different functional groups with their maximum sorption capacity for Th
(IV). A number of amine- and amide-based sorbents were investigated;
however, the most promising involved organophosphorus compounds
[33,34], amidoxime [35], or S-bearing groups [36].

In the current work, the strategy consisted in synthesizing a bifunc-
tional sorbent bearing both amide groups and phosphonic acid moieties,
which are efficient for Th(IV) sorption (based on literature survey). The
new sorbent (herein designed HVP) was obtained by free radical poly-
merization (assisted by MBA crosslinking) involving three precursors: N-
(hydroxymethyl) acrylamide, N,N’-methylenebisacrylamide and vinyl
phosphonic acid. An important challenge concerns the selective prop-
erties of the sorbent and its capacity to separate thorium from other
metal ions usually present in acid mine drainage and leachates
(including the recovery and separation of uranium and REEs from base
metals). The first step for improving selective properties consists of the
appropriate selection of functional groups (based on Pearson’ principles,
hard and soft acid base theory [37]). Thorium (as well as uranium) is
classified among hard Lewis acid (according HSAB); consequently, Th
(IV) coordinates preferentially with hard Lewis bases such as those
bearing oxygen and nitrogen donor atoms. It is thus possible anticipating
that amide and phosphonic-based functional groups preferentially bind
Th (and U) against soft Lewis acid (such as Cd, Ag, Cs, etc.) and
borderline metal ions (divalent cations, for example: Co, Ni, Cu, Zn, Pb,
etc.). However, it is also possible enhancing the selectivity through ion-
imprinting methods [38-41]. This method has been recently applied for
designing sorbents for selective thorium recovery [42,43]. The concept
is based on the synthesis of the resin in the presence of target metal ion
(herein Th(IV)) followed by the leaching of the template metal. This
process allows orienting the polymerization of precursors through
alternative reactive groups (maintaining free those reactive groups
initially bound to the metal), but also to save a physical cavity of ge-
ometry favorable to the Th(IV) target. To evaluate the beneficial effect of
ion-imprinting on Th(IV) removal (and separation), the sorption prop-
erties are compared for HVP sorbent under non-imprinted (HVP/NIP)
and imprinted (HVP/IP) forms. The sorption properties are evaluated
through the study of pH effect, uptake kinetics, sorption isotherms (at
different temperatures), metal desorption and sorbent recycling. The
selective properties are investigated using multi-component synthetic
(equimolar) solutions before applying the process to the treatment of an
acidic ore leachate. The characteristics of the sorbents and their in-
teractions with thorium are analyzed with a mix of techniques (textural
properties by N isotherms of adsorption and desorption, thermogravi-
metric analysis, Fourier transform infrared spectrometry, X-ray photo-
electron spectrometry, elemental analysis, titration for determination of
Pszc)~

2. Materials and methods
2.1. Materials

Vinylphosphonic acid (VPA, 97 %), N-(hydroxymethyl) acrylamide
(HMAA, 48 % aqueous solution), N,N’-methylenebisacrylamide (MBA,
99 %), methyl benzoate (99 %), 2,2-azobis(2-methylpropionitrile)
(AIBN, 98 %), hydrochloric acid (HCl; 37 %), acetone (>99.5 %), and
sodium hydroxide (>97.0 %) from Sigma-Aldrich (Merck, KGa; Darm-
stadt, Germany). Thorium nitrate (hydrated) (>99 %) was supplied by
Otto-Chemie, Pvt, Ltd (Popatwadi, Mumbai, India). Uranyl nitrate
(hexahydrate) was purchased from SPI Supplies (West Chester, PA,
USA). Calcium chloride (>99.1 %), cadmium chloride (99.99 %), and
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lead chloride (98 %) were obtained from Shanghai Makclin-Biochemical
Co., Ltd. (Shanghai, China). Iron (III) chloride (97.0 %), zinc chloride
(98.0 %), and aluminum chloride (99.1 %) were purchased from
Guangdong-Guanghua, Sci-Tech Co.-Ltd. (Guangdong, China).

2.2. Synthesis and characterization of sorbents

The (ion imprinted polymer) IIP was synthesized by mixing equi-
molar amounts (60 mmol) of HMAA (i.e., 12.6 g) and VPA (i.e., 6.7 g) in
water (50 mL). This mixture is stirred at 323 K for 1 h (up to complete
dissolution). Afterwards, 100 mLof 1 g L1 of thorium nitrate solution
was added drop wise (in 30 min) under continuous stirring (250 rpm)
and the mixture was kept under stirring for further 5 h. A fixed amount
(20 mmol, 3.1 g) of MBA (as a crosslinking agent) was added to the
mixture and stirred for further 5 h, followed by the addition of 50 mL
methyl benzoate solution (as a pore producing solvent). AIBN (0.2 g,
initiator) was added to the mixture then the reaction was carried out at
253 K for 7 h. The produced hydrogel was filtered, washed with water
and acetone before the next step (metal elution). The obtained precipi-
tate was mixed with 0.5 M HNOj3 solution for removing the template ions
before washing several times with water and acetone. The product was
then dried at 333 K (the yield was 15.5 g, d.w.). Scheme 1a shows the
sequence of synthesis steps. The same procedure was applied for the
preparation of HVP/NIP (without templates), as shown in Scheme 1b.
The yield reached 13.1 g (d.w.).

Many studies pointed out the interest of acrylamide for the synthesis
of functional polymers. Indeed, acrylamide moiety is highly reactive and
provides many possibilities for coupling with other monomers. On the
other hand, the presence of terminal vinyl groups in poly(vinyl-
phosphonic acid) (PVPA) and N-(hydroxymethyl) acrylamide makes
these precursors highly reactive and suitable for simple free radical
polymerization [44,45]. The synthesized copolymer contains phos-
phonic acid (which are considered as proton donor group) that enhance
sorption toward metal ions and improved proton conductivity (for
further application) [46,47]. On the other hand, the functional cross-
linking agent (MBA) increases the flexibility of rigid polymer networks
[48]. Birlik et al. [49] prepared chitosan-based ion-imprinted sorbent
for selective thorium recovery; they pointed out the interest of the
flexibility of the biopolymer for enabling the sorbent to adopt the
appropriate configuration for metal binding. The presence of terminal
vinyl groups on VPA and acrylamides (both MBA and HMAA) explains
the high reactivity of the precursors for free radical polymerization and
the easy synthesis of the sorbent. Though methods were developed for
preparing ion-imprinted sorbents (such as entrapment technologies,
[50] or chemical modification of ligands to bring polymerizable moi-
eties), vinyl-bearing ligands are usually preferred [51]. The flexibility of
the polymer (which makes easy the shaping of the polymer for forming
appropriate cavity in presence of thorium) is favored by MBA that im-
proves the flexibility of the polymeric structure. The presence of phos-
phonate groups is also highly favorable to the interaction of with
radionuclides such as uranium, thorium, and rare earth elements (for
complexation, precipitation, or sorption) [52-57]. The existence of
carbonyl and amide groups in the near environment of phosphonate
moieties may also contribute to complementary reactivity and modu-
lation of hydrophilic, and acid/base properties [58].

The characterization of the materials is fully described in the Sup-
plementary Information (Text S1): textural, properties, thermogravi-
metric, scanning electron microscopy, Fourier-Transform InfraRed
(FTIR) and X-ray photoelectron (XPS) spectrometry, elemental compo-
sition, and titration (pHpgc).

2.3. Study of sorption properties
Sorption experiments were performed in batch systems. A fixed

volume of solution (V, L), at given concentration of metal (Cy, mmol L
and controlled pH value (using 0.1/1 M HCl and NaOH solutions), was
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mixed with a fixed amount of sorbent (m, g; sorbent dose, SD=m/V, g
L™Y). Unless specified, the temperature was set at 294 K, and the
agitation speed was maintained at 210 rpm. After fixed contact times
(for kinetics) or 24/48 h (for equilibrium tests), samples were collected
and filtrated (1.2 um pore size membrane filter) and the residual con-
centration (Ceq, mmol L_l) was determined by ICP-AES (inductively
coupled plasma atomic emission spectrometry, ICPS-7510, Shimadzu,
Tokyo, Japan). The sorption capacity (q, mmol g’l) was deduced by the
mass balance equation: q = (Co-Ceq) x V/m. Similar procedure was
applied for multicomponent solutions (prepared with equimolar con-
centration (i.e., 1 mmol L) of each competitor metal/metalloid ion).
The pH was not controlled during sorption experiments, but the equi-
librium pH was systematically monitored. The Th-loaded samples
collected from kinetic experiments were used for the study of metal
desorption and sorbent recycling. The sorbent dose was set to 0.5 g L™
for uptake kinetics, while desorption tests were performed with a sor-
bent dose of 1.3 g L. The volume of the eluent was reduced for
increasing sorbent dose and concentrating thorium in the eluate. Sorp-
tion tests were duplicated; the experiments showed good reproducibility
as shown by error bars (displayed in the figures). Detailed experimental
conditions are systematically reported in the caption of the figures.

The equations used for the modeling of uptake kinetics and sorption
isotherms are summarized in Tables S2a and S2b, respectively. The
parameters of these models were determined by nonlinear regression
analysis (using the facilities of Mathematica™ software and proprietary
notebooks). The “quality” of the fits was evaluated and compared using
both the determination coefficient (i.e., R2) and the Akaike Information
Criterion (i.e., AIC).

2.4. Application to ore leachate

The ore sample can be considered as a “typical rare earth mining”
mineral. It is essentially constituted of ferrocolumbite, cassiterite,
zircon, tantalite, autunite, thorite and uranothorite, with REEs being
found in xenotime, monazite and bastnaesite minerals.

The ore sample was grinded and sieved; the fraction (—50/-70 Mesh;
212-300 pm) was collected and tested for acid leaching. The sample (1
kg) was mixed with 4 L of 7 M HCl acid solution for 3 h at 343 + 2 K. The
leachate (3.39 L) was characterized for metal (and metalloid) contents
using ICP-AES (7510 ICP, Shimadzu Instruments, Tokyo, Japan) for U
and other metals, while sodium was analyzed by flame atomic absorp-
tion spectrophotometry (FAAS AA-7000 spectrophotometer, Shimadzu,
Tokyo, Japan).

The pH of the leachate was adjusted to fixed values (in the range 1-5)
using 0.1/1 M NHj3 or HCl solutions. Ammonia was used for pH control
to prevent the shielding effect that could occur with NaOH (or KOH).
Sorption tests were performed in batch systems using the method
described above. With pH increase the precipitation of some metal ions
(Fe(III) and AI(III)) was observed, involving also the co-precipitation of
other metal ions. For the calculation of sorption performances (sorption
yield, and sorption capacity), the effective concentration of the metals
(meaning after partial precipitation) was systematically used.

3. Results and discussion
3.1. Characterization of sorbents

3.1.1. Physical properties
The morphology and the size of sorbent particles can be visualized in
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Figure S1 (which shows scanning electron microscopy photos). The
particles are rounded with irregular external texture. A large dispersion
in size is observed in the size distribution with large agglomerates,
(which may reach up to 115 um); however, the most representative
fractions (smallest particles) give average dimensions around 4.3 + 2.9
um for HVP/IP and 5.0 + 3.1 um for HVP/NIP.

For HVP/NIP, the profile of N, adsorption and desorption isotherms
corresponds to Type IV(a) shape. This type of isotherm usually describes
mesoporous sorbents, where gas adsorption is controlled first by the
interactions of sorbent and sorbate, but also by the proper interactions
between condensed molecules. The beginning of the linear section (the
so-called Point B) is poorly detectable; meaning that the formation of the
monolayer at the surface of the sorbent is hardly detectable (associated
with the weak interaction of Ny with the sorbent surface and the over-
lapped coverage of the monolayer with the formation of multilayer
sorption). The hysteresis is well-marked; indicating that the pore size
exceeds ~ 4 nm [59]. The ion-imprinting process significantly changes
the profile of the isotherms in the second part of the curves (i.e., at p/po
> 0.85): the short saturation plateau observed for HVP/NIP disappears
with the ion-imprinting; in addition, the hysteresis loop is strongly
weakened. This is first evidence that the procedure changes the physical
arrangement of the polymer. The specific surface area is hardly changed
(from 64.4 to 66.0 m? g~!). The pore volume, measured on the
adsorption branch, slightly increases (from 0.71 to 0.79 cm® g 1);
however, the ion-imprinting introduces a strong divergence when
considering the desorption branch: the pore volume stable at 0.71 cm®
g~! for HVP/NIP dropped down to 0.33 cm® g~ !. This trend is also
observed for the evaluation of pore size, which is higher for ion-
imprinted sorbent (514 A vs. 464 A) for adsorption branch, while for
desorption branch the pore size is larger for non-imprinted sorbent (274
A vs. 223 A). The ion-imprinting increases the size gap between
adsorption and desorption branches. Liang et al. [60] also reported a
slight improvement in the textural properties of a Th-imprinted sorbent.

3.1.2. Chemical properties

3.1.2.1. Thermogravimetric analysis (TGA). Fig. S3a compares the
thermogravimetric analysis (weight loss) of the reference material HVP/
NIP with the degradation profiles of the ion-imprinted polymer (i.e.,
HVP/IP) and the Th-imprinted polymer (prior to the removal of the
template; herein noted HVP/IP+Th). First, the general pattern of the
profiles is roughly similar for HVP/NIP and HVP/IP; however, the ion-
imprinting shifts the curve toward both higher thermal stability
(lower weight loss) and higher temperatures (the transitions occur at
higher temperature, as shown in the table associated with Figure S3).
More detailed discussion of TGA profiles is presented in Text S2 (in
Supplementary Information).

3.1.2.2. FTIR spectrometry. The comparison of the FTIR spectra for ion-
imprinted and reference (non-imprinted) materials (Fig. S4a) shows
substantial differences. The functional groups present on HVP materials
can be easily identified. In HVP/NIP spectrum, 3 bands are observed at
3387, 3329, and 3150 cm ™}, which correspond to VasymN-H; Vsymn-H (Poth
being superposed near 3300 em~! with contribution of Vo-H..0 bonds),
and 4. vibrations [61]. In the case of HVP/IP, the well-resolved bands
are replaced with a broad poorly-resolved band. This is a first indication
that the templating effect plays not only with the physical arrangement
of the polymer (cavity formation) but also with the chemical structure
(different interactions between the precursors). In the case of HVP/NIP
in the presence of thorium (HVP/NIP(+Th)), the three bands are
replaced with a broad band centered around 3424 cm™! (superposition
of stretching bands of N-H and O-H bonds, including those of phos-
phonic groups). The band at 2895 em! (assigned to vc.y, aliph) in HVP/
NIP and HVP(+Th) disappears in HVP/IP, being masked by a broad
poorly-resolved area. Two other (less-intense) bands are observed at

Chemical Engineering Journal 496 (2024) 154045

2953 and 2806 cm ™! that correspond to other vy vibrations (i.e., C-
Hasym and C-Hgypy). In the region 1670-1620 cm_l, a series of bonds can
be detected corresponding to —C-N, —C=0 (Amide I), and —N-H. In the
ion-imprinted polymer, the width of the band is reduced (compared with
non-imprinted material): hence, the broad band with an extremum at
1639 cm ™! is replaced with a narrower band at 1665 cm™!; apparently,
the environment of —N-H and Amide I band is differently affected when
the synthesis is operated in presence or absence of thorium. In this re-
gion, the spectrum of HVP/NIP(+Th) shows three bands at 1665, 1631,
and 1570 cm 1. A broad band with an extremum at 1400 cm ' is
observed on HVP/NIP spectrum, the band becomes narrow for HVP/IP
material (with an extremum shifted to 1410 cm’l); this band is associ-
ated with Sc2alipn vibrations (in different environments). The band is
found at 1396 cm ™! in HVP/NIP(+Th), with a marked additional band
at 1348 cm L. Phosphonic groups are reported at 1273 cm ™ (Vp_o),
1107 and 1013 cm ™! (vp.o) for HVP/NIP [62]; the bands are shifted to
1276, 1090, and 1016 cm ™" respectively in the case of HVP/IP. In the
case of HVP/NIP(+Th), these bands are identified at 1261, 1096, and
1028 cm ™!, respectively. Another typical band is observed at 752 cm ™!
(representative of 8oy vibration), after ion-imprinting the band moves
to 782 ecm ™! (787 cm~! for HVP/NIP(+Th)). These numerous and sig-
nificant differences probably mean that synthesis procedure is affected
in terms of chemical structure by the presence of thorium. The imprinted
template affects not only the geometry of monomers, but also induces
restrictions for some groups to participate in cross-linkages (especially
for the electron dentate groups; i.e., NHy) because they are already
engaged in the binding of the template. On the other hand, in non-ion-
imprinted materials all groups are free for reacting (without selec-
tivity). This causes significant differences in the characterization of
chemical groups (intensity and wavelength).

Fig. 1 compares the FTIR spectra of the two sorbents under different
conditions (meaning pristine material, after being conditioned at pH 3,
after Th(IV) sorption at pH 3, and after 10 cycles of sorption and
desorption). In Fig. 1a for HVP/NIP, the protonation of the sorbent and
the sorption of Th(IV) significantly change the spectrum in the region
3600-3000 cm*: the well resolved bands (representative of vy.g and vo.
y vibrations) are replaced by a broad band centered at 3424 cm ™. The
Amide I band is shifted from 1640 cm™! to 1680 cm ! (maintaining a
shoulder around 1660 cm™!); on the opposite hand, Th(IV) sorption
involves the appearance of a band at 1701 ecm ™! (while the intensity of
the 1640-1680 cm ! contribution is strongly reduced). The band at
1400 cm ™! in pristine sorbent becomes narrow after pH control at 3, and
almost disappears after Th(IV) binding. The bands that represent phos-
phonate groups are also affected by pH control and metal sorption: the
bands are significantly shifted from 1273, 1107, and 1013 em to 1261,
1097, and 1032 cm ™! (1269, 1103, and 1016 cm ™ for protonated sor-
bent), respectively. The differences observed before and after Th(IV)
sorption may be imputed to complementary effects of protonation at pH
3 and direct interaction of phosphonate with Th(IV). The §¢.y4 vibration
at 752 cm ™! (associated with a shoulder at ~780 cm™?) is replaced with
single narrow peak at 802 cm™! for both protonated and metal-bound
sorbents. Independently of the effect of protonation, the most signifi-
cant changes in FTIR spectra show that Th(IV) binds preferentially to
amide and phosphonate groups (though the changes observed for vy in
3600-3000 cm ™ region tend to indicate that the environment of N-H
groups is also affected by thorium binding).

In the case of HVP/IP, substantial changes are also observed in the
region of vy.g and vo.g. The band at 1665 em~lis hardly influenced by
metal sorption (at 1660 cm’l); Amide I band is less changed than in the
case of non-imprinted sorbent. The 1410 em ! band (i.e., ScHzaliph Vi-
brations) is slightly shifted (from 1410 to 1416 and 1429 cm ). Sig-
nificant changes can be reported in the environment of phosphonate
associated bonds (i.e., vp—o, vp.o) with variations in both relative in-
tensity and wavelengths. The §¢.y vibration is also influenced by Th(IV)
binding: the band at 781 cm™ is shifted to 800 cm ™ after protonation,
while after Th(IV) uptake, this band shifts back to 779 cm ! (contrary to
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Fig. 1. FTIR spectra of HVP/NIP (a) and HVP/IP (b) as produced, after con-
ditioning at pH 3, after Th(IV) sorption and after 10 cycles of sorption
and desorption.

HVP/NIP). For both protonated and metal-bound materials, the shoul-
ders at lower wavelengths almost disappear (giving narrower bands).

Based on the modifications of FTIR spectra, the sorption of Th(IV)
involves interactions with phosphonate groups, amine/amide groups for
both HVP/NIP and HVP/IP. The §¢.y vibration is affected by Th(IV)
binding differently for the two sorbents: for both of them the shoulders
associated with main band disappear, but the wavelength of the main
band is not shifted for HVP/IP contrary to HVP/NIP (where the shift is
similar to the displacement associated with protonation effect). Fig. S4b
discussed in Supplementary information shows the change in FTIR
spectrum associated with thorium binding during the synthesis of the
templated material.

Fig. 1 also shows the spectra of the sorbents after 10 cycles of sorp-
tion and desorption. The comparison of spectra shows that minimal
changes are observed on HVP/IP, while the spectrum is more affected by
recycling for HVP/NIP. Text S3 (in SI) provides more details on these
changes. Apparently, the ion-imprinting contributes to increase the
chemical stability of the sorbent when the sorbent is recycled. The
polymerization in presence of the template ion orientates the “building”
of the sorbent on a way that apparently reinforces its stability.

3.1.2.3. XPS analysis. The organic architecture (HMAA and MBA pre-
cursors) is confirmed in the survey XPS spectra (Fig. 2) with the C 1s (at
binding energy, BE: 284-285 eV), O 1s (at 498-500 eV), and N1 s (at
399 eV) signals; the effective incorporation of VPA is demonstrated by
the appearance of the P 2p signal (at 132-133 eV), completed by the P 2s
signal (at 189 eV). On the other hand, the sorption of Th(IV) is

Chemical Engineering Journal 496 (2024) 154045

Cls O Is OKLI
Th 5d5 Th 467 Th 4d5 O KL2
P3 Th 4d3 .
STh 5d3 Th ;fISS HVP/NIP+Th
O2sP2p i
P 2s ,JL..L.._... HVP/IP+Th
z
£ HVP/NIP
E Y S A——
/\_‘_L_y‘ HVP/IP

0 150 300 450 600 750 900 1050 1200 1350
Binding Energy (eV)

Fig. 2. XPS survey curve for HVP/NIP and HVP/IP sorbents before and after Th
(IV) sorption.

highlighted by the appearance of a series of main bands corresponding
to the signals Th 4f;/, (at 334 eV), Th 4f5,5 (at 343 eV), Th 4ds/, (at
675-676 eV), Th 4d3/» (at 711-712 eV). More detailed information can
be obtained from core-shell XPS spectra. Figure S5 compares the profiles
of C 1s, O 1s, N 1s, P 2p, and Th 4f signals for the sorbents (HVP/NIP and
HVP/IP) before and after Th(IV) sorption. These comparisons show that:
(a) N 1s is roughly similar for the 4 samples, (b) Th 4f signal is not
affected by the ion-templating (superposition for HVP/NIP and HVP/IP
sorbents), (c) the sorption of thorium strongly perturbates the analysis of
P 2p signal (which disappears); and (d) the signals most influenced by
the mode of synthesis and the sorption of thorium concern essentially C
1s (probably those close to reactive phosphonic groups), and O 1s sig-
nals. Figures S6 and S7 offer a focus on the individual signals (after
deconvolution) before and after Th(IV) sorption for HVP/IP and HVP/
NIP, respectively. Table S3 summarizes the main components of the
different deconvoluted bands (with their BEs and their relevant atomic
fractions, AFs). The differences in the spectra between the two sorbents
visible on C 1s, O 1s, and N 1s signals tends to confirm that the Th-
templating affects the mode of reaction between the precursors.
Hence, the relative fractions (more than their BEs) of some bonds change
with ion-imprinting. For example, the AFs of bands at 286.20 eV
(associated with C-P, C-C=0, C-N, C-N-C=0) and 287.8 eV (C=0 bond)
decrease with templating effect, contrary to the increased fraction for
the signal at 284.8 eV (C-C, C-H). For O 1s signal, the largest variations
are observed for the bands at 529.4 eV (O-P, and C-O bonds) and at
530.9 eV (O=P, Hy0): the first component increases with ion-
imprinting, while the second tends to decrease. The repartition of the
different components for N 1s signal slightly changes between amine
and amide groups. It may be suggested that the ion-imprinting process
contributes to preserve the reactive groups engaged in Th(IV) sorption
during the final synthesis step; after elution of the template, these pro-
tected sites will be available for metal sorption (higher density of free
reactive groups and more appropriate arrangement for adopting the
spatial configuration of Th(IV) ionic species).

The sorption of Th(IV) introduces additional differences with their
original form but also between the two types of metal-loaded sorbents.
Considering the N 1s spectra, metal sorption affects essentially the N-H
bond that disappears for both HVP/IP+Th and HVP/NIP+Th. The most
marked differences can be observed for C 1s and O 1s signals. For C 1s
signal, Th(IV) binding induces an increase of the AF of the bands at BE:
284.8 eV (C-C, and C-H) and BE: 289 eV (N-C=0), while the AF of other
bands at BE: 286.2 eV and BE: ~287.5 eV (which represent C in C=0, C-
P, C-N, C-C=0, and C-N-C=0) tend to decrease (in terms of AF). For
HVP/IP, the bands associated with O-P (at BE: 529.4 eV) and O=C/P-OH
(at BE: 532.3 eV) tend to decrease, despite the formation of a
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supplementary linkage between O-bearing functional group and Th
(probably associated with the slight shift in BE from 532.3 to 532.6 eV).
The band at 531 eV (assigned to O=P, O-P) shifts toward higher BE (at
531.4 eV). In the case of HVP/NIP, thorium sorption induces weaker
shifts in binding energies and the variations in the AFs of the three bands
are reversed (compared with ion-imprinted materials). The P 2p signal
well-resolved in the as-produced sorbent, is strongly “denatured” after
metal binding (impossibility to deconvolute the dispersed signal). The
Th 4f signals are observed at the same binding energies for the two
metal-loaded sorbents, close to BE: 334.25 eV and BE: 343.55 eV for Th
4f;,5 and Th 4fs5 5, respectively. Though N-based ligand may contribute
to thorium sorption, most of the changes (and the most intense) are
associated with O-donor ligands (C=0, amide, and phosphonic acid
moieties).

3.1.2.4. Elemental analysis and pHp,. Table S4 shows that elemental
analysis is also slightly influenced by the mode of synthesis (impact of
the presence of the template). The relative percentages of O, N, and P
slightly increase with templating (traduced by increases of molar con-
tent in the range 0.7-1.25 mmol g~!). These differences support the
hypothesis that the synthesis route may be affected by the presence of
the template. Monier and Abdel-Latif [63] designed an ion-imprinted
resin based on functionalized carboxymethyl cellulose for U(VI)
removal; the comparison of elemental analysis of the standard and ion-
imprinted salicylaldehyde-grafted materials showed a relative decrease
in N content.

The ion-templating weakly influences the pHp,. of the sorbents
(Fig. S8). The value is shifted from 5.47 to 5.60 with ion-imprinting.
Below pH =5.5, the sorbents are protonated; associated with the in-
crease of the pH. On the other hand, above pH 5.5, the pH of the so-
lution tends to decrease, and the sorbent is progressively deprotonated.
The curves are parallel to each other with a little shift toward (slightly)
higher values for ion-imprinted sorbent. The surface acid-base behavior
results from the cross effects of the different functional groups present at
the surface of the sorbent; i.e., amide-type (pK,: 6.57 for HMAA and 6.25
for MBA) and phosphonic acid-type (pKa: 3.68 for VPA) [64]. The
changes in their environment that occur during the synthesis process
(which can be also influenced by the templating effect) may induce
inductive and/or cooperative effects that, in turn, influence the final
acid-base properties of the sorbents.

3.2. Study of sorption properties — Synthetic solutions

3.2.1. Effect of pH

The pH plays a role on both the speciation of metal ions and the
surface charge of the sorbent, which, in turn, influence the possible in-
teractions between the sorbent and the metal ions through attraction/
repulsion and competition effects. Fig. 3 compares the sorption capac-
ities for the two sorbents at room temperature (i.e., 294 + 1 K) and at T:
323 £+ 1 K in function of equilibrium pH. The pH-edge curves are
characterized by a two-slopes shape: (a) in acidic solutions (pHeq <
3-3.5) the sorption capacity increases almost linearly with the pH, and
(b) at pHeq > 3-3.5, the slope decreases with inversion. In acidic solu-
tions, the pH increase limits the competition of protons; the progressive
deprotonation of reactive groups contributes to the strong increase in
thorium sorption. It is noteworthy that the “frontier” does not corre-
spond to pHp, values (~5.5). Moulin et al. [65] published a critical
comparison of thorium speciation in aqueous solutions; they reported
that thorium distribution profiles may significantly vary with data
source. This may be due to different experimental conditions (such as
background salt and concentrations). In strong acidic solution (i.e., pH
below 1), thorium is mainly present in solution as free Th*" (though
some authors also document the presence of Th(OH)3+, [66]). With pH
increase, hydrolyzed species progressively appear in the solution: mostly
as Th(OH)3+, which is predominant at pH > 2 [65,66]. With further pH

Chemical Engineering Journal 496 (2024) 154045

1
0.8 -
)
= 0.6 1
=
2
£
E 04
o
& - --4-~HVP/NIP 294 K
02 | L ---HVP/P 294 K
i / —A—HVP/NIP 323 K
& —e—HVP/IP 323K
0 . . . r r
0 1 2 3 4 5 6
pPH,,

Fig. 3. Effect of pH on Th(IV) sorption using HVP-based sorbents at two tem-
peratures (T: 294 + 1 K or 323 + 1 K; Cy: 0.224 mmol Th L~%; Sorbent dose, SD:
05¢g L% v: 210 rpm; time: 48 h).

increase, the relative fractions of Th(OH)%Jr and Th(OH)3 species pro-
gressively increase (their relative importance depends on literature
source, [65,67]). Sasaki et al. [68] listed formation constants of thorium
hydroxides; these values were averaged and used for drawing the
speciation diagram of Th(IV) (at 1 mmol Th L1 concentration,
Figure S9); successive predominant species are Th** (pH below 2), Th
(OH)>* (at pH 3), Th(OH)3" (at pH 4), Th(OH)** (at pH 5), and Th(OH),4
(at pH 6). More recently, Nisbet et al. [69] investigated the solubility
(and speciation) of thorium at different temperatures. At 298 K, they
only identified three species: (a) free Th** (alone until pH 2), (b) Th
(OH)%+ (alone at pH 4.5), and Th(OH)g (above pH 6); with mixed
compositions in the relevant intermediary pH ranges. Depending on
thorium concentration, precipitation phenomena can be observed at pH
higher than 4-5. It is noteworthy that increasing the temperature
significantly shifted the pH-distribution profiles toward lower pH (i.e.,
Th(OH)%+ predominates at pH 2 for T: 373 K). Therefore, the changes in
the sorption efficiency of the sorbents for Th(IV) binding (with slope
breaking) can be correlated with both the progressive decrease of the
protonation of reactive groups and the speciation of the metal through
the formation of hydrolyzed species that may be less favorable to metal
binding (especially highly hydrolyzed species, with lower positive
charge and higher hydroxyl groups). At the highest pH values, the
occurrence of precipitation phenomena may interfere with sorption
process with misinterpretation of thorium removal (combined precipi-
tation and sorption); to avoid this drawback, further studies are per-
formed at pH 3.

The increase in the temperature improves sorption capacity for Th
(IV): the sorption is endothermic. It is noteworthy that the endothermic
effect is more marked for HVP/NIP, especially for the second section of
the curves (pH higher than 3.5). Complementary information may be
obtained from pH variation during the sorption (possible impact of
speciation and precipitation, Figure S10) and from the evolution of the
distribution ratio with pH (contribution of ion-exchange mechanisms,
Figure S11). More detailed explanations are provided in Text S4 (in SI).

3.2.2. Uptake kinetics

The kinetic profiles for Th(IV) using HVP/NIP and HVP/IP show
equilibrium contact times of roughly the same order of magnitude
(Fig. 4): about 30 min for HVP/NIP and little lower for HVP/IP (i.e.,
~20 min). However, the benefits of ion-imprinting are more significant
in terms of equilibrium sorption capacities. Consistently with Fig. 3,
templating effect increases qeq from 0.537 to 0.699 mmol Th g L

Generally, sorption processes are kinetically controlled by diffusion
mechanisms (including resistance to bulk, film, and intraparticle diffu-
sion) and proper reaction rates (which may be approached using pseudo-
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Fig. 4. Comparison of kinetic profiles for Th(IV) sorption using HVP-based
sorbents — Modeling with pseudo-first order rate equation (PFORE) (pHy:
3.02; Cy: 0.544 mmol Th L™!; Sorbent dose, SD: 0.5 g L% v: 210 rpm; T: 294 +
1K).

first order (PFORE) and pseudo-second order (PSORE) rate equations).
Table 1 compares the modeling of kinetic profiles using the PFORE and
PSORE fits with the so-called Crank equation (simplified modeling of
resistance to intraparticle diffusion, RIDE).

From the general Langmuir equation kinetics (Eq. 1), Azizian [70]
derived two equations that actually correspond to the conditions of so-
called Lagergren equation (or pseudo-first-order rate equation, PFORE,
Eq. 2) and pseudo-second order rate equation (PSORE, initially
described by Blanchard, [71], Eq. 3) [72]:

de mq,,

=k (cofTe>(179)7kde )
% =ki(q.— q) for Co> m 4, 8 (2)
dq, 2 mgq, 6

P ko(q. — qp) for Cy of the same order than v 3

with: m is the mass of sorbent, q,, the maximum sorption capacity of
the sorbent, 6 occupied fraction of sorption sites, and V the volume of
solution.

Salvestrini [73] reported the misuse of the Langmuir equation for
systems controlled by resistance to diffusion, and he proposed an
alternative equation called Diffusion-Controlled Langmuir Kinetics
(DCLK). Tran et al. [74] reminded that the PFORE requires careful
attention regarding (a) the consistency between calculated sorption
capacity at equilibrium (qe,caic) and relevant experimental value (qe,exp),
and (b) that the model cannot appropriately describe the full range of

Table 1
Th(IV) uptake kinetics for HVP/NIP and HVP/IP sorbents — Parameters of the
models.

Model Parameter Unit Sorbent
HVP/NIP HVP/IP
Experimental Qeqexp. mmol g~ ! 0.537 0.699
PFORE Qeq1 mmol g~* 0.544 0.705
ky min~! 0.113 0.164
R? - 0.995 0.996
AIC - —122 -120
PSORE Qeq,2 mmol g~! 0.599 0.763
ko g mmol ! min~?! 0.279 0.335
R? - 0.967 0.965
AIC - -95 -87
RIDE D. x 10'® m? min~! 8.78 5.62
R? - 0.978 0.972
AIC - —99 -89
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the kinetics (being rather limited to the initial contact time, i.e., 20-30
min). The discrepancy in the values of equilibrium sorption capacities
can be associated with the contribution of the boundary layer (for
resistance to external diffusion) at the beginning of the kinetics.

The PFORE remarkably fits Th(IV) sorption kinetics (solid lines in
Fig. 4). The fit of kinetics with PSORE is frequently associated in the
literature with predominance of chemical sorption. However, Hubbe
et al. [75] demonstrated that specific conditions must be fulfilled for
validating this “short-cut”; alternatively, the mathematical fit only
covers system controlled by the resistance to intraparticle diffusion.
These conditions (such as invariability of metal concentration; i.e.,
infinite volume conditions) are not fulfilled herein. Figure S12 shows the
dispersion of data in the zone of higher curvature (for PSORE and RIDE)
and at the equilibrium (for PSORE). Table 1 also demonstrates that the
calculated values for the equilibrium sorption capacities are remarkably
close to experimental values (overestimation does not exceed 1.3 %);
this is another proof that the PFORE allows finely simulating thorium
sorption onto HVP-based sorbents. Consistently with equilibrium times,
the apparent rate coefficient (i.e., ki) slightly increases with ion-
templating (from 0.113 to 0.164 min~!). HVP sorbents exhibit higher
apparent rate coefficient than alternative sorbents, especially for ion-
imprinted material (extended discussion is available in Text S5, in SI).
It is noteworthy that contrary to the current trend, Liang et al. [60]
reported a decrease in the k; value after ion-imprinting. Similar
decreasing trend is reported by Sharef et al. [76] for copper removal
using a bio-based imprinted polymer.

3.2.3. Sorption isotherms and thermodynamics
The sorption isotherms plot the evolution of the sorption capacity in

2
(a)
1.6 1
)
ﬁ 1.2 A
2
g 0.8 4 Temkin
ca‘ 0294 K
<303 K
0.4 A3IBK
0323 K
0 8 T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
C,, (mmol Th g)
2
(b)
1.6 A
‘Tbﬂ
ﬁ 1.2 A
3
E Temkin
= 0.8
g 0294 K
=
0303 K
0.4 A3IBK
0323 K
0 T T T T

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
C,, (mmol Th g)

Fig. 5. Effect of temperature on Th(IV) sorption isotherms using HVP/NIP (a)
and HVP/IP (b) — Modeling with Temkin equation (Co: 0.043-2.18 mmol Th
L™} pHy: 3.01 + 0.02; pHeq: 3.18-3.35; SD: 0.5 g L™%; time: 48 h; v: 210 rpm).



M. Zhao et al.

function of the residual adsorbate concentration (Fig. 5). The compari-
son of pH-effect curves at T: 294 K and 232 K, brought a first indication
on the endothermic nature of Th(IV) sorption on HPV sorbents. Fig. 5
confirms these trends with the sorption isotherms shifting systematically
towards higher sorption capacities with temperature increase. The
profiles are characterized by a steep initial section followed by a pro-
gressive increase, and a quasi-saturation plateau. This type of shape
disqualifies the Freundlich model for fitting experimental profiles
(because of the power function-type of this model, contrary to the
plateau/semi-plateau associated with other models). Langmuir equation
describes the equilibrium distribution of the sorbate between the two
phases assuming that the sorption occurs as a monolayer, without
interaction between sorbed molecules and with constant sorption
enthalpy (meaning homogeneous distribution of sorption sites with
equivalent enthalpy of sorption). Another requisite is the complete
reversibility of solute binding. Misak [77] demonstrated that the Lang-
muir equation cannot be applied to equilibrium driven by ion exchange
mechanism (the mechanism ca be better considered as competitive
adsorption between ion-exchanged solutes, which requires a modified
version of the Langmuir equation, [77]). Herein, the sorption process
may involve (depending on the pH and the reactive groups) ion-
exchange mechanisms or complexation and chelation mechanisms.
The use of the Langmuir equation is thus mathematically extended to
conditions that do not perfectly fit the equation requisites. Tables 2 and
3 compare the fitting of experimental profiles with the different models
for both HVP/NIP and HVP/IP at different temperatures. The statistical
criteria (R? and AIC) show that in most cases, the Temkin equation best
fits experimental data. In the case of Temkin equation, the adsorption
enthalpy (contrary to Langmuir system) is not constant and varies lin-
early with surface coverage; this variation may be due to eventual in-
teractions between sorbed sorbate molecules, and/or to heterogeneities
of sorption sites [78].

The AIC is most relevant for evaluating the quality of the fit since this
criterion also considers the number of adjustable parameters. In Fig. 5,
the solid lines represent the fitting of sorption isotherms with Temkin
equation; Figures S13-16 show the sorption isotherms fitted with the
Langmuir, Langmuir Dual Site, Sips, and D-R equations (Tables S5a and
S5b show the parameters for Freundlich and Langmuir Dual Sites
equations). Considering Temkin model, the ay parameter slightly in-
creases with temperature (from 10,367 to 11,855 L mmol 1) for HVP-IP,

Table 2
Th(IV) sorption isotherms for HVP-NIP sorbent — Parameters of the models.

Model Parameter Unit Temperature (K)
294 303 313 323
Exp. Qmiexp mmol g~! 1.25 1.34 1.44 1.54
Langmuir Q1 mmol g~! 1.37 1.40 1.48 1.52
by, L mmol ! 6.12 10.2 14.4 35.2
R? - 0.978 0.971 0.974 0.986
AIC - —51 —46 —45 -53
Sips Am,s mmol g~! 1.86 1.91 1.86 1.62
bg (L 1.72 2.06 3.08 14.2
mmol )Y/
bs
ng - 1.66 1.82 1.73 1.25
R? - 0.989  0.988 0.989 0.991
AIC - —57 —54 —54 -53
Temkin ar L mmol ! 207.6 407.6 564.4 693.6
br Jkg™! 11,371 11,996 11,878 11,308
mol 2
Er kJ mol ! 9.17 8.96 8.23 7.33
R? - 0.981 0.987 0.990 0.987
AIC - -55 —57 —59 —54
D-R GmpR mmol g ! 1.23 1.30 1.42 1.56
kp.rx10%  mol? kJ 2 2.09 1.36 1.11 0.849
Epr kJ mol ! 6.92 8.56 9.48 10.8
R? - 0.965 0.967 0.976 0.991
AIC - —47 —47 —49 —56
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while for the reference material the parameter strongly increases with
temperature (being tripled between 294 K and 323 K) but remains much
lower (below 694 L. mmol™!) than for ion-imprinted sorbent. The en-
ergetic parameter of the Temkin equation (i.e., by) does not vary with
temperature for HVP/IP (11638 + 302 J kg™ mol~2) contrary to HVP/
NIP, where by progressively increases (with much lower values, from
475 to 2671 J kg~! mol~2). The ion-templating effect strongly impacts
sorption performances and energy dimension of the sorption process.
The sorption energy (E, derived from Temkin modeling) hardly varies
for HVP/IP (6.95 + 0.13 kJ mol’l), while for HVP/NIP Et continuously
decreases with increasing temperature from 9.17 to 7.33 kJ mol~!. The
ion-templating decreases the energy to provide for thorium binding.

Despite the poorer statistical quality of the Langmuir equation for
fitting sorption isotherms, the model can help figuring the beneficial
effect on ion imprinting. The experimental sorption capacities (qm,exp)
are consistent with the maximum Langmuir sorption capacities (qm,1),
which increase with temperature. The Langmuir equation supposes that
the sorption occurs as a monolayer without interactions between sorbed
molecules and with homogeneous distribution of sorption energies at
the surface. The Langmuir Dual Site model has been designed for
simulating sorbents with two types of reactive groups having different
sorption energies but obeying to Langmuir hypotheses. This alternative
model improves the quality of the fit (compared to Langmuir equation)
for HVP/NIP, while the fitting is not improved for HVP/IP; this is
another evidence that the ion-templating changes the sorption mecha-
nisms with different contributions and changes in the configuration of
the reactive groups. The affinity coefficient (i.e., by) increases with
temperature as a confirmation of the endothermic sorption of Th(IV): for
HVP/NIP, by increases from 6.12 to 35.2 L mmol }; these values are
much lower than those obtained for HVP/IP (i.e., 21.3t0o 123 L mmol ™).
As expected by design, the ion-imprinting significantly increases the
affinity of HVP sorbent for Th(IV). Liang et al. [60] also observed an
increase (3-folds) of the affinity constant for ion-imprinted polymer.
Table S6 demonstrates that the properties (not only sorption capacity
but also kinetics) of HVP/IP for thorium recovery are globally compa-
rable to the best sorbents reported in the literature, featuring promising
sorbent for Th(IV) recovery from dilute solutions (more detailed dis-
cussion in available as Text S6 in SI).

The calculation of thermodynamic parameters is reported in detail in
Text S7 (based on the method described by Tran et al. [79]). Figure S17
displays the plots of the van’t Hoff equation for the two sorbents.
Thermodynamic parameters are compiled in Table S7. It is noteworthy
that the values are remarkably similar for the two materials: the ion-
imprinting does not significantly affect the value of enthalpy (around
46 kJ mol 1), while the entropy change hardly increases (by 6 %) with
the effect of ion-templating. Despite the significantly enhanced affinity
of HVP/IP, the thermodynamic parameters are minimally affected by
ion-imprinting. Sharef et al. [76] observed the significant increase of
thermodynamic parameters for copper sorption onto bio-based polymer
when ion-templating is applied. Ion-imprinting also increased the values
of thermodynamic parameters in the case of uranium recovery using
amino-phenolic functionalized chitosan [80]. Table S8 compares the
thermodynamic parameters for thorium sorbents. HVP-based sorbents
show among the highest values for the three parameters (being only
overpassed by the chitosan/Al;O3 system, [81]).

3.2.4. Sorption mechanisms

The data from FTIR and XPS analyses show the contribution of both
O-bearing groups (OH, C=0 and P=0 from HMAA, VPA and MBA) and
N-bearing groups (amides from HMAA and MBA) to metal binding. The
tautomerization reactions (displayed in Scheme 2) contribute to the
modulation of reactive groups like formation of hydroxyl groups (from
carbonyl moieties of acrylamide) or attachment of two hydroxyl groups
to amine moiety, which all contribute to metal binding. The slope
analysis of the plots of log;¢ D against pHeq suggests the possible crossed
contributions of both ionic exchange and chelation mechanisms in the
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Table 3
Th(IV) sorption isotherms for HVP-IP sorbent — Parameters of the models.
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Model Parameter Unit Temperature (K)
294 303 313 323
Exp. Qm,exp mmol g~! 1.46 1.55 1.65 1.73
Langmuir QL mmo g1 1.48 1.51 1.59 1.66
by, L mmol ! 21.3 47.7 72.9 123
R? - 0.983 0.972 0.961 0.961
AIC - -51 —45 —40 -39
Sips Qs mmol g~! 1.65 1.69 1.79 1.79
bs (L mmol~1)/8 6.81 9.63 10.6 20.8
ng - 1.38 1.45 1.51 1.41
R? - 0.990 0.982 0.972 0.969
AIC - —54 —46 -39 -37
Temkin ar L mmol ! 10,367 10,997 11,230 11,855
br J kg~ mol 2 475 929 1414 2671
Er kJ mol ! 7.08 7.08 6.79 6.86
R? - 0.992 0.985 0.975 0.962
AIC - —60 —52 —45 -39
D-R Qm,p-R mmol g~! 1.48 1.56 1.66 1.76
kp.rx108 mol? kJ~2 1.24 0.874 0.714 0.555
Epr kJ mol ! 9.00 10.7 11.8 13.4
R? - 0.989 0.981 0.971 0.967
AIC - -56 —49 —43 —40
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Scheme 2. Suggested modes of interaction of thorium with HVP/IP.

interaction of the sorbent with thorium. The pHpzc (close to 5.5) can be
correlated with the optimum pH found close to 4, meaning that the
partial protonation of the sorbent facilitates metal binding. On the other
hand, Th(OH)3" is the predominant thorium species under these opti-
mum conditions; though some other species coexist (i.e., Th** and Th
(OH)®*). The tautomerization and the partial charge on either N and O
opens the possibility to sorb cationic thorium species through proton
exchange or by chelation on negatively charged reactive groups. Scheme
2 shows the expected interaction modes of cationic thorium species with
the functional groups; the main interaction occurs through hydroxyls/O-
bearing groups and amines in either tautomerized (right side) or non-
tautomerized (left part) sorbent.

3.2.5. Metal desorption and sorbent reuse

Evaluating metal desorption and sorbent recycling are important
steps in the design of a new sorbent. Several eluents were tested,
including ethanol, neutral solutions (1 M NaCl and 1 M NaNOs), alkaline
solutions (0.5 M NaOH and 1 M Na,CO3), acid solution (0.3 M HNO3),

and a complexing solution (0.5 M EDTA) (Fig. S18a,b). The kinetics are
commented in text S8 (in Supplementary Information). Playing with
extreme pH values allows reversing metal binding due to the competi-
tion of protons (acid eluent) and/or speciation impact (acid and alkaline
eluents). Based on these results, 0.3 M HNO3 solution is selected for
further studies since this eluent allows full release of thorium in shorter
contact time. The first target of desorption step consists of the recovery
of the metal bound to the sorbent; however, for the competitiveness of
the process (especially for further valorization of the metal), the
concentrating effect of the desorption step is another important requisite
(Fig. S18c,d). In this preliminary optimization of the desorption process,
0.3 M HNOg solution reaches complete desorption of thorium with a
maximum sorbent dose of 3.33 g L}, Under these conditions, full
desorption is achieved in ~30 min with HVP/IP and ~40 min with HVP/
IP. Considering the double constraint of concentrating effect and full
recovery of thorium; the best conditions correspond to sorbent dose:
3.33 g L™! with CF: 4.12 and 5.46 for HVP/NIP and HVP/IP, respec-
tively. Therefore, the ion imprinting allows both a faster desorption and
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more efficient desorption combined with higher concentrating effect.

The next step in the evaluation of the performances of the sorbents
concerns the capacity to reuse the sorbents. Fig. 6 compares for similar
experimental procedures, the sorption and desorption properties of
HVP/NIP and HVP/IP for ten successive sorption and desorption cycles.
It is remarkable that thorium can be fully desorbed along the 10 cycles. It
is also noticeable that the variation is negligible in terms of sorption
efficiency. Indeed, at the tenth cycle, the loss in sorption performance
does not exceed 3.6 % for HVP/NIP and even lower (i.e., 2 %) for HVP/
IP. The two sorbents exhibit remarkable stability at recycling. The
benefit of ion-imprinting is essentially observable in terms of kinetics of
desorption and concentrating effect.

To compare the desorption properties of alternative sorbents,
Table SO reports global performances (choice of eluent, desorption ef-
ficiency and loss of performance at recycling). Though some other sys-
tems allow complete thorium desorption [82-84], HVP sorbents show
outstanding stability in terms of sorption stability (comparable to the
properties reported by Hamza et al. [84,85]). This is another merit of
HVP materials that confirms their promising performances for thorium
recovery from dilute effluents at mild acidity.

3.2.6. Sorption from multicomponent solutions — Selectivity

The complexity of real effluents that contain a wide diversity of
metal ions (which may be competitor in the sorption process) may
strongly impact the evaluation of the potential of new sorbents. To
evaluate the selectivity of HVP sorbents, multicomponent solutions (at
equimolar concentration, 1 mmol L™!) were tested for metal sorption at
different pH values. Competitor metals have been selected for the di-
versity of their physicochemical characteristics (divalent/trivalent cat-
ions, alkaline earth elements, base metals, members of different class of
metals according HSAB principle, [37]) and/or for their coexistence in
thorium-bearing mining effluents (such as uranium). Fig. 7 compares the
pH-edge curves for sorption capacities for HPV sorbents. The reference
material (i.e., HVP/NIP) shows a preference for U and Th in acidic so-
lutions (pHy 3) according: Th > U > FexZn~Al > Pba~Cd > Ca; at mild
acidity, the ranking is slightly modified: Th > U~Fe~Zn~Al > Ca~Cd >
Pb. The ion-imprinting reinforces the preference of the sorbent for
thorium (increased sorption capacity and larger separation of the
curves). Hence, at pHy 3, ion-templating procedure increases sorption
capacity from 0.472 to 0.671 mmol Th g™}, and the sorption capacities
are ranked according: Th > U > Fe > Zn > Pb > Ca > Cd > AL
Figure S19 compares the cumulative sorption capacities. HVP-NIP tends
to show a higher total sorption capacity than HVP/IP because of lower
selectivity and sorption of competitor metal ions (in place to thorium);
Text S9 (in supplementary Information) provides deeper discussion

100
Desorption efficiency (average 5 cycles): o HVP/NIP
HVP/NIP & HVP/IP 99.95 +£0.05%
BHVP/IP
90 A
80

Sorption efficiency (%)

Cycle number

Fig. 6. Sorption and desorption efficiencies for Th(IV) recovery using HVP-
based sorbents for 10 successive cycles (Th-loaded sorbents collected from
uptake kinetics (with SD: 0.5 g L™1); desorption using 0.3 M HNOj solution, SD:
1.33¢g L’l; time 2 h; v: 210 rpm; T: 294 + 1 K).
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using other indicators.
The selectivity coefficient SCrh/metai Offers another view of the
preference of the sorbents for thorium:

DTh _ qeq.Th X Ceq,metal

SCTh/meml = 4

Dmeml B Ceq,Th X (eq,metal

Fig. 8 shows the SCrh/metal Values at different pHeq for HVP/NIP and
HVP/IP. The sorbents exhibit higher selectivity when pHeq ranges be-
tween 2.0 and 3.4 and the highest selectivity are recorded against Ca >
Pb > CdaZn~Al for HVP/NIP and Al > CaaPbaCd for HVP/IP. The ion-
imprinting strongly increases the selectivity for Th against competitor
metals (apart from U(VI)): the SCrp/metal Value remains below 8.2 for
reference HVP/NIP; with ion-templating the SC values may reach up to
37-59 (in the case of Al).

According HSAB principles (Pearson’s rules, [37]), hard acids
(metals) preferentially bind to hard base (ligands) (and reciprocally, soft
acids preferentially react with soft bases). Among selected metals, U(VI),
Th(IV), Ca(Il), AI(III), and Fe(IIl) are hard acids, Cd(II) and Zn(II) are
borderline metals, while Pb(II) is considered a soft metal (sometimes
classified as the softer of borderline metals, [86]). O-bearing ligands
(and N-bearing ligands to a lesser extent) are considered hard base. The
preference order does not strictly obey the theoretical ranking; at least
concerning the “position” of Zn(Il) in the orders of preferences. The ion-
imprinting strongly improves the affinity of the sorbent for U(VI) and Th
(IV) (especially at pH<3.5), and the order of selectivity is closer to the
expected ranking (i.e., Th > U > Fe > Ca,Zn > Cd > Pb > Al), with the
remarkable anomaly of Al that shows the lowest affinity for HVP/IP. The
effects of metal speciation under variable pH conditions may superpose
to the affinities oriented by HSAB principles to modulate the effective
selectivity. Table S10 reports physicochemical properties of selected
metal ions and compares the sorption capacities obtained at pH 3 for
imprinted and non-imprinted HVP sorbents. It is noteworthy that the
metal ions having the octahedron configuration are those having the
sorption capacity the most depreciated. It is also remarkable observing
that the ranking in sorption and the analysis of the beneficial effect of
ion-templating cannot be strictly correlated with the values of the
different physicochemical criteria reported in Table S10. However,
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Fig. 8. Comparison of selectivity coefficients (SCrh/metal) for Th recovery from
multicomponent equimolar solutions using HVP/NIP (a) and HVP/IP (b) sor-
bents — Effect of pH (Co: 1 mmol L™1; SD: 1 g L™Y; time: 24 h; v: 210 rpm; T: 294
+ 1 K; SCrn/th = 1, as reference).

Figure S20 shows that for reference material (i.e., HVP/NIP) the sorp-
tion capacity correlates with the solution-phase electronegativity (yaq, as
defined by Li et al., [87]; U(VI) is not shown since the relevant y,q value
is not available) for base metals; while the preference for thorium is
marked by the strong increase of the sorption capacity. On the other
hand, the ion-templating hardly affects the plots for Ca, Pb, Zn, and Fe
(data are linearly aligned with correlation line close to that of HVP/
NIP), while the sorption of both Cd and Al is significantly reduced.

The proper effect of ion-imprinting is controlled by a diversity of
factors: (a) the cage effect (the polymerization around ion-template
creates a cage with a recognition pathway for the target metal in
terms of size sieving), and (b) the arrangement of ligands for appropriate
chelate organization.

Table S11 compares the separation properties of different sorbents
for thorium in the presence of uranium, rare earths, and base metals;
however, most of the work was dedicated to the separation of U and Th
from REEs. Some trends are outlined in Text S9.

3.2.7. Ion-imprinting benefits

Selambakkanuu et al. [42] investigated the selective recovery of
thorium (against uranyl) using ion imprinted nonwoven fabric grafted
with poly(2-dimethylaminoethyl methacrylate). They optimized the
synthesis of the material by variation of the proportions of precursors
(and grafting yield), reaction and crosslinking temperatures, ion-
imprinting concentration, and irradiation dose. They reported higher
selectivity for templated material and they explained that the cavity
arrangement was favorable to thorium binding due to size and coordi-
nation geometry, whereas for non-imprinted material the synthesis
produced random distribution of ligand functionalities (with poorer
affinity) [88]. Therefore, uranium sorption by the non-imprinted sor-
bent was enhanced by opposition to thorium. Generally, sorption
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selectivity for thorium was favored at low metal concentration,
decreased with the level of crosslinking (lower availability and flexi-
bility), while increasing the concentration of thorium during the
imprinting procedure hardly changed selectivity. It is anticipated that
the presence of thorium during the synthesis of HVP/IP plays on the
arrangement of precursors’ moieties, which, in turn, leads to the for-
mation of a spatial arrangement of functional groups that is favorable to
thorium access and reaction (size and geometric interaction with func-
tional groups [42], orientation of reactive groups [89]).

Herein, the ion-imprinting did not significantly affect the influence
of the pH on Th(IV) sorption, the uptake kinetics were slightly enhanced.
Metal desorption and sorbent recycling do not show significant differ-
ences in terms of stability of performances. The most significant benefits
concern the increase in maximum sorption capacities and sorbent af-
finity. It is noteworthy that increasing the temperature tends to modu-
late and moderate the beneficial effect of ion-imprinting. Another
expected beneficial effect of ion-templating deals with the selectivity of
the sorbent for target metal. To better measure this enhancement, it is
possible defining the p-coefficient:

SC h/metal
f= ( Th/met )HVP/IP 5)

(S CTh /metal) HVP/NIP

The p-coefficient is favored by acidic solutions (i.e., pHp: 1-3)
(Figure S21a). In addition; the highest enhancements follow the trend:

AI(III) (up to 16.8) > Cd(II) (4.5) > Zn(ID)~Pb(IN)~Ca(I)~Fe(IIl) > U
(VI) (except at pHy 1.01, where the ion-imprinting strongly increases the
selectivity for thorium, though with low relative sorption capacities).
Table S12 reports some data collected from literature on the improve-
ment of sorption selectivity for thorium against competitor metal ions
associated with ion-templating. Other panels in Figure S21 confirm the
singularity of Th(IV) and U(VI) against other metal ions (as discussed in
Text S10, in Supplementary Information).

The characterization of the sorbents both chemically (FTIR and XPS)
and physically (textural properties) demonstrated that the ion-
imprinting introduces detectable changes in the structure of the sor-
bent. This makes profit of the flexibility brought by MBA, which helps in
adopting favorable cavity for thorium ion (during the synthesis); pro-
tected reactive groups (during polymerization) also contributes to
adopting a favorable geometry for binding thorium. This may be
correlated with higher sorption capacities (greater availability of reac-
tive groups), but also faster kinetics (easier accessibility). The affinity of
HVP/IP for thorium is substantially increased (Langmuir coefficient),
consistently with the Temkin energy of sorption. The ion-imprinting
does not change the stability (at recycling) of the sorbent but im-
proves the desorption kinetics (consistently with sorption kinetics; due
to higher availability and accessibility of reactive groups in favorable
arrangement). The higher sorption capacity of ion-imprinted sorbent, in
turn, enhances the concentrating effect (sorption/desorption
operations).

The preference for Th(IV) and U(VI) over competitor ions is partially
driven by the HSAB theory [37]. Th(IV) and U(VI) are hard acids (as are
Ca(I), Al(II), and Fe(III)), which have greater affinity for complexation
with hard bases (such as those reactive groups hold by HVP sorbents; i.e.
O- and N-bearing groups such as acrylamide moieties, phosphonate and
hydroxyl groups, as shown by FTIR and XPS characterization, which
were illustrated in Scheme 2). Therefore, it is logical observing that HVP
sorbents have poor affinity for metal ions such as Pb(II), Zn(II) and Cd
(II) (which are classified among borderline or soft metal ions). However,
the contribution of ion-exchange mechanisms can introduce some var-
iations in the expected order of preference for competitor ions particu-
larly. Hence, Al(III), despite being a hard acid that shows poor affinity
for HVP sorbents, leaves the trend followed by other hard acids. This
could be due to differences in the hydrolysis of metal ions (linked with
their pK; and pK, values). The modulations introduced by pH may be
also associated with tautomerization effects (indicated in Scheme 2). In
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addition, the contribution of ion-exchange mechanisms may also affect
the possibility to correlate the sorption properties with intrinsic prop-
erties since the relative contributions between chelation/complexation
and ion exchange binding modes may vary with both pH and the nature
of metal ions.

The ion-imprinting slightly enhances the selectivity for Th(IV)
against U(VI) due to the template effect that favors the arrangement of
reactive groups for binding Th(IV), and also because of the better
availability of reactive groups for the metal ion (because the reactive
sites are protected by bound thorium during the synthesis and become
free after metal elution). The relative decrease in sorption capacities for
competitor metal ions (except U(VI)) in the case of ion-imprinted ma-
terial is directly correlated with the stronger sorption of Th(IV) that
reduces the number of reactive groups available for the binding of
competitor ions. Uranyl shows an intermediary behavior: higher sorp-
tion capacities and selectivity coefficients compared with other
competitor ions, the sorbents have a marked preference for Th(IV). It is
noteworthy that the ionic radius (rp) of uranyl ions (i.e., 2.8 ./°\) is much
larger than the r, value for Th(IV) (i.e., 1 10\).

3.3. Application to thorium recovery from industrial effluent

3.3.1. Ore leaching and metal precipitation with pH control

Table S13 reports the composition of the leachate and the leaching
yield for selected metals and metalloid. The leachate is characterized by
huge amounts of aluminum and iron (up to 13.8 and 7.16 g L7},
respectively); i.e., much higher concentrations than those observed for
target metals (i.e., U, Ga, and Th, at 92.5, 10.5, and 68.9 mg L
respectively). This huge excess of competitor metals may have a strong
impact on the capacity of the sorbent to catch target metal ions. To
evaluate the interest of pretreating the leachate (and reduce this
competition effect), the leachate was controlled at different pH values
using NH3 and/or HCl solutions. Metal precipitation occurs at pH above
3 (Table S13). The analysis of the precipitation of metals must consider
the dual objective of reducing the residual concentrations of Al and Fe
with minimization of the loss of valuable metals. Figure S22 shows that
at pH 1, metal precipitation does not exceed 7.5 % for Si (less than 3 %
for U and Th). With increasing the pHp up to 3, metal/metalloid loss
reaches 13-15 % for Si and Ga, between 2.8 % and 7.2 % for Na, Fe, Al,
and Mn, while U and Th losses remain below 5 %. At pHy 4, most of iron
is strongly precipitated (about 94 %) but aluminum loss does not exceed
28 % (14-15 % for U and Th). It is necessary adjusting pHp to 5 to
remove almost quantitatively Al (99 %) and Fe (98 %); target valuable
metals (i.e.; Ga, U, and Th) remain relatively stable (precipitation yields
remain below 25 %).

3.3.2. Treatment of leachates by sorption on HVP/NIP and HVP/IP

Due to substantial precipitation and co-precipitation phenomena
(especially for pHy above 3), the data for sorption tests were calculated
based on the effective initial concentrations of the metals after precip-
itation. Fig. 9 compares the sorption efficiencies at different pH values
for selected metals with HVP/IP and HVP/NIP sorbents. As expected,
metal sorption increases with the pH and HVP/IP is slightly better than
HVP/NIP. It is necessary working at pH 3 and higher to achieve the most
significant levels of recovery of target valuable metals. At pH ~4 and ~5,
thorium sorption is almost quantitative (higher than 97 %) close to
83-95 % for uranium with HVP/IP (lower values are attained with non-
imprinted material). Gallium is only recovered at 58-75 %; it is note-
worthy that at high pH value, Si is also significantly sorbed (48-65 %);
meaning unexpected recovery. These data are converted in selectivity
coefficients (SCrh/metal, Figure S23). The highest values are achieved at
pH ~4 and ~5, with significant improvement for ion-imprinted material
(much larger amplitude): the sorbent is more selective for Th against Al
and Na (SC values in the range 219-336 for HVP/NIP and up to
1583-1885 for HVP/IP). It is noteworthy that the reference material
(HVP/NIP) has poor selectivity for Th against U (0.44-2.55), while the
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Fig. 9. Sorption efficiency for selected metals in the processing of leachates
(calculations made after correction of the effective concentrations due to pre-
cipitation yields at the different pH values; SD: 2 g L% time: 10 h; T: 294 £ 1 K;
v: 210 rpm).

ion-imprinting improves the separation: SCty,y increases from 0.52 to
8.01 with the increase of the pH. Under these experimental conditions
the highest selectivity is reported at pHy 5 for HVP/NIP according: Na >
Al > Fe > Mn > Ga > Si > U. For the ion-imprinted sorbent, the
selectivity coefficient follows globally the same trend, it decreases ac-
cording the ranking: Na > Al > Fe > Mn > Si > Ga > U (with much
higher values).

The templating strategy improves the separation properties of HVP
material. This enhancement can be readily measured comparing the
@(metal) coefficients (Figure S24):

D(metal)p /1P

o (metal) = D(metal) yyp/nip

(6)

For most of the investigated metals (and metalloid; Si, Al, Na, Mn,
and Fe), the value of ¢-coefficient remains around (or below) the unity,
regardless of the pH. This means that the ion-templating has a negligible
effect (or even a slight depreciating effect) on their recovery from real
effluent. This can probably be explained by the preferential binding of
Th that limits the availability of reactive groups for these competitor
ions. On the other hand, the ion-imprinting slightly enhances the re-
covery of Ga and U, especially at pHy 5. However, the most significant
impact is logically observed for thorium: the Th ion-imprinting drasti-
cally favors its recovery, especially at pHp 3 and above: -coefficient is
found close to 4.4 at pH( 3-4 and increases up to 6 when the pHy reaches
5. The target of ion-imprinting by building the polymer across Th** ion
is clearly reached: the organization of the sorbent polymer improves the
selective recovery of thorium from complex solution. It is noteworthy
that the cumulative sorption capacity (not shown) increases with the pH
and reaches a maximum close to 15.3 mmol/g for HVP/NIP and only
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12.8 mmol/g for HVP/IP at pHy 3. The greater selectivity of the ion-
imprinted sorbent for Th induces a loss in cumulative sorption capac-
ity by almost 20 % (mainly due to reduced sorption of base metals,
including alkaline and alkali-earth metals).

4. Conclusion

The challenge of successfully recovering thorium from complex ef-
fluents has been successfully met with the double strategy of (a) syn-
thesizing a sorbent bearing phosphonate groups and carbonyl/amide
groups, and (b) integrating an ion-imprinting step in the synthesis. This
successful strategy allowed producing a stable sorbent (good recycling
performance for 10 successive cycles) with fast sorption kinetics (equi-
librium reached in 20 min), remarkable sorption capacity (up to 1.46
mmol Th g7}, with endothermic behavior), high selectivity against base
metals (and uranium to a certain extent). Preliminary results (obtained
with multicomponent equimolar synthetic solutions) were confirmed in
the treatment of complex effluent (collected after pre-treatment of acidic
leaching of ore). The recovery efficiency reached up to 60-85 % for Th,
U and Ga (under selected experimental conditions, at pH 3), despite the
presence of large excess of competitor base metals.

The ion-imprinting does not affect pH influence, slightly improves
the kinetic behavior and sorption capacity. The most significant impact
of templating strategy concerns the significant improvement of the
selectivity of the sorbent for thorium. This enhancement is more marked
in acidic environment. Ion-imprinted HVP sorbent shows a good
compromise in terms of kinetics, maximum sorption capacity, desorp-
tion efficiency (and recycling performance) and selectivity for thorium
against other sorbents (including those materials adopting templating
strategy). Though HVP/IP shows a good selectivity for base metals, it is
noteworthy that the selectivity against uranium is less marked than for
some other ion-imprinted materials.

Future development should focus on the conditioning of the mate-
rial. This study was carried out in batch with micron-size sorbents for the
characterization of mechanisms and performances. However, this con-
ditioning is poorly adapted for large scale applications and it will be
necessary investigating alternative solutions for facilitating the large-
scale application of HVP/IP-based materials. In continuously stirred
tank reactor, the solution may consist in agglomerating the materials
(with a possible loss in diffusion properties) [90], or incorporating
magnetite nanoparticles (for easy solid/liquid separation, but at the
expense of a loss in the mass density of reactive groups). The application
in fixed-bed columns (preferred for large scale application) is not
possible with so thin particles (head loss pressure [91], blockage phe-
nomena). To prevent these drawbacks, the agglomeration of particles
[90] or their encapsulation in a porous matrix [92] (with possible
diffusional constraints) may represent a solution; however, the most
attractive method would consist in depositing the material on spherical
porous materials [93] or using spheronization process (by extrusion
[94], or by direct synthesis process such as dissolution-regeneration
[95], suspension polymerization [96], or emulsion process [97]).
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