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The effect of phosphonate groups on selective lanthanide sorption for a series of inorganic—organic
hybrid materials was investigated. Four functional ligands with an increasing number of aminomethyle-
nephosphonate groups were attached to the porous zirconia matrix via the post-synthetic grafting
method. Successful surface grafting was confirmed by FTIR and *'P MAS-NMR spectroscopies. All the
synthesized hybrids showed a lanthanide uptake of about 100 umol gt at pH 3. The sorption studies
revealed that the hybrids of ligands with a larger number of phosphonate groups possess higher
selectivity, as one with the largest number showed a separation factor of over 80 for La®* and Lu®*.
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Fixed-bed column experiments also demonstrated the materials’ favored uptake of Lu®" over La*" at pH
3, in addition to the reusability and applicability to the actual separation settings. These results propose
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Introduction

Lanthanides (Ln) exhibit a variety of photophysical, magnetic,
and nuclear properties that offer the possibility of a wide range of
applications." They have been utilized as critical raw materials for
batteries, permanent magnets, and fluid cracking catalysts. In
addition, recently, the interest in the medical use of radiolantha-
nides for both diagnostic and therapeutic purposes has also
grown.” It is expected that the demand for lanthanides is likely
to increase exponentially in the following decades. Since lantha-
nides are often found in trace amounts, elaborate separation and
preconcentration are required before being utilized. However,
owing to the similar physicochemical properties, the separation
of individual lanthanides is very challenging.’

One of the promising techniques for lanthanide separation
known now is liquid-liquid extraction (solvent extraction), which
has been the state-of-art technology for industrial recovery of
lanthanides.* However, due to the limited separation efficiency,
the separation process requires repetitive extraction steps to
achieve the desired purity, and thus a large amount of hazardous
and radioactive liquid waste is generated during the purification
process.” In recent years, extraction chromatography has emerged
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strategies for the selection of organic ligands for hybrid sorbent synthesis.

as a prominent tool in the separation and purification of radi-
olanthanides in particular, which inherits the advantages of the
selectivity of solvent extraction and the ease of chromatographic
operation.® In extraction chromatography, an organic extractant is
adsorbed onto inert support to function as the stationary phase,
and thus it is possible to reduce the amount of organic liquid
waste produced during the purification process.” Currently, com-
posite polymeric resin beads encapsulating extractants have been
reported to show good stability and high uptake values and thus
are considered a good option for the method.® However, extraction
chromatography still possesses several drawbacks such as the slow
uptake kinetics and low throughput® which prevent its industrial
application.

Solid-phase extraction technique with highly selective materials
requires fewer liquid phases than conventional liquid-liquid
extraction, and handling fewer liquid phases can realize simpler
and faster separation. According to previous research, inorganic-
organic hybrid materials have been successfully applied to the
separation of group 3 and f-block elements, by combining an
inorganic solid matrix and an organic functional ligand.”™® For
this purpose, silica is commonly studied as an inorganic matrix.
However, silica-based materials are not stable in acidic media.'*
On the other hand, metal(v) oxides such as zirconium oxides have
been reported as a promising class of inorganic support materials
with high resistance to acids, oxidation, and radiation."”™” Also,
their porous structure is synthetically alterable, leading to the size
selection of target ions.

As functional ligands, organophosphorus compounds are
highly promising coupling molecules that allow strong anchoring of
organic groups to inorganic solids."®"'? Utilizing organophosphorus
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Chart 1 Structures of ligands.

coupling agents would realize homogenous ligand layer grafting
and the resulting M-O-P-C and M-O-P-O-C linkages (where
M-metal, O-oxygen, P-phosphorus, and C-carbon) are highly
stable.”® Because of these benefits, zirconium phosphonate
has been reported as a promising class of materials that are
particularly suitable for nuclear applications due to their stabi-
lity in acid solutions and resistance to ionizing radiation.*!

One of the promising examples is amino tris(methylphos-
phonic acid)-incorporated zirconium oxide (Zr-ATMP). It has
been confirmed that Zr-ATMP shows intra-lanthanide selectivity
(e.g., a separation factor of 2.7 for La and Eu),'® and by tuning
the conditions of synthesis, it is possible to control its porosity,
chemical composition, sorption properties and thermochemical
stability.>>** Zr-ATMP also possesses high radiolytic stability
due to its multiple Zr-O-P linkages, attributed to polypho-
sphonate ATMP.>* Although it is clear that Zr-ATMP has several
advantages, especially in terms of morphological flexibility and
stability, the selectivity is still low.

Thus, to find a clue for better selectivity, the effect of
phosphonate groups on lanthanide sorption was studied. We
have synthesized certain inorganic-organic hybrid sorbents using
a porous zirconia matrix and a series of phosphonate ligands
with an increasing number of aminomethylenephosphonate
groups (Chart 1). This selection is rationalized by the fact that
all the four ligands exhibit high complexation with trivalent
metal cations,”>*® and some of them have been applied for
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hybrid synthesis,”” though systematic studies on their intra-
lanthanide separation capability have not been carried out yet.
For the functionalization of zirconia, the post-synthetic grafting
method was employed,®® since it is believed that surface grafting
via this method does not alter the porous structure of zirconia so
that the difference in the sorption behaviour of each hybrid is
assumed to reflect only the nature of the ligand.

Experimental
Synthetic procedures

Hybrid synthesis. Synthesis was carried out by simply con-
tacting ligand-containing solutions and commercially available
porous zirconia. Porous zirconium oxide pellets (SG85; crystal
structure: monoclinic) were obtained from Saint-Gobain NorPro.
The pellets were ground into a powder using a mortar and sieved
to a particle size of 74-149 pm. ATMP-ligand (50% aqueous
solution) was purchased from Sigma-Aldrich, EDTMP (95% pow-
der) was purchased from Tokyo Chemical Industry and DTPMP
(~50% in HCl(aq)) was purchased from Aldrich. TTHMP was
synthesized according to literature procedures®®* as provided in
the following section. Hybridization was typically undertaken by
contacting a ligand solution of 2 mmol ATMP, DTPMP, or TTHMP
per 1 g of porous zirconia and equilibrating the mixture in a sealed
vessel by constant mixing in a rotor for 3 days. The solutions of
phosphonic acids were prepared to 50 mM in 1 M HCI. Since
EDTMP dissolves only in hot water, hybridization was carried out
in a round-bottom flask at 90 °C under reflux. The mixtures were
then centrifuged and washed by 5 time repetition of centrifuga-
tion, removal of the supernatant and addition of distilled water,
and finally with a small volume of ethanol. The obtained solids
were dried at 70 °C for 12 h, and then in vacuo (10 mmHg, 50 °C)
for 12 h.

Synthesis and characterization of TTHMP. TTHMP was
synthesized via a Mannich-type reaction.>® Orthophosphorus
acid (20 g, 98+%, Alfa Aesar) was dissolved in distilled water
(8 mL) and concentrated HCIl (8 mL). Triethylenetetramine
(6 mL, >97.0%, Aldrich) was slowly added to the mixture.
The reaction mixture was then heated under reflux at 120 °C
for 1.5 h. Formaldehyde (40 mL, 37 wt%, Sigma-Aldrich) was
added to the reaction mixture dropwise in the course of 40 min
and the reflux was continued for another 2 h. Evaporation of
the reaction mixture resulted in a syrupy red liquid. The
reaction mixture was subsequently cooled to room temperature
and poured slowly into absolute ethanol with vigorous stirring.
The obtained precipitate was filtered and washed with absolute
ethanol. The crude product was dissolved in a small amount of
0.25 M HCI and the solution was poured into absolute ethanol
for recrystallization, which gave 22.8 g (80.3%) of yellowish
solid of TTHMP. Synthesized TTHMP was characterized by IR
and proton NMR spectra. [IR (KBr, v em ™ '): 3351, 2975, 1643,
1456, 1147, 1044; 'H NMR (D,O, d ppm): 3.08-3.24(m, 12 H,
>N-CH,-CH,-N<), 3.36-3.45(m, 12 H, -N-[CH,-PO;H,],);
3P NMR (D,0, 6 ppm): 8.57(N-[CH,-PO;H,],), 12.72(>N-
CH,-PO;H,)].

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Instrumentation for structural and compositional
characterization

The powder XRD patterns were obtained using Malvern Pana-
lytical X’Pert’® Powder diffractometer with a monochromatic
CuKo. X-ray source (4 = 1.5405980 A) operating at 40 kV and
40 mA. The FTIR spectra over the range of 400-4000 cm ™' were
recorded using a Bruker Alpha FTIR spectrometer with a single
reflection attenuated total reflection (ATR) mode. The crystal
surface morphology was investigated using a Hitachi S-4800 FE-
SEM (field-emission SEM). To prevent the surface charge
effects, the samples were coated with a 10.9 nm layer of carbon.
The nitrogen adsorption-desorption isotherms were obtained
at 77 K using a Quantachrome Instruments Autosorb iQ after
degassing at 200 °C. The surface areas were estimated according to
the Brunauer-Emmett-Teller (BET) method, and pore volumes
and pore size distributions were calculated using density func-
tional theory (DFT). The compositional rates of carbon and nitro-
gen of the hybrid materials were analyzed by combustion methods
using a Thermo Scientific Flash 2000 elemental analyzer. The
simultaneous thermogravimetry analysis (TGA) and differential
scanning calorimetry (DSC) were performed using a Netzsch STA
449F3 Jupiter with a heating rate of 10 °C min~ " under an air gas
flow of 20 mL min~". The liquid-state "H and *'P NMR spectra of
the synthesized ligand were obtained using a 400 MHz Bruker
Avance Neo 400 spectrometer. The solid-state *'P magic angle
spinning (MAS) NMR spectra of the hybrid materials were
collected using a Bruker Avance III 500 MHz spectrometer
equipped with a 4 mm H/X/Y MAS probe. The samples were
filled into a 4 mm zirconia rotor and spun at a rate of 10 kHz to
separate the spinning sidebands with the main resonance. *'P
spectra were recorded at room temperature by 'H decoupling
using a 5 s recycle delay of up to 8500 scans. The *'P chemical
shifts were referenced to external 85% H;PO, at 0 ppm. The
peak deconvolutions were made via peak fitting iteration algo-
rithms assuming a Lorentz distribution of peaks using the IGOR
pro program (WaveMetrics, Inc.).

Batch sorption study

The uptake and selectivity of Ln*" were studied in a batch mode. 20
=+ 0.2 mg of the material was placed in a 20 mL polyethylene vial
with 10 mL of the Ln*'-containing solution. The samples were
equilibrated for 72 h by constant rotary mixing (50 rpm). The
samples were then centrifuged using a Thermo Fisher Scientific
Heraeus Megafuge 1.0R with 2773 x g for 10 minutes and filtered
through Pall Laboratory Acrodisc 0.2 um PVDF syringe filters. The
filtered solution was pipetted for concentration/activity determina-
tion. The equilibrium pH was measured from the remaining
filtrate using a Thermo Scientific Orion 3 Star pH Benchtop Meter.
All the batch operations followed this procedure.

The distribution coefficient (Kg, mL g '), a ratio of the
distribution of ions between the solution and the solid material,
was calculated as per eqn (1).

Ln3t], —[Ln3t

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where [Ln*'];,; and [Ln*'];, are the Ln®" concentrations or activity
concentrations of the initial solution and the liquid phase after
sorption (mg L' or cpm L"), respectively, V is the volume of
the solution (mL) and m is the mass of the material (g). K4
demonstrates the efficiency of the sorbent material. The separa-
tion factor (SF) between two Ln*" ions (Ln; and Ln,) was
subsequently calculated based on their Ky values as shown in

eqn (2).
Kd(Lnl)

Kd (an) (2)

SFLnl/LnZ =

Uptake studies. The pH dependence of Lu uptake of each
hybrid material was studied using 0.4 mM Lu(NO;); solution, to
which the carrier-free '”’LuCl; tracer solution (MAP Medical
Technologies Oy.) was added to achieve 60-70 Bq mL™". The
pH was adjusted by adding diluted HNO; or NaOH aqueous
solution. The gamma activities of ”’Lu in the filtered solution
were determined by measuring 5 mL of the sample solution in
20 mL polyethylene vials for 30 min using a PerkinElmer
automatic gamma counter 1480 Wizard with a 3” sodium iodide
detector.

Assessment of intra-lanthanide selectivity. The intra-lanthanide
selectivity of each material was assessed with an all-Ln solution
and binary Ln solutions. The all-Ln solution was prepared to
contain 0.04 mM nitrate of lanthanides (La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, in total 0.56 mM Ln**) and
10 mM NaNOs;. The binary Ln solution was prepared to contain
0.2 mM La(NO;)3;, 0.2 mM nitrate of one of the other Ln (Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, in total 0.4 mM
Ln*"), and 10 mM NaNO;. Pm was not used since it does not have
stable isotopes. For both types of solutions, the pH was adjusted
to 3.3 before equilibration by which pH became 3 (£0.1) after
equilibration. The concentration of the stable lanthanides was
determined using an Agilent microwave plasma atomic emis-
sion spectrometer (MP-AES 4200) as described in the support-
ing information.

Column operation

Separation studies by fixed-bed columns. The possibility of
interlanthanide separation by the hybrid materials was studied
in a fixed-bed column. For the lanthanide pair, La and Lu were
chosen to maximize the difference in characteristics between
two similar lanthanides. The study was performed in a Bio-Rad
glass column with an inner diameter of 10 mm at room
temperature. 1.4 g of the material (SG85-DTPMP or SG85-
TTHMP) was loaded into the column as a slurry in 10-15 mL
of 10 mM NaNO; solution, which packed up the column to a
height of approximately 14 mm (1.1 mL). A binary solution,
1 mM equimolar La(NO3);-Lu(NO;); with a pH value of 3.3, was
prepared as the feed solution and the flow rate was adjusted to
approximately 3 bed volumes (BV) per hour. The effluent was
collected from the column outlet using a fraction collector until
the amount of both ion concentrations reached near equili-
brium. The concentrations of Ln*" were determined by MP-AES
as described in the supporting information. A breakthrough
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curve was obtained by plotting the ratio (eqn (3)) against the
effluent volume, where C, and C are the Ln*" concentrations of
the initial solution and the effluent, respectively.

%Breakthrough = C£ 3)
0

Regeneration and reusability studies. The regeneration of
the hybrid materials (SG85-DTPMP or SG85-TTHMP) was per-
formed in the case of Lu*" ions by column operation. The
column was prepared similarly as discussed in the previous
section. Then 1 mM Lu(NOj3); solution (pH 3.3) was loaded onto
the column until the Lu** concentration of the effluent was over
95% of the original solution. After loading, the elution process
was started using 0.5 M HNO; as the eluting agent. Elution was
continued until the Lu*" concentration of the effluent reached
less than 1% of the original solution. This loading-eluting
process was repeated five times. The reusability is evaluated
by calculating the amount of loaded Lu** for each loading step.
The loading and eluting speed were set at approximately 3 BV
per hour throughout the studies. The concentration of Ln*" was
determined by MP-AES. The amount of loaded Ln*" on the
column material was calculated by eqn (4).

Loaded Ln*" = J(Co - O)dV (4)

where V is the volume of the effluent.

Results and discussion
Characterization of hybrid materials

For hybrid synthesis, 1 M hydrochloric acid was used since the
resulted materials showed higher sorption than ones synthe-
sized at lower concentrations (Table S1, ESIT). It is assumed
that a high concentration of acid promoted esterification
between phosphonic acid and hydroxyl groups on the zirconia
surface, as reported in the case of phosphates and zirconia.*
Surface grafting was confirmed by comparing the IR spectra of
the bare porous zirconia with those of hybrid materials. The
spectra of the hybrids showed a broad band at 900-1200 cm™*
attributed to P-O stretching vibrations, with the P-OH vibra-
tion at the lower end of the region (Fig. 1)."”** The band in
1130-1150 cm ™ " is indicative of a P-O group that is coordinated
to a metal centre (ie. Zr-O-P).>*> These phosphorous-
originated bands were not observed in the spectrum of the
bare zirconia SG85, suggesting that in all the hybrid materials,
phosphonate binding was successfully formed on the zirconia
matrix. On the other hand, all the XRD patterns of the hybrid
materials were similar to that of the original SG85 zirconia with
a monoclinic structure (Fig. S1, ESIT). SEM images also did not
show recognizable differences, except SG85-EDTMP, which had
a smaller particle size than the others most likely due to grinding
by a magnetic stirrer during hybrid synthesis (Fig. S2, ESIt). In
addition, all the bare zirconia and hybrids showed similar
nitrogen sorption isotherms (Fig. S3, ESIt) with characteristics
of type IV of the IUPAC classification, which indicates the
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Fig. 1 FTIR spectra of the bare porous zirconia and synthesized hybrid
materials.

presence of the mesoporous structure.>® The differences in BET
surface areas, pore volumes, and size distributions among the
samples were limited (Fig. S4 and Table S2, ESIt). These results
imply that hybridization occurred only on a very thin layer on the
surface of zirconia and the macroscopic structures were not
changed.

The combustion elemental analysis also supports this obser-
vation, since the compositional rates of carbon and nitrogen
(Table 1) were low in all materials (C: <2%, N: <1%). The n(C)/
n(N) ratios (n(A) stands for the atomic content of A) for each
material were all close to a theoretical value of 3. The deviation
from the theoretical value most likely implies the measurement
uncertainty and the partial degradation of the ligand. The
estimation of the level of surface functionalization was made
using the nitrogen content assuming that the structure of the
aminomethylenephosphonate groups in the ligand was pre-
served. The level of the ligand loading was normalized relative
to the surface area of the zirconia matrix. The loading level (0.8~
1.5 molecules per nm*) and its decrease along with the complex-
ity of the phosphonic acid ligand molecules were consistent with
the previous report.”® TGA gave similar curves for all the hybrids;
the weight decreased by approximately 4% continuously up to
600 °C (Fig. 2(a), derivative TG: Fig. S5, ESIT) Considering the
result of the bare zirconia (SG85), the weight loss below 200 °C is
attributed mainly to the loss of moisture and hydrated water, and
at higher temperatures the decomposition of organic ligands

Table 1 Carbon and nitrogen contents of the synthesized materials
determined by combustion elemental analysis

Ligand loading

Material C wt% N wt% n(C)/n(N) (molec. per nm?)
SG85-ATMP 0.72 + 0.18 0.28 £ 0.06 3.04 1.19
SG85-EDTMP 1.80 £ 0.06 0.68 + 0.02 3.08 1.48
SG85-DTPMP 1.61 + 0.06 0.60 £ 0.04 3.15 0.87
SG85-TTHMP 1.88 £ 0.02 0.77 £ 0.02 2.84 0.86

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Thermal analysis of the bare porous zirconia and synthesized
hybrid materials. (a) TGA and (b) DSC.

seems to be the dominant reaction. The faster weight loss of
SG85 at below 130 °C, which is attributed to the loss of loosely
bound water molecules, suggests that the surface of the bare
zirconia is more hydrophilic than those of the hybrid materials
due to the lack of ligands. The DSC curves were also similar for
most of the hybrids, while SG85-EDTMP, only which was synthe-
sized in a different way, showed a slightly steeper increase of
exothermic heat flow after 600 °C (Fig. 2(b)).

Solid-state *'P MAS-NMR is one of the most definitive
methods for phosphorus speciation analysis and it is possible
to assign the *'P chemical shifts to phosphonate groups with
different coordination states (Fig. 3). The quantification results
in Table 2 illustrate the relative speciation of the phosphonate
groups. The deconvoluted Lorentzian peaks in the range from
6 to 8 ppm are attributed to “free” phosphonate groups or
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Fig. 3 Solid-state *'P MAS NMR spectra of the synthesized hybrid materi-
als with peak deconvolution.
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Table 2 Assignments (presented in protonated forms for convenience)

and quantification for the Lorentzian deconvolution peaks of the solid-
state *IP MAS NMR spectra of the hybrid materials

17-20 ppm  6-8 ppm  0-4 ppm  —6-—2 ppm
o]

_I_O=2Zr o) [e}

o Moz RPOM g foE g 0T

Chemical shift zr OH OH O-zr
SG85-ATMP 53.2% 35.5% 11.3% 0.0%
SG85-EDTMP 26.0% 53.6% 16.5% 4.0%
SG85-DTPMP 29.9% 64.0% 4.1% 1.9%
SG85-TTHMP 25.5% 53.7% 18.0% 2.7%

phosphonate that is not coordinated by Zr,* while the corres-
ponding peaks of ligands before grafting appear at 8-12 ppm
(Fig. S6, ESIT). The upfield shift of 3-4 ppm upon grafting is
assumed to be caused by weak interactions between the phos-
phonate groups and nearby Zr atoms, as a similar shift has
been observed in previous studies.>*>® It is noteworthy that a
relatively higher number of free phosphonate groups were
observed in most of the hybrids since the retention of free
phosphonate groups is important for the sorption, which
originates from the coordination of phosphonate groups with
Ln*" ions. The peaks in the range of 0 to 4 ppm and from —6 to
—2 ppm were assigned to mono- and bidentate species of
phosphonic acid on zirconia.>” These species are considered
to result primarily from esterification with surface hydroxyls of
zirconium oxide and are expected to have peaks in the upfield
region at 5-15 ppm from those of the free acid.>*”*° Finally, the
peaks at 17-20 ppm were assigned to phosphonate groups in
which phosphonate oxygen atoms are coordinated to more
than one metal cation,”” as it has been reported that increasing
the degree of coordination of phosphonate oxygen atoms
results in a downfield shift of the signals of the phosphonate
groups.”” Protonation states of the ligands were not deter-
mined, since in the MAS spectra, anisotropic changes of the
3P NMR chemical shift tensor of phosphonates, which are
caused by deprotonation as well as noncovalent interactions,
are averaged out, resulting in a less obvious shift of isotropic
signals.®® Although the hybrid materials except SG85-EDTMP
were synthesized by the same functionalization method, each
material showed a different ratio of binding modes with Zr
(Table 2). Compared to the hybrid of ATMP, which is the
smallest ligand in this study, the number of free phosphonate
groups in those of larger ligands was higher, assumably
because only one or two phosphonate groups in one ligand
more likely coordinated with zirconia due to the steric hin-
drance. In addition, when the ligand is long enough in the
stretched configuration, it has a higher possibility to bind
through each of the phosphonate end groups within the curved
surface of a pore,®® as it was observed that SG85-TTHMP has
fewer free phosphonate groups but more monodentate ones
than SG85-DTPMP.

Sorption behavior

The sorption of Lu*" on the raw porous zirconia matrix (SG85)
was negligible when the pH is below 3.5 (Fig. 4), and thus the
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Fig. 4 Lu®* uptake as a function of equilibrium pH. Initial solution: 0.4 mMm
stable LUu(NOs)s with a Y’Lu radiotracer. The uncertainties of %sorption
were in the range of 0.1-0.3% (20).

hybrids were hereinafter studied at a lower pH of 3.5, although
the high complexation yield of the grafted ligands with Ln*" is
expected when the pH is higher than 5.%° From the %sorption
(Fig. 4), the uptake at pH 3 was estimated for SG85-ATMP, -EDTMP,
-DTPMP, and -TTHMP as 110, 89, 117, and 100 umol g~ ', respec-
tively. As reported in the literature,*® post-synthetic grafting of ATMP
on mesoporous zirconium titanate resulted in the uptake of about
5 umol g~ for GA*" in 0.01 M HNO;. Compared to this value, the
tested material with the same ligand (SG85-ATMP) showed over ten
times higher uptake of 62 pmol g ' for Lu*" at pH 2. This
significantly higher uptake cannot be explained only by the slightly
higher affinity of the heavier lanthanide Lu than that of Gd, and
thus we suggest that one reason could be the larger mean pore size
of the matrix, which was 9-10 nm in this study (Table S2, ESIY)
while 3.57 nm in the literature. It is hypothesized that more ligands
are attached to the pore structure when the pore size is larger, and
Ln*" ions are efficiently “trapped” to the pore by these ligands, and
thus the materials in this study showed higher uptake.

Intra-lanthanide separation tests

K4 values as a function of the ionic radius of each Ln®*' ion are
shown in Fig. 5. It can be roughly said that K4 values increased
with the decreasing ionic radius with all the hybrid materials.
This trend is commonly observed for phosphonate ligands®®
and is consistent since the decreasing ionic radius from La to
Lu (lanthanide contraction) results in an increase in the charge
density and stronger ion-dipole interactions between Ln>" ions
and the ligand donor groups.* The increasing trend of K4 was
more obvious in the heavier lanthanide region. The uptake can
be considered as a result of the competition of the hydration of
Ln’" ions and their complex formation with grafted ligands. For
the complexation reactions of lanthanides, particularly when
multidentate ligands are involved, the main driving force for
complex formation is the large positive entropy change,
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Fig. 5 Ky values of each lanthanide at equilibrium pH 3.0-3.1 as a
function of the ionic radius of each Ln** ion. Initial solution: 0.04 mM
equimolar mixture of Ln** (La—Lu excluding Pm) in 10 mM NaNOs.

because the enthalpy change is either exothermic or endother-
mic but generally small." Thus, the coordination number of
aqua ions and ligands towards Ln*" ions is also one of the
important factors deriving the variation of uptake. According
to the literature, aqueous trivalent ions of light lanthanides
(La-Nd) form nonahydrates, and those of heavy lanthanides
(Tb-Lu) octahydrates, while the coordination numbers of
lanthanides between Nd and Tb are transitional between 8 and
9.1 This coordination change in hydrated Ln** ions is
assumed to be related to the increase of Ky in the heavier
lanthanides region, although a detailed argument cannot be
made since the coordination number after the complexation
with grafted ligands is not known.

The increase of Ky values did not show a linear dependence
on Ln contraction, but instead, the tetrad effect was observed.****
This effect originates from the stability variation due to the 4f
electron configuration in ground states. The trend of Ky had
discontinuities at Gd*" and between Ho®" and Er**, which corre-
spond to half and three-quarter filling of the 4f electron shell of
Ln**. The discontinuity was not clear at the position of the quarter
filling (between Nd*" and Pm®*) because the data of Pm*" was
missing due to its atomic instability (only radioactive isotopes).
The convex curves of the tetrad effect seen in this study imply the
covalency of the Ln-O bond on the surface of the material is
stronger than that in the aquo complex of Ln**.*>*¢ Additionally,
the greater incremental increase of Ky for the heavy lanthanides
was found in the longer ligand-grafted materials. This sharper
increasing trend of Ky is possibly due to the size of the cavity that
formed upon surface grafting. Each ligand forms a cavity with
the porous zirconia surface, where ligands and the zirconia
surface synergistically trap Ln*" ions having the right volume
to fit the coordination environment.”*®* Thus, when longer
ligands are grafted, the hybrids are assumed to have a stronger
preference for smaller ions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Separation factors between La and other Ln excluding Pm, (b) pairs of light, medium, and heavy Ln, and (c) adjacent Ln pairs, at equilibrium pH

3.0-3.1. Initial solution: 0.04 mM equimolar mixture of Ln** (La—Lu excluding Pm) in 10 mM NaNOs.

It is also noticeable that SG85-TTHMP showed the lower
sorption of the light and middle Ln relative to the other
materials. By comparing the uptake at pH 3 of each material
(Fig. 4), it is reasonable that the total K, values of SG85-TTHMP
are lower than, at least those of SG85-ATMP and -DTPMP. In
addition, when a material with high selectivity for heavier Ln,
which seems to be the case of SG85-TTHMP, is tested in a
mixed solution of all the lanthanides of equal concentrations,
the Ky values for lighter Ln are lower than those of less-selective
materials.

The high separation factors of 87.4 + 9.8 for Lu/La and 59.3
=+ 6.7 for Yb/La were observed in SG85-TTHMP (Fig. 6(a)). The
separation factor for Lu/La of SG85-DTPMP was also relatively
high as 39.1 + 1.8. Further analysis of other Ln pairs suggests
that the hybrid materials of shorter ligands (ATMP and EDTMP)
show better selectivity for light lanthanides, while those of
longer ligands (DTPMP and TTHMP) for heavy lanthanides
(Fig. 6(b)). The separation between middle-sized lanthanides
seems less efficient with any of the materials. In terms of
adjacent lanthanide pairs, selectivity was more pronounced in
Ce/La (e.g., 2.3 £+ 0.4 for SG85-TTHMP) and Yb/Tm (e.g., 2.7 +
0.1 for SG85-TTHMP) than other combinations (Fig. 6(c)). The
variation of the selectivity resulted from multiple causes such
as the strength of ion-dipole interactions between Ln*" ions
and ligands and the coordination number in the Ln**-aquo and
-ligand complex," as discussed in the previous section.

Separation factors determined in binary solutions (Fig. 7)
showed a similar trend to that with the Ln®*" mixture. However,
there were clear differences between the values. For example,
the separation factor for Lu/La of SG85-TTHMP was 29.8 + 2.7

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Separation factors between La and other Ln excluding Pm at
equilibrium pH 3.0-3.1. Initial solution: 0.2 mM equimolar mixture of
La** and one of the other stable lanthanides (Ce-Lu excluding Pm) in 10
mM NaNOs.

with the binary solution while 87.4 4 9.8 with the Ln** mixture
solution. This difference may come from the competitive sorp-
tion among other Ln ions, which is more obvious in the Ln**
mixture than in binary solutions. Thus, it should be noted that
values of the separation factor may largely vary depending on
the composition of the liquid phase.

Compared to the values from recent studies (Table 3), the
materials of this study, in particular SG85-DTPMP and SG85-
TTHMP, exhibited comparative or better selectivity than other
reagents for solid-phase extraction, although still less selective
than that for liquid-liquid extraction methods.

Separation studies on the fixed-bed column system.

The applicability of SG85-DTPMP and SG85-TTHMP for selective
Ln*" sorption in a fixed bed column system was investigated,
since batch studies indicated that these two were the best
materials, in particular for the separation of La** and Lu®*".
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Table 3 Comparison of intra-lanthanide separation capability from recent studies

Target Ln pair

La-Eu La-Lu Nd-Dy Tb-Lu Yb-Lu Ref.
Liquid-liquid extraction
D2EHPA 305 49
TODGA/TBP/IL 1622 4.8 50
TOPS 99 483.3 51
HEHAPP 1.93 52
Extraction chromatography
HEH[EHP] resin 1.8 53
Solid-phase extraction
Functionalized silica KIT-6-1,2-PA 65.8 47
Functionalized silica Si-Ti alkylphosphate ~3 11
Zr phosphate 1.8 54
Zr-ATMP 2.7 10
SG85-ATMP 5.1 11.1 2.1 2.3 1.2
SG85-EDTMP 3.7 10.1 2.0 2.8 1.2
SG85-DTPMP 5.6 39.1 2.4 6.7 1.4
SG85-TTHMP 7.0 87.4 2.7 11.3 1.5

The breakthrough of La** and Lu** started at 33 BV and 80 BV,
respectively, for SG85-DTPMP (Fig. 8(a)), compared to 27 BV and
70 BV for SG85-TTHMP (Fig. 8(d)). The full breakthroughs of
La®" were achieved at 47 BV for SG85-DTPMP and 38 BV for
SG85-TTHMP, and after this, the La*" concentration exceeded
the initial feed concentration by about 40-50% due to elution
caused by the uptake of Lu®**. These breakthrough curves
demonstrate that both materials favoured the Lu®" uptake over
La*". The change in pH (Fig. 8(b) and (e)) can be divided into
three phases which correspond to the phases (1) before the
breakthrough, (2) after La** but before the Lu®" breakthrough,
and (3) after Lu®* breakthrough. The pK, values of alkyl amino-
phosphonic acid in aqueous solutions are known to be around
2.5 and 7.>® Thus, the majority of phosphonate groups of the

(a) 10 (b)

grafted ligands are supposed to exist as monoanionic at pH 3.
The coordination by deprotonated phosphonate groups is con-
sidered to play a major role in the Ln®" uptake. This uptake
apparently leads to further deprotonation of the ligands (in
order to stabilize the coordination) which corresponds to the pH
changes of the three stages of the column run. Elution studies
(Fig. 8(c) and (f)) show that neither 0.1 M nor 0.5 M HNO; could
elute the La and Lu as separate phases.

Column regeneration studies

The regeneration of the sorbent material is important from an
economic and environmental point of view, and thus regenera-
tion studies were carried out to evaluate the reusability of the
materials. After five loading-eluting cycles, uptake decreased by
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Fig. 8 (a) Breakthrough curves of La** and Lu**, (b) pH changes of the effluent, and (c) eluting curves for SG85-DTPMP. The corresponding results for
SG85-TTHMP are shown in (d—f). Loading solution: 1 mM equimolar La**—Lu®* (pH 3.3).
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Table 4 Uptake and %retention for each loading—eluting cycle on the
column of SG85-DTPMP and SG85-TTHMP. Loading solution: 1 mM
Lu(NO3)s solution (pH 3.3); eluting agent: 0.5 M HNO3 (pH 0.37)

SG85-DTPMP SG85-TTHMP

Uptake Uptake
Cycle  (umol BV'')  %Retention  (umol BV'')  %Retention
1st 137.3 £ 0.8 122.9 £1.2
2nd 114.7 £ 3.1 83.6 £ 2.3 105.6 £ 2.1 859 £ 1.9
3rd 110.9 £ 2.1 80.8 + 1.6 91.8 £ 3.3 74.7 £ 2.8
4th 104.2 £1.3 75.9 £ 1.1 82.6 + 1.2 67.2 +£ 1.2
5th 101.7 £ 2.0 74.1 £ 1.6 79.1 £ 3.5 64.4 £ 2.9

26% for SG85-DTPMP and 36% for SG85-TTHMP (Table 4).
These results indicate that although the materials seem to lose
some of their uptake performance, it is possible to regenerate
them without losing their performance drastically and thus
they could be reused multiple times. The loss of capacity after
regeneration is assumed to be due to the loss of ligands. To
investigate this, TGA/DSC was performed on the as-synthesized
materials and ones after 5-cycle column runs (Fig. S7, ESIT).
The faster weight loss at below 130 °C was observed for the used
materials, implying that the used materials have more hydro-
philic surfaces, which is similar to that of the bare zirconia
(Fig. 2). This could be an indication of the loss of the organic
ligands, although the difference was minor and further studies
are needed for confirmation.

Conclusions

In this work, aminophosphonate-based hybrid materials were
successfully synthesized by a post-synthetic grafting method
using functional ligands and a porous zirconia matrix. All the
obtained materials showed a high uptake of lanthanides of
roughly 100 umol g~* at pH 3, which is significantly higher
than those of similar materials previously reported. The uptake
would be most likely even higher at a higher pH, considering
the better complexation yield of the grafted ligands. The
separation studies revealed that all the hybrid materials have
the potential for intra-lanthanide separation, and the selectivity is
improved as the number of phosphonate groups becomes larger.
In particular, the one with a ligand containing most phosphonate
groups among the tested, SG85-TTHMP, showed high selectivity
with a separation factor for Lu/La of 87.4 £ 9.8. The selectivity of
SG85-DTPMP and SG85-TTHMP was comparative or better than
those of other reagents for solid-phase extraction in recent
studies. The selective sorption was more remarkable for lantha-
nides of smaller ionic radii and ligands with larger availability of
phosphonate groups due to the increase of ion-dipole interac-
tions. The coordination number in the Ln** complex and the
tetrad effect are also assumed to be important factors for the
observed variation in selectivity. The selectivity of SG85-DTPMP
and SG85-TTHMP was also confirmed by a fixed-bed column
operation to favour the uptake of Lu*" over La*". The regenera-
tion studies showed that these materials have the potential to
be reused multiple times, even though some of the uptake
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performance was lost during five regeneration cycles. The
observed pH changes of the effluent while loading imply further
deprotonation of phosphonate groups of the grafted ligands to
stabilize the ligand-Ln®*" coordination. This lab-scale column
study implies the possible application of these materials for a
selective cartridge process for lanthanide separation in actual
industrial settings. In summary, the detailed comparison of the
synthesized materials in this study provides further insights into
the sorption characteristics of phosphonate-based hybrids. In
addition, the hybrid materials composed of the porous zirconia
matrix and organic ligands with a larger number of phosphonate
groups realized high selectivity and stability, which possibly
proposes strategies for designing selective sorbent synthesis.
Further studies on eluting agents will be made since the elution
process also play an important role in selective separation and
recovery.
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