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Selective separation of Am(i)/Eu(m) using
heterocyclic bistriazolyl phosphonate grafted
zirconia and titania solid phase extractantsy
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Surface functionalization of metal oxides with phosphonic acid monolayers by covalent bonding enables
the generation of robust hybrid materials with enhanced separation properties. Mesoporous crystalline
zirconia and titania serve as applicable inorganic supports with high thermal stability and resistance to
oxidation, acidity and radiolysis. We have fabricated selective solid phase extractants that efficiently
separate americium and europium from each other, via straightforward grafting of the zirconia and titania
surfaces with N- and S-donor complexing agents, namely 2,6-bis-triazolyl-pyridine derivatives. Separation
factors (Am/Eu) up to 13 were obtained in binary solution at pH 2 and preference for Am over Eu was
observed even in Eu excess solution. These stable hybrid materials can be utilized for separation purposes
without substantial degradation, providing advantageous reusability and a greener option in comparison to
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Introduction

Spent nuclear fuel (SNF) treatment and recycling has emerged
as one of the most significant barriers in the development of
sustainable nuclear energy. A remarkable amount of high-
level liquid waste (HLLW) is composed during the common
plutonium uranium extraction separation (PUREX) process,
still containing minor actinides (MA) with long half-lives,
which need to be separated and transmutated before final
disposal in ideal cases." The neutron capture properties of
lanthanides will hamper the possible transmutation process
making the separation of actinides (An) and lanthanides (Ln)
necessary prior to optimal treatment of the SNFE.*® To date,
this separation has remained challenging due to their parallel
oxidation state, electrostatic properties and ionic radii.*” One
of the most significant chemical differences between these
two groups is the greater availability of valence electrons
within actinides in comparison to lanthanides. This allows
higher covalent contribution to metal-ligand bonding
compared to lanthanides.®*° Both lanthanides and actinides
are classified as hard acids, according to Pearson's HSAB
principle,’"'* but lanthanides with smaller frontier 4f orbitals
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commonly used solvent extraction methods.

are considered slightly harder. Therefore they are
preferentially coordinated to hard oxygen donor ligands, such
as commonly reported malonamide and diglycolamide (DGA)
moieties, that represent the Lewis basic character.”>'* In
comparison, the utilization of soft, large and polarizable
nitrogen or sulfur donors is preferable for actinide extraction,
and it has been shown that ligands including these N-or S-
donor atoms can exploit this small but significant difference
between the An/Ln chemistry.">'® N-heterocyclic pyridyl
ligands are a class of extractants that have recently attracted
increased interest for their potential to carry out efficient An/
Ln separation by solvent extraction methods.®'*"" "
However, solvent extraction strategies have encountered
challenges, such as the radiolytic and hydrolytic stability of
the ligands and generation of notable amounts of secondary
liquid waste with expensive disposal demands during
multiple cycles of extraction.*>*

A wide range of applicable solid-phase extraction (SPE)
materials have been developed to overcome the difficulties
with solvent extraction methods. These solid sorbents provide
an alternative approach for separation purposes in a greener
fashion due to minimized waste production and higher
reusability.

Solid supports, such as silica, polymers or activated
carbon-based materials, can be exploited for their high
surface area and active pore surfaces which can be
functionalized by organic extractants.>’** Moreover, the
properties of the well-designed frameworks can be tailored,
i.e. pore size and volume. Most of the reported surface
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modification techniques, in which the coordinating ligands
are anchored onto solid supports, entail impregnation,
coating or post-synthetic grafting via covalent bonding.**>*
The preorganization of ligands fixed on a solid support can
promote the extraction of trivalent actinides and
lanthanides and selective enrichment due to aggregate
formation between the ligands and the metal cations.>®
Additionally, when applying the SPE materials for dynamic
pressurized flow-through separation columns, the sorbents
should be able to show compatible pore structure and
tunable pore volume, as well as adjustable pore connectivity
and surface properties.*"*’

Recently, surface phosphonation has attracted great
research interest in the field of interfacial chemistry.”® Metal
oxides provide a robust framework which can be grafted with
phosphonic acid monolayers to produce phosphonate oxide
hybrid materials. The covalent nature of P-O-M bonds within
these solid sorbents has remarkable hydrolytic durability, and
inorganic supports, such as zirconia and titania, are known to
be resistant against heat, oxidation and radiation.”®>°

Heterocyclic triazinyl-based N-donor ligands such as
terdentate bis-triazinyl-pyridines (BTPs) (Fig. 1a), bis-triazinyl-
bipyridines (BTBPs) and bis-triazinyl-phenanthrolines
(BTPhens) have emerged as very promising classes of ligands
for selective separation of minor actinides from lanthanides
in nitric acid media over a wide pH range among solvent
extraction studies."”***° The strong binding capability of
these ligands is mainly related to the o-donation of the
nitrogen into the metal orbitals together with the m-accepting
character of the heteroring. Both central pyridyl nitrogen and
triazinyl nitrogen atoms participate in the formation of this
tridentate binding cavity.'”'® Triazinyl pyridine ligands are
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also a promising class of extractants due to their convenient
“click” chemistry synthesis pathway and the resulting
functionalization possibilities.*® Most of the reported SPE
materials utilized for selective MA-lanthanide separation
entail silica, titania beads and polymer resin frameworks
functionalized with BTP derivative ligands with post-synthetic
grafting methods.?*?%2%32

Besides the aforementioned N-donor ligands, 2,6-bis(1,2,3-
triazol-4-yl)pyridine (commonly PyTri) and its lipophilic
derivatives with a relatively similar chelating unit (Fig. 1b)
have proved as efficient candidates for selective actinide
extraction under SANEX conditions with fast kinetics and
good radiochemical stability.*?* Along with symmetric
bistriazinyl ligands, N-heterocyclic pyridyl ligands bearing the
five membered pyrazole ring (Pypz and PypzH) have shown
promising Am/Eu separation properties via bidentate
coordination, with a strong effect of alkyl substituents of the
pyrazole on the selectivity.>>*® Furthermore, S-donor
candidates, such as dithiophosphinic acids,
dithiophosphinates and dithiocarbamates, have been shown
to preferentially extract actinides over lanthanides.?”®
Thioethers, in turn, are suspected to be more stable than
thiophosphinates since the C-S bond is stronger than the
S-P bond. Thioethers with a thiophene center unit have
exhibited high selectivity and complex formation toward
actinides in recent DFT studies.*

Herein, we report novel hybrid separation materials that
employ phosphonates as compatible linkages for anchoring
the desired heterocyclic triazolyl derivates into a zirconia or
titania support (Fig. 1c-e). The ligands can be further
hydrolyzed to the phosphonic acid form prior to coordination
to the metal oxide framework via condensation between surface

b) 2,6-bis(1,2,3-triazol-4-yl)pyridine (PyTri)

C) 2,6-bis(1,2,3-triazol-1-ethanephosphonate)pyridine (PyTri) d) ethynylpyridine-1,2,3-triazol-1-ethanephosphonate (EPTEP)

P /N "o
HO\P\/\N\ AN s 72 /N/\/F{/
N=N N=N

\
J 0

e) 2,5-bis(1,2,3-triazol-1-ethanephosphonate)tiophene (BTEPT)

Fig. 1 The structure of triazinyl (a) and triazolyl (b) pyridine ligands recently used for MA-lanthanide separation and triazolyl phosphonic acid

ligands used in this study (c-e).
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hydroxyl groups of the metal oxide and P-OH groups of
phosphonic acid. This enables straightforward grafting of the
ligands onto the inorganic support via covalent P-O-M
bonding. The post-synthetic grafting method was adopted for
the modification of the surface of porous zirconia and titania
since the macroscopic structures of the porous metal oxides
are predicted to remain unchanged during the grafting process
while the surface and interface properties can be controlled. In
addition, the phosphonate ligands are durable under acidic
conditions and tend to form robust and uniform phosphonate
layers.”® The advantageous stability of the inorganic matrix and
the selective nature of the extracting ligands are combined in
these inorganic-organic hybrid sorbents.

Materials and methods
Chemicals

All organic reactants were purchased from Sigma Aldrich and
they were of reagent grade or higher. Reagents were used as
supplied without further purification. Zirconium dioxide
pellets (monoclinic) were purchased from Saint-Gobain
NorPro. Crystalline titanium dioxide was prepared according
to the literature procedure with modifications (details in
ESL}i chapter II). 2-Azidoethylphosphonate was synthesized
following the procedure reported by Ma et al.*° 2,6-Bis(1,2,3-
triazol-1-diethylethanephosphonate)pyridine ~ (PyTri) and
ethynylpyridine-1,2,3-triazol-1-diethylethanephosphonate
(EPTEP) ligands were synthesized according to the previously
reported synthesis pathway by Brunet et al with
modifications  (details in  ESIf chapter 1).*' The
2,5-diethynylthiophene precursor was prepared according to
the previously reported literature protocol by Roy et al*’
2,5-Bis(1,2,3-triazol-1-diethylethanephosphonate)thiophene
(BTEPT) was synthesized from 2,5-diethynylthiophene and
2-azidoethylphosphonate utilizing a similar synthesis route to
that used also with PyTri and EPTEP ligand synthesis (details
in ESL} chapter 1).*' Carrier-free Am-241 was obtained from
Eckert&Ziegler Nuclitec GmBH and carrier-free Eu-152 tracer
was obtained from Isotope Product Laboratories, respectively.

Synthesis of Zr and Ti surface grafted hybrid materials

Hybrid SPE materials were prepared by a straightforward
reaction between the phosphonate ligand solutions and the
porous metal oxide supports. The metal oxides were ground
into small particles and then sieved to a particle size
between 74 and 149 pm. ZrPyTril, ZrPyTri2 and TiPyTri
materials were prepared by first dissolving the PyTri ligand
in 1 M HCI to afford approximately 10 mM (ZrPyTri2 and
TiPyTri) or 5 mM (ZrPyTril) solution (details in ESIt chapter
II). The solution was then mixed with zirconium dioxide
(300 mg, 2.44 mmol) or titanium dioxide (200 mg, 2.50
mmol in a sealed vessel. The resulting suspension was
shaken vigorously and mixed in a rotary mixer at a constant
speed of 50 rpm for 24 h at room temperature. The mixture
was centrifuged at 2773 rcf for 10 minutes and the
supernatant was discarded. The remaining solid material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was washed with 10 mL of distilled water using the
centrifuge for phase separation. The water phase was
removed, and the material was treated in the same way five
times. Finally, the material was transferred to a crucible
and dried in oven at 70 °C for 24 h. EPTEP and BTEPT
ligands were used in a similar manner to obtain ZrEPTEP
and ZrBTEPT hybrid materials (details in ESL} chapter II).

Instrumentation for characterization
of hybrid materials
X-ray diffraction (XRD)

The crystal phases of the products were identified by their
X-ray diffraction patterns. XRD-measurements were carried
out on a Malvern PANalytical X'Pert monochromatic powder
diffractometer. Copper K,; X-rays of wavelength 1.54056 A
were used operating at 40 kV and 40 mA. Unit cell parameters
were calculated using UnitCell software.

Infrared (IR) spectroscopy

Infrared transmittances were determined over wavenumbers
from 4000 to 400 cm ' with a Bruker Alpha FTIR
spectrometer fitted with a single reflection attenuated total
reflection (ATR) sampling accessory and Spectrum software.

Scanning electron microscopy (SEM)

The morphology of the zirconia and titania hybrids was
investigated with a Hitachi S-4800 field emission scanning
electron microscope (FESEM). The samples were coated with
a 10.9 nm carbon layer in order to prevent the surface
charge effect.

Compositional analysis

The contents of carbon, nitrogen and sulfur in the hybrid
materials were analyzed by combustion methods with the use
of a Thermo Scientific Flash 2000 elemental analyzer.

Nitrogen adsorption-desorption isotherms

For the nitrogen adsorption-desorption isotherms, the
samples were measured at 77 K and the isotherms were
obtained using a Quantachrome Instruments Autosorb iQ by
degassing at 180 °C for 7 h. The surface areas were
calculated according to the Brunauer-Emmett-Teller (BET)
method. The pore volumes and size distributions were
obtained by using the internal density functional theory
(DFT) method of equipment.

Liquid state NMR

The 'H, “C and *'P NMR spectra of the ligands synthesized
were obtained using a 400 MHz Bruker Avance Neo 400
spectrometer with the CDCl; central line at 7.26 ppm, D,O at
4.79 and (CDj3),SO at 2.50 as a reference.

RSC Appl. Interfaces, 2025, 2, 279-291 | 281
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Solid-state nuclear magnetic resonance (NMR)

The spectral data of solid-state *'P magic angle spinning
(MAS) NMR of the hybrid phosphonic acid materials was
recorded on a Bruker Avance III 500 MHz spectrometer
equipped with a 4 mm H/X/Y MAS probe. The solid samples
were filled into a 4 mm zirconia rotor and spun at a rate of
10 kHz in order to separate the spinning side bands with the
main resonance. *'P NMR spectra were acquired with a 90°
pulse (77 kHz RF), a 100 s recycle delay, and 64 scans. The
31p chemical shift reference was external 85% HsPO, at 0
ppm. The peak fitting iteration algorithm with Gaussian
distribution of peaks was performed for peak deconvolution
using the OriginLab Origin 2020 program.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was conducted using a
Netzsch STA 449F3 Jupiter, and the heating rate was set to 10
°C min™' under an air gas and nitrogen flow of 20 mL min™",
with a temperature range of 25 to 1000 °C.

Sorption methodology

Elemental sorption studies for synthesized materials were
performed at pH 1-3 in nitric acid media representing
PUREX raffinate conditions via a batch method. 10 + 0.2 mg
of the material was placed in a 20 mL polyethylene vial with
5 mL of nitric acid solution. The mixture was spiked with
gamma-emitting carrier-free **'Am*" or '?Eu®" tracers
separately to result in ~30 Bq mL™" solution. The pH was
adjusted by adding small amounts of HNO; or NaOH
aqueous solution. Binary solution experiments with
competitive sorption were performed with mixed ***Am/**?Eu
solutions. In order to obtain an equimolar solution, inactive
Eu(m) nitrate was added to obtain a 9.8 x 107" mol L™
solution of **’Am and 9.8 x 107*° mol L™ of "*Eu/Eu. Mixed
2"Am and '**Eu solution with a molar ratio of 1:40 Am:Eu,
containing 9.8 x 10*° mol L™" **'Am and 39.2 x 10 mol L™*
Eu, was similarly prepared by using inactive Eu(in) nitrate, to
render the approximate MA:Ln ratio in SNF.* Batch
experiments with varying amounts of added NaNO; were
performed in equimolar solution of **'Am/">?Eu and the
samples were treated in a similar manner but adding the
desired amount of NaNO; to the sample. All the batch
sorption experiments were carried out with duplicate samples
for both the samples and the standards. The batch factor V/m
in eqn (1) for the samples was 500 mL g *. The samples were
equilibrated in a constant rotary mixer (50 rpm) for 24 h
followed by phase separation using a Thermo Fisher
Scientific Heraeus Megafuge 1.0R with 2773 x g for 10
minutes. The solutions were then filtered through 0.2 um
PVDF membrane syringe filters (Supor, Pall Laboratory
Corporation). The **'Am and '"Eu gamma activities in the
solutions were measured before (4,) and after (4) contact
with the sorbents by GEM-25195 and GC4519 gamma
counting detectors (GEM Series HPGe coaxial detector
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system). The equilibrium pH of each sample after sorption
was measured from the filtrate with a Thermo Scientific
Orion 3 Star pH Benchtop Meter. Errors reported for Ky
values were calculated as standard deviation of the gamma
counting results.

Determination of the distribution coefficient

The distribution coefficient (K, mL g') describes the
distribution of Am*®" and Eu®" between the solution and the

solid sorbent. Values of Kyq were determined for **Eu and
**"Am individually using eqn (1):
[M“] 3+ 3+
M T - M \%4
Kd — t__ [ ]l [ ]t X — (1)

M, T M, m

where [M*r ] denotes the activity concentration of the
t

metal in the sorbent after contact. Correspondingly, [M*];
and [M*‘]; represent the activity or concentration of the
metal in the initial solution and the liquid phase after
contact with the sorbent. V stands for the volume of the
solution and m is the mass of the sorbent. The separation
factor (SFam/ea) between Am** and Eu®" cations can be
determined based on their Ky values (eqn (2)):

Kg (Arn)

Kq(Eu) @)

SFAm/Eu =

Results and discussion
Characterization of the hybrid materials

The reason for using high hydrochloric acid concentration in
the hybrid synthesis is to enhance the esterification between
the phosphonic acid ligand and the hydroxyl groups on the
metal oxide surface.*” Functionalization of zirconia and
titania matrices was confirmed with FTIR spectra, elemental
combustion (CHNS), solid state NMR and thermogravimetric
analysis. In addition, X-ray diffraction, nitrogen porosimetry
and scanning electron microscopy were used to evidence the
effect of the hybridization on the pore structures and the
substantial impact on the morphology of the materials.

Infrared spectroscopy

FTIR-ATR spectroscopy gave insights into the structure and
coordination of the grafted zirconia and titania materials.
The spectra for all the grafted hybrid materials, as well as
bare zirconia and titania are shown in Fig. 2. IR
transmittance of the grafted products showed strong
absorption peaks around 900-1200 cm ', which were
assigned as vibrations of the orthophosphate group (P-O
stretching),** with the P-OH vibration located at the lower
end of the shoulder around 900-970 cm'. In this region,
the obtained products showed a slight difference in their
absorbance and wavenumber shifts. The absorbance is
stronger for ZrPyTri in comparison to ZrEPTEP, most
probably due to the greater size of the phosphonate ligand
involved. It is also evident from the spectra that TiPyTri

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of bare porous zirconia and titania and all the
synthesized hybrid materials.

contains more protonated free P-OH moieties in
comparison to the grafted zirconia materials, which can be
seen from the P-O stretch region being shifted to lower
wavenumber. The smaller bands detected between 1200 and
1300 cm™* in the spectra represent the vibration of the
P=0 bond.*® The obtained phosphorous-originating bands
were not detected for bare zirconia or titania, confirming
that the phosphonate moieties were present in all the
synthesized  hybrid  materials and  the
functionalization was successful on the metal oxide
surfaces. Due to coordination to metal, the P-O absorbance
bands have shifted to higher wavenumbers at around 1100-
1150 cm™" (IR data for bare ligands shown in ESL} Fig. S2),
since P-OH groups have replaced PO;>” moieties upon
functionalization to a metal center (M-O-P)."® The stronger
shifts to higher wavenumber with ZrPyTri and ZrEPTEP in
comparison to TiPyTri indicate that these two zirconia
hybrids have relatively fewer free phosphonate groups and
more P-OZr groups present. Exceptionally, ZrBTEPT has
notably weaker P-O stretch in comparison to the other
materials, most probably due to lower ligand loading.

surface
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Solid state NMR results

Solid-state *'P MAS NMR is particularly a demonstrative
method for phosphorus speciation analysis and the observed
3'Pp chemical shifts can be related to corresponding
coordination states of the phosphonate groups. The
quantified phosphonate group speciation for the materials is
given in Table 1 (for the spectra see ESL;j Fig. S3). Fitting of
the spectral envelopes in all the materials revealed the
presence of four signals with the same approximate chemical
shifts of 0-3, 6-8, 17-20 and 27-28 ppm. The *'P chemical
shift of the hydrolyzed PyTri ligand was found at 23.1 ppm
(ESIt) and due to the coordination to zirconium, an upfield
shift of approx. 4 ppm is generated by interaction between
phosphonates and the metal atoms.*”"** The signals obtained
between 17 and 20 ppm can be associated with single
coordination of phosphonate to the metal atom, with
alternative bond lengths and angles which have an effect on
the obtained shifts. More precisely, Zr or Ti bridges two
oxygen atoms of the phosphonic acid group P(0)(OMO).**>°
Phosphonate moieties with increased coordination to two
metal atoms appear to cause shifts around 27 to 29 ppm. The
downfield shift effect might arise from an increased
coordination degree.”” The peaks at 0-4 ppm are attributed
to bidentate double coordinated phosphonate species on
zirconia or titania.’ Monodentate species  with
uncoordinated OH™ groups involved P(O)(OM)(OH) at 6-8
ppm are primarily composed of esterification of the OH-
groups on the metal oxide surface. These species are typically
detected at the upfield region around 5-15 ppm from free
acid, which is in agreement with the obtained shifts of these
peaks.?>®" The prevailing coordination mode for all the
materials was found to be bidentate with notable
monodentate coordination as well, which can be seen from
the data in Table 1. The difference between quantified
species of the predominant coordination state at 17-20 ppm
was relatively small between the materials. Comparing the
spectra of ZrPyTri and TiPyTri, it was notable that ZrPyTri
had larger signals at bidentate metal coordination species.
Consequently, ZrPyTri had smaller signals associated with
free phosphonates. For ZrEPTEP it was obvious that the

Table 1 Solid-state 3P MAS NMR spectra of the prepared zirconia and titania hybrid materials: peak deconvolutions, assignments and quantification. M

=Zr, T
0to4 6to8 17 to 20 27 to 29
P(O)(OM), P(O)(OM)(OH) P(0)(0MO) P(O)(OM)(OM,)
0}
2_om oM % o R—p-OM
, R-P- R-RC R-P{_M ~0-M
Chemical OM OH (0] [
shift (ppm) M
ZrPyTril 4.3 9.9 76.3 9.4
ZrPyTri2 5.4 10.3 69.7 14.6
TiPyTri 1.8 14.8 72.1 11.3
ZrEPTEP 2.4 8.7 79.7 9.3
ZrBTEPT 15.4 11.9 70.2 2.5
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bridged coordination mode was prevalent. ZrBTEPT, in turn,
indicated a higher amount of bidentate coordination species
with two zirconia atoms but similarly lower coordination
with three zirconium atoms. The obtained results indicated,
together with the FTIR data, that a higher degree of P-OM
coordination species within grafted zirconia hybrids is
present and that a larger amount of free phosphonate
groups is present with TiPyTri correspondingly. This may
suggest enhanced selectivity for zirconia hybrids in
comparison to titania.

Nitrogen porosimetry

All the grafted zirconia materials showed similar nitrogen
adsorption isotherms, characteristically type IV of the ITUPAC
classification due to the presence of a hysteresis loop in the
isotherm, suggesting the capillary condensation of
mesopores.®® Similar isotherm characteristics could be seen
also for titania and therefore it was concluded that both
metal oxides contain mesopores. The representative
isotherms of ZrPyTri2 and bare zirconia as well as TiPyTri
and bare titania are illustrated in Fig. 3a (for other Zr
materials see ESLj Fig. S4). More precisely, a H3 type
hysteresis loop evolving at P/P, ~ 0.95 is typically observed
with agglomerates that are composed of rigidly joined plate-
like particles leading to the formation of slit-shaped pores.>
The mesopores are advantageous in sorbent materials since
the active surface area is maximized allowing high
adsorption capability as well as mass transfer kinetics
within the pore system.’*®> The BET surface area was
calculated to be approximately 100 m?> g™ for bare zirconia
and all the grafted zirconia hybrids with limited differences,
as shown in the data in Table 2. The pore volumes for
zirconia hybrids varied in the range of 0.21-0.26 cm® g™
and the mode pore widths were obtained as 6.79 nm with a
narrow pore size distribution centered around 7-10 nm. For
grafted titania the surface area was notably larger, 149
m? ¢”" with also a greater pore volume of 0.35 cm® g and
a pore width of 7.03 nm. There was no significant
difference in the surface areas between bare metal oxides
and the ligand grafted hybrids as shown in Table 2. The
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Table 2 Surface areas, pore volumes, and pore sizes of all the grafted
hybrid materials and bare metal oxides. Surface areas were determined
by the BET method. The pore volumes and widths were determined by
DFT calculation

Surface area Pore volume Mode pore
Material (m>g™) (em® g™ width (nm)
ZrO, 102 0.252 8.46
ZrEPTEP 108 0.207 6.79
ZrPyTril 104 0.213 7.03
ZrPyTri2 111 0.203 6.79
ZrBTEPT 116 0.257 6.79
TiO, 168 0.415 9.77
TiPyTri 149 0.346 7.03

pore width was however decreased after functionalization as
illustrated in Fig. 3b. The relatively large pore size of the
materials enables high amounts of ligands to be attached to
the pores, and subsequently the ligands can efficiently trap
M** cations into the pores, providing high uptake. The
obtained results evidence that the surface grafting takes
place only in a thin layer on the metal oxide surfaces while
the macroscopic structures remain unchanged. Therefore,
the mesoporous structure with large pore sizes is preserved
throughout the functionalization, and these functionalized
pores will be further accessible to the trivalent Am and Eu
cations allowing enhanced adsorption performance.>”

Thermogravimetric analysis

TG analysis results shown in Fig. 4 imply that the obtained
mass loss for ZrPyTri was approximately 7% and the mass
had a continuous decrease up to 600 °C. TiPyTri, in turn,
showed a slightly higher mass drop around 9% with a similar
trend. Both materials established a notable mass drop at
approximately 350 °C, indicating the decomposition of the
PyTri ligand involved. It can be clearly seen from the curves
of different hybrids that the mass drop related to the ligand
decomposition is detected at different temperatures with
different slopes; for instance, ZrEPTEP seems to decompose
at slightly higher temperature at ~400 °C while ZrBTEPT
accomplishes a smoother mass drop around 250 °C. In
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Fig. 3 a) Nitrogen adsorption-desorption isotherms calculated using the DFT method for bare zirconia and titania, as well as for ZrPyTri2 and
TiPyTri being demonstrative hybrids, and b) pore size distributions of the same materials.
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Fig. 4 Thermogravimetric analysis of all the grafted hybrid materials
and bare metal oxides.

addition, the mass drop for ZrBTEPT is clearly smaller which
is most probably related to the lower ligand loading. When
comparing the curves of the bare metal oxides and grafted
materials it is obvious that the mass loss observed below 200
°C is mainly related to moisture and hydrated water. The fast
mass drop of bare zirconia and titania at even lower
temperature is assigned to the loss of loosely bound surface
water molecules and this drop for titania was larger
indicating a higher amount of surface water molecules
present. Consequently, the surfaces of the bare zirconia and
titania are considered more hydrophilic in comparison to the
grafted materials due to the hybridization of the surface.

X-ray diffraction

According to the XRD data shown in Fig. 5, the synthesized
hybrid zirconia materials were shown to be monoclinic
(zrPyTri2 for example), while grafted titania was mostly
anatase (TiPyTri for example, for the rest of zirconia hybrids,
see ESLj Fig. S6). The obtained diffraction peaks also
confirmed that the grafted zirconia and titania had a similar
crystal structure, in comparison to their corresponding metal
oxides (Fig. 5). The results are consistent with nitrogen
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ZrPyTri2
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adsorption isotherm results, confirming that the ligand
grafting does not alter the morphology of the material. The
ordered and crystalline structure of the material is desirable
because it will provide chemical stability,”® and the possible
size exclusion effect which would cause enhanced selectivity
to the material. According to the Scherrer equation, a mean
ordered size of the crystallite was calculated to be
approximately 14.9 nm for ZrPyTri and 14.0 nm for TiPyTri
(details in ESL} chapter III). The obtained crystal sizes are
comparable or higher to other reported porous hybrid
sorbent materials.**>°

Scanning electron microscopy

SEM images show that all the porous zirconia materials are
composed of rough and irregular particles in shape, and the
size range is between approx. 50 and 150 pm. The grafting
did not affect the surface structure of zirconia (Fig. 6a and b,
S7 ESIf). In comparison, titania materials showed more
spherical shape, but approximately the same particle size
(Fig. 6¢ and d). The SEM images indicate that zirconia
materials could be considered superior in column
experiments due to their sharper edges, and hence they
would be less exposed to clogging. These angular shapes can
be thought to be more tolerable for dynamic pressurized
conditions. Generally, the morphology of the porous zirconia
and titania allows the material to be closely packed and easily
handled which is desirable for chromatographic column
separation.

Elemental analysis

The level of functionalization of zirconia and titania hybrids
was quantitatively determined by CHNS microanalysis
(Table 3). Consequently, the total organic contents of the
functionalized materials were calculated as the weight
percentage according to the elemental analysis results. The
molecular formulae of the organic functionalized molecules
and the measured percentages of CHNS were used to
calculate n(C)/n(N) ratios for each material. These ratios with
PyTri grafted materials were all close to a theoretical value of
1.85. The deviation from the theoretical value originates
mostly from the measurement uncertainty and perhaps from

b)

——TiO,
| — TiPyTri

Intensity (a.u)

20 (degree)

Fig. 5 Powder XRD patterns presented for a) bare zirconia and ZrPyTri2, and b) bare titania and TiPyTri.
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Fig. 6 SEM images of porous ZrPyTri2 (a and b) and TiPyTri (c and d).
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Table 3 Composition of the zirconia and titania hybrid materials. The C, N, H and S contents were obtained from combustion elemental analysis

Material N wt% H wt% C wt% S wt% Total% n(C)/n(N) Ligand loading/nm”
ZrPyTri2 1.56 0.46 2.70 4.72 2.02 0.96
ZrPyTril 1.10 0.43 2.02 3.55 2.14 0.67
TiPyTri 1.52 0.63 2.85 5.00 2.18 0.59
ZrEPTEP 1.57 0.52 3.77 5.86 2.80 1.69
ZrBTEPT 0.75 0.52 1.62 0.18 3.07 2.50 0.54

the incomplete hydrolysis step which may promote the
carbon contents of the final hybrid material. The estimation
of the functionalization level on the metal oxide surfaces can
be done utilizing the obtained nitrogen contents, assuming
that the structure of the ligands was preserved (see Table 3).
The level of the ligand loading was then normalized relative
to the surface area of the zirconia or titania matrix. PyTri2
with the larger P/Zr ratio showed a higher loading level of
0.96 molecules per nm> compared to ZrPyTril with 0.67
molecules per nm” which is consistent with the difference in
ligand loading. The corresponding loading for TiPyTri was
significantly lower, only 0.59 molecules per nm”> which may
be a result of the higher surface area of the titania matrix.
ZrEPTEP, in turn, has a loading of 1.69 ligands per nm®
which is remarkably higher in comparison to the PyTri
hybrids. The most probable explanation is the smaller size
and less complex structure of the EPTEP ligand that has only
one phosphonic acid linkage incorporated to the zirconia
surface. The BTEPT ligand loading on zirconia was clearly
smaller (0.54 molecules per nm?) in comparison to the other
zirconia materials.

286 | RSC Appl. Interfaces, 2025, 2, 279-291

Overall, high phosphonate ligand loading was achieved
for all the functionalized materials, namely 4.72% for
ZrPyTri2 and 5.00% for TiPyTri (Table 3). Previously reported
BTP functionalized titania nanoparticles with post-synthetic
grafting for instance had a CHN content of only 1.7%.** The
ligand size and its complexity have an impact on the loading
level and the results are in agreement with previously
reported surface grafted zirconia materials.’” Since the
organic compositions of ligands within grafted zirconia and
titania are nearly the same it is possible to compare their
sorption properties. Thus, the possible effects of the surface
area, pore size, ligand density on the surface and
phosphonate speciation on the sorption properties and Am/
Eu selectivity of the materials can be discussed.

Sorption behaviour

The batch sorption experiments showed that ZrPyTril clearly
preferred Am over Eu but the selectivity as well as the
separation efficiency remained relatively low since the
obtained SF was 4 at pH 2.5 (Table 4). The low sorption of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Am-241 and Eu-152 distribution coefficients as individual
elements by synthesized hybrids ZrPyTril, ZrPyTri2, ZrEPTEP, ZrBTEPT,
and TiPyTri and bare ZrO, and TiO; for reference. Solution pH was varied
between 1.5 and 2.5, contact time: 24 h

Kq (mL g™) Kq (mL g™
pH Material Am-241 Eu-152 SF(am/Eu)
2.5+0.2 ZrPyTril 800 + 29 200 + 8 4.0
1.5+0.2 ZrPyTri2 190 £ 20 11+2 17.3
2.1+0.2 11700 + 270 1700 + 66 6.9
2.5+0.2 13100 + 1650 1500 + 32 9.0
2.1+0.2 ZrEPTEP 80 £ 16 90 +9 0.9
2.1+0.2 ZrBTEPT 273 + 26 108+ 7 2.5
2.1+0.2 TiPyTri 16200 + 700 6600 + 200 2.5
2.5+0.2 ZrO, 54 +10 53 +11 1.0
2.5+0.2 TiO, 80 + 30 110 £ 12 0.7

Am at relatively high pH indicated that the level of surface
grafting could be increased, since previously reported surface
grafted zirconia sorbents showed significant uptake for
trivalent lanthanides.>” Moreover, solvent extraction studies
with similar tridentate N-donor ligand units have recently
provided remarkably high SFamp. values.* The sorption
efficiency and selectivity of the PyTri functionalized zirconia
could be increased accordingly, still preserving the benefits
of SPE materials.

Doubling the PyTri ligand loading (ZrPyTri2) resulted in
more significant uptake for Am and greatly enhanced the
selectivity with SFanes ~ 7 at pH 2. The acid concentration
was varied to investigate the most optimal conditions for the
separation still providing high uptake and selectivity. The
highest SF value of 17.3 was observed at pH 1.5 but there the
uptake was low for both nuclides. It can be clearly seen from
the results that the uptake increases gradually along with
increasing solution pH, thereby confirming that the acid
concentration has a strong effect on the sorption properties
of the materials because of the competition with the acidic
H;0" ions (Table 4). The most efficient separation was
achieved at pH 2.5 with the highest uptake for Am while the
corresponding Eu uptake was left notably lower, resulting in
the increased SFam/g, Of 9. It is noteworthy that the level of
ligand loading plays an important role in terms of sorption
and selectivity, since the total organic content was only
increased from 3.55% to 4.72% from ZrPyTril to ZrPyTri2
(Table 3) but the sorption efficiency and SFam /e, values were
increased drastically (Table 4).

The effect of symmetry within the coordinating ligand was
examined with an alternative monotriazinyl pyridine ligand,
denoted as EPTEP that contains only one phosphonic acid
group and has a chemical structure relatively close to
previously reported pyridylpyrazole (Cn-PypzH) extractants
that have been used for efficient extraction of Am. (Fig. 1).*
This ligand was similarly grafted to the zirconia surface, and
it was proved to have the same macroscopic properties as
ZrPyTri materials as shown in the previous section. Since the
ligand loading for ZrEPTEP was also comparable with
ZrPyTri2, it was reasonable to compare the sorption and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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selectivity of these two materials. The sorption efficiency of
ZrEPTEP was low for both Am and Eu in comparison to
ZrPyTri materials and no significant selectivity was detected
(Table 4). It is suggested that the steric hindrance of the
branched chain and alkyl substituents within pyridyl-pyrazole
ligands used in SX methods must play a key role on its
selectivity as reported.’” ZrEPTEP has a lack of these alkyl
chains. The center pyridyl-triazinyl moiety within EPTEP is
considered as a good bidentate coordinating unit as well
when functionalized on the zirconia support but the electron
withdrawing effect of the alkyne substituent may result in an
inferior donating effect of the electrons by the pyridyl group.
The coordination kinetics may be slower in comparison to
liquid-liquid interactions as well.

Zirconia grafted with thiophene-centered bistriazinyl
phosphonate (ZrBTEPT) was also tested for Am/Eu separation
and the results showed that the sorption efficiency and
selectivity were decreased when compared to ZrPytri2. It can
be seen from Table 3 that the ligand loading and ligand
density on the surface are lower for this material which may
be caused by incomplete hydrolysis of the BTEPT ligand as
discussed earlier. However, this hybrid showed small but
notable selectivity towards Am with SFane, = 2.5 (Table 4).
Moreover, the soft and polarizable S-donating thiophene
core, together with triazinyl coordination moieties, is a
promising candidate for MA-lanthanide separation. The
previously reported 2,5-thiophenedicarboxylic acid ligand
bearing a similar thiophene center was suggested to show
higher selectivity towards An than Ln due to higher
formation constant values. The computed bond lengths, as
well as EXAFS studies, indicated that the An-S bond is
shorter than the corresponding Ln-S bond, allowing S to
interact more strongly with the actinides.”*> However, the
rigid nature of the thiophene unit may limit the
complexation properties of the BTEPT ligand and commonly
N-donor extractants have provided better chemical stability.>®

TiPyTri, in turn, was synthesized in the same manner as
ZrPyTri2, and the elemental analysis indicates that the ligand
loading of these hybrids was approximately the same. TiPyTri
showed higher uptakes for both nuclides at the same pH 2.5,
resulting in a lower SF value (Table 4). The increased sorption
is possibly related to the larger pore size of the titania matrix
(Table 2). Due to the higher surface area of the titania
support, the ligand density on the surface was decreased,
probably leading to lower selectivity (Table 3). On the other
hand, the phosphonate speciation upon grafting can explain
the difference in selectivity. The most likely rationale is that
the coordinated phosphonate groups increase the selectivity
while the free phosphonates are considered less selective
species. The decreased selectivity of TiPyTri can thereby be
predicted to be originating from the higher amount of
uncoordinated free phosphonate species involved. This can
be seen by *'P MAS-NMR (Table 1), which confirms that a
relatively higher number of free P-O species were present for
TiPyTri in comparison to ZrPyTri2. The NMR results also
showed that ZrPyTri2 had more coordinated P-O groups at
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0-3 ppm and 27-28 ppm. These P-O-M groups can be
thought to be more hindered to bind cations than
uncoordinated P-O groups, providing enhanced selectivity of
the phosphonate species.

Finally, the uptake of bare zirconia and titania was
studied. The ion exchange of Am and Eu on the bare porous
zirconia and titania matrices was rather low when the
solution pH is below 3, as expected. Neither the ZrO, nor
TiO, support is selective for extraction as such, which can be
seen from the results given in Table 4.

Competitive uptake experiments

Competitive sorption experiments were also performed since
ZrPyTri2 demonstrated considerable Am/Eu selectivity and
relatively high sorption in separate solutions. The binary
solutions included Am and Eu in equimolar ratios and the
obtained results indicated that the selectivity was only
marginally reduced. The preference for the extraction of Am
over Eu was preserved in all tested acid concentrations with
SFam/ea Varying between 4 and 11 (Fig. 7). However, the Am
uptake was decreased due to increased competitive sorption
caused by the higher amount of Eu ions present in equimolar
solution. It is noticeable that at pH 3 the dramatic increase in
both Am and Eu uptake results in a reduced separation factor.
This is probably related to the participation of the zirconia
matrix in the sorption, and the consequent increase in the ion
exchange effect of the material. The results indicate that the
separation factor seem to be decreasing along with the
increasing uptake and thus, the most optimal conditions in
terms of sorption efficiency and separation factor were achieved
within the pH range 2-2.5. However, it should be noted that the
separation factor values may have considerable variation
depending on the composition of the liquid phase involved.
Furthermore, competitive sorption experiments were
undertaken in equimolar Am/Eu solution with TiPyTri, in the
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Fig. 7 Am-241 and Eu-152 sorption in binary competitive solution
with an equimolar ratio by ZrPyTri2 (pH 1-3, contact time: 24 h).
Vertical error bars represent counting errors that are too small to be
visible on the scale of this figure.
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Table 5 Am-241 and Eu-152 distribution coefficient values in binary

competitive solution with equimolar Am/Eu ratio by TiPyTri (pH 1.5-3.1,
contact time: 24 h)

Kq (mL g™ Kq (mL g™)
pH Am-241 Eu-152 SF(am/Ew)
1.5+ 0.2 200 + 8 60 +£4 3.3
2.1+0.2 17100 + 400 7300 + 400 2.4
2.5+0.2 21500 + 500 9300 + 340 2.3
3.1+0.2 1376000 + 143 000 416 000 + 30300 3.3

pH range 1.5-3.0. The results showed that the SF values
remained almost invariant, while the wuptake increased
drastically along with the pH (Table 5). Overall, TiPyTri
showed significantly higher Am and Eu uptakes but lower SF
values also in binary solution in comparison to ZrPyTri2.
Since the obtained SF values were high in binary
equimolar solution, especially for ZrPyTri2, competitive
sorption was studied for this hybrid also from the 1:40 Am:
Eu solution in order to mimic the MA:Ln ratio under SNF
conditions. Despite the decreased uptake, the achieved
extraction for Am under these conditions corresponds to
more than 92% with a remarkable separation factor of 6,
indicating that the material could be used to selectively
extract Am from excess Ln (Table 6). To our knowledge, only
a few examples of selective Am sorbents in the presence of
excess europium in SPE materials have been reported
previously.”® According to the obtained results, the total
uptake of ZrPyTri2 was approximately 3.85 pg (Am + Eu) per
gram in 0.01 M HNO; solution. In comparison to previously
reported surface grafted SPE materials, for instance, the silica
coated nanoparticles functionalized with BTPhen derivatives
achieved an extraction of approx. 1 pg (Am, Eu) g " under
similar conditions, while BTP grafted titania beads showed
approx. 1 ug (Am) g~* extraction from 0.01 M nitric acid.**

Effect of nitrates on the sorption
properties

The difference in speciation of trivalent cations plays an
important role in terms of selective separation and therefore,
the effect of NaNO; in the separation solution was
investigated. The equilibrium sorption of Am and Eu was
studied in three different NaNO; concentrations at pH 2 for
ZrPyTri2 and TiPyTri. The recent DFT studies suggest that
the most indicative form of the trivalent metal cations in the
solution would be a tetraaquatrinitrito (M(NO3)3;(H,0),)

Table 6 Am-241 and Eu-152 distribution coefficient values in binary
competitive solution with equimolar ratio and Am: Eu molar ratio 1:40
by ZrPyTri2 (pH 2.1, contact time: 24 h)

Kq (mL g™) K4 (mL g™)
pH Solution Am-241 Eu-152 SF(am/Eu)
2.1+0.2 1:1 Am/Eu 9200 + 320 1700 + 100 5.4
2.1+£0.2 1:40 Am/Eu 6400 + 140 1050 = 30 6.0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complex.®®®* J. Burk et al. reported DFT calculation studies
for a triazinyl-based BTPhen ligand from SANEX with a
structure close to the PyTri ligand. BTPhen was complexed
with Am and Eu for energetic calculations which were made
for naked M*" ions and (NO;);(H,0), correspondingly, and
the results predicted that the most stable complexes were the
ones containing nitrate anions due to the highest
coordination, while also having the lowest charge. The
calculations showed that Am(NOj;);(H,0), species formed a
more stable complex with the ligand in all of the studied
complexation forms.*" These findings could be used to
explain the increased Am/Eu selectivity for both ZrPyTri and
TiPyTri in added NaNO; solutions demonstrated in Table 7.
The increase in uptake would be related to higher nitrate
concentration in the case of neutral extractant ligands but
according to our experimental results the uptake decreases
along with higher NaNO; concentration. Potentially PyTri
ligands can bind also to charged species such as M*" or
M(NO;)*>" and thereby establish an ion exchange character.
The determination of the sorption mechanism would
however require further study.

Conclusions

This study provides an approach for the design of new
organophosphorus-based hybrid SPE materials by utilization
of M-O-P linkage bonds. These materials were prepared by
introducing complexing PyTri ligand derivatives onto porous
crystalline zirconia and titania frameworks and they were
used for selective Am/Eu separations in nitric acid media.
The phosphonate coupling molecules were covalently bound
via a straightforward post-synthetic grafting method to
provide sorbents with enhanced separation properties. The
chemical and hydrolytic stability of these hybrids is
advantageous in comparison to polymer- or silica-based
materials which have been functionalized via impregnation
methods, since impregnated materials are prone to leakage
of functional organic ligands from the hybrid.>*** In
addition, mesoporous structure is preferable because the
active surface area of the material will be maximized which
promotes the sorption capacity. The present hybrid
separation materials can be considered highly applicable for

Table 7 Am-241 and Eu-152 distribution coefficient values in binary
equimolar solution by ZrPyTri and TiPyTri in varying NaNOsz
concentrations (pH 2.1, contact time: 24 h)

NaNO; Ky (mL g_l) Ka (mL g_l)
Material conc. (M) Am-241 Eu-152 SF(am/Eu)
ZrPyTri2 1 6300 + 200 700 + 20 9.0

0.1 11700 + 850 1370 + 30 8.5

0.01 14600 + 900 1100 + 60 13.3

— 9200 + 320 1700 + 100 5.4
TiPyTri 1 7000 + 550 1900 + 50 3.7

0.1 17000 + 1200 4350 + 250 3.9

0.01 18100 + 400 4570 + 150 4.0

— 17100 + 400 7300 + 400 2.4
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MA-lanthanide separation from PUREX raffinates and they
could be also advantageous over common solvent extraction
strategies used for this purpose, such as SANEX.

Batch experiments proved that the functionalized zirconia
and titania materials showed high sorption efficiency with
remarkable preference for Am both in separate and binary
solutions. The material with the highest selectivity presented
in this study turned out to be ZrPyTri2 with SFyp ks 7-17 in
various nitric acid concentrations. The acid concentration
strongly affected the sorption efficiency and the selectivity of
the sorbents. The selectivity was shown to decrease along
with higher pH due to the increased sorption for both Am
and Eu. The most optimal separation conditions were found
at pH 2-2.5 in terms of high Am sorption performance of the
hybrid but also significant SFape,. Moreover, ZrPyTri2 was
proved to selectively extract Am in competitive equimolar
solution and even in the presence of excess Eu concentration.
TiPyTri indicated lower selectivity but better sorption
efficiency and higher capacity, compared to ZrPyTri2. The
selectivity is suggested to originate from the higher
phosphonate coordination to metal centers by ZrPyTri2 and
greater ligand density on the surface. The presence of added
sodium nitrates in the equimolar Am/Eu solutions apparently
promoted the separation efficiency of Am, resulting in
increased SFpp/eq from 5.4 up to 13.3 at pH 2, which may be
due to the more stable complex of Am(NO;)*" and the PyTri
ligand. Similarly, the SFane. values were increased for
TiPyTri under the same conditions. In conclusion, PyTri
phosphonate derivatives were successfully applied as selective
coordinating ligands, and they showed high potential for
efficient MA-Ln separation when incorporated into inorganic
supports. Meanwhile, the EPTEP functionalized zirconia
lacked this selectivity probably due to its asymmetric
coordination structure. The novel S-donating thiophene-
centered bistriazinyl bisphosphonate (BTEPT) ligand was
introduced to the zirconia surface as well, and the resulting
hybrid showed lower Am/Eu selectivity, but it may be a
promising candidate for further MA-Ln separation studies.
The sorption of trivalent Am and Eu by the grafted hybrid
materials originates from the ligand-metal interactions in
acidic media; the phosphonic acid groups are covalently
bound to the hydroxyl groups of the zirconia or titania
surface, allowing the N- or S-donating heterocyclic units to
form a coordination sphere with the cation. Therefore, the
surface complexation process is the most probable sorption
mechanism. Comparing the Am/Eu selectivity of the hybrid
materials presented in this study to other reported surface
grafted solid sorbents, e.g. BTP grafted titania beads®> have
provided an SFjne, of 64 and BTPhen coated silica
nanoparticles an SFapy/g, up to 18 (ref. 1) under the same
acidic sorption conditions.

Separation factor values derived from batch experiments
are however indicative results and therefore the separation
efficiency that could be accomplished via column separation
studies may be different due to variance in solid/liquid ratios
and kinetics between these two experimental approaches.
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Consequently, the future work will focus on eluting agents
and the use of the presented separation materials in column
experiments since the elution processes are key attributes of
a selective separation and recovery.
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