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ABSTRACT: Although current and proposed reprocessing of used
nuclear fuel is performed predominantly by solvent extraction
processes, solid phase sorbent materials have many advantages
including the ability to avoid production of large volumes of organic
waste. Therefore, three titania nanoparticle based sorbent materials
have been developed, functionalized with organic ligands designed to
impart selectivity for elements relevant to important separations at the
back end of the nuclear fuel cycle. A novel, simplified method of
covalent functionalization to the titania surface has been utilized, and
the resulting materials have been shown to be hydrolytically stable at
pH 2. The sorption behavior of these organofunctionalized titania
materials was investigated over a wide pH range with a selection of
elements including fission products and actinides. Titania nanoparticles
functionalized with an amine or phosphate moiety were able to
demonstrate exclusive extraction of uranium under optimized conditions. Titania nanoparticles functionalized with a
picolinamide moiety exhibited superior minor actinide sorption properties, in terms of both efficiency and selectivity, to solvent
extraction processes using similar organic moieties. As such, organo-functionalized titania materials as solid phase sorbents show
promise as a future alternative to solvent extraction processes for nuclear separations.
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1. INTRODUCTION

The majority of spent nuclear fuel consists of uranium and
transuranic elements (plutonium and minor actinides) which
have the potential to be transmuted using “Generation IV”
reactors such as fast neutron reactors (FNRs).1 This closing of
the nuclear fuel cycle would increase the nuclear lifetime (i.e.,
the number of years nuclear power will be a viable option for
power generation) and decrease the lifetime, radiotoxicity, and
volume of nuclear waste requiring long-term storage.2 Current
commercial or proposed reprocessing of used nuclear fuel is
performed using solvent extraction techniques. However, the
use of solid sorbent materials, as an alternative to solvent
extraction, has many advantages, for example, less secondary
waste generation (as no organic solvents are required) and
faster kinetics in many cases.3 In addition, the extractant
molecule does not need to be soluble in an organic phase, a
phase modifier is never required, and there is no possibility of
third phase formation. Thus, using solid sorbent materials is
likely to reduce the complexity of reprocessing relative to
solvent extraction, which in turn reduces the time and cost
required. It is therefore of interest to incorporate extractants
currently used in solvent extraction processes into solid-phase
materials in order to make sorbent materials for separations and
nuclear fuel reprocessing.

Several examples exist of organic molecules from solvent
extraction processes being incorporated into silica/polymer
based ion-exchange materials via intramolecular forces4,5 or into
mesoporous silica materials via covalent silane bonds.6−8 The
main drawback of these silica-based materials for separations in
a nuclear context is their chemical instability, both hydrolytic9

and radiolytic.10 Group IV metal oxides such as titania
demonstrate superior hydrolytic and radiolytic stability.11 As
such, titania based sorbents could also potentially be used, post-
sorption, for waste immobilization or as transmutation matrices,
since ceramic matrices containing titania are more leach
resistant than vitrified silica.12 Other advantages of titania
include ready availability, cost effectiveness, and non-toxicity.
Organo-functionalized group IV metal oxide materials are

less common than their silica counterparts, but examples do
exist in the literature, particularly for titania in the field of
photovoltaics.11,13,14 In most cases, the desired functional group
is anchored to the surface by ionic bonding of phosphate or
carboxylate groups,15,16 with phosphate groups providing
superior strength and selectivity for titania than carbox-
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ylates.11,13 However, under acidic conditions some grafted
phosphate groups are still cleaved from the surface of titania
materials.17 Therefore, this study has explored the possibility of
covalent attachment of an organic extractant to the surface of
titania via a long-chain alkene,18 resulting in self-assembly of the
aliphatic chains to give good surface coverage and attachment
to the titania surface via Ti−O−C bonds that should provide
superior stability to hydrolytic cleavage. Using a direct covalent
linkage of an alkyl chain to the surface rather than a phosphate
anchor group should also allow closer, more ordered packing
and hence higher loading of the organic moiety, since the
relatively large surface area of phosphonate groups (0.25 nm2)
impedes close packing of the alkyl chains.19

Recovery of uranium from nuclear and industrial wastewater
is another important and topical area of research due to its
heavy metal toxicity and radioactivity.20 As such, a variety of
sorbent materials, including functionalized mesoporous silica,21

metal-organic frameworks (MOFs),22 ion-exchange and chelat-
ing resins,23 have been investigated for their uranium extraction
properties. Of the amidoxime, imide dioxime, phosphonate, and
carboxylate based ligands used for functionalization of
mesoporous silica, a phosphonate based material showed the
highest U capacity at pH 8.21 Also, the MOF designed for U
extraction utilized a phosphoramidic acid ligand as its organic
linker.22 This demonstrates the well-established high affinity of
phosphonate groups for the uranyl cation. However, under
different conditions of pH and nitrate concentrations, different
resins with either phosphonic acid, carboxylic acid, or amino
functional groups were shown to provide the most effective U
extraction.23 Therefore, amine, amide, and phosphate based
ligands were used for functionalization of titania in the present
study, since titania provides superior hydrolytic and radiolytic
stability to silica and polymer-based resins.24,10

The sorption behavior of three organo-functionalized titania
materials has been investigated using a range of elements
relevant to the nuclear fuel cycle (fission products Ce, Eu, Yb,
Cs, and Sr as well as actinides U and Am) with varied pH in
nitrate media in order to investigate their utility. First, an amine
functionality was chosen due to its simplicity and the ability of
amines to coordinate many metal species. Second, a novel
picolinamide was synthesized, as picolinamides are simple
ligands with the potential to achieve the challenging separation
of the long-lived and radiotoxic minor actinides from the
lanthanide fission products.25 The minor actinides must be
isolated from the highly neutron absorbing lanthanides in order
for transmutation into less long lived and radiotoxic elements
by neutron capture in FNRs to be possible.1 Finally, a novel
alkylphosphate ligand was synthesized to mimic the behavior of
tributyl phosphate (TBP) in the Plutonium and URanium
EXtraction (PUREX) solvent extraction process which is used
commercially to selectively extract plutonium(IV) and
uranium(VI) from a solution of used nuclear fuel dissolved in
3−6 M nitric acid.26 The selectivity and pH dependence of
sorption by these three materials is reported.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. All chemicals were supplied by

Sigma-Aldrich, were reagent grade or higher, and were used without
further purification. All solvents were distilled before use. The
synthesis procedure and characterization of trifluoroacetamide-
protected 10-amino-1-undecene (TFAAD) and 1-amino-10-undecene
are described in the Supporting Information.

2.2. Preparation of Titania Nanoparticles. Titanium(IV)
isopropoxide (35.51 g, 125 mmol) and glacial acetic acid (7.49 g,
125 mmol) were mixed vigorously for 30 s followed by the addition of
Milli-Q water (125 mL) to give a white precipitate. The suspension
was stirred for a further 30 minutes and then allowed to settle, and the
liquid was removed. The solid was then washed with Milli-Q water (5
× 125 mL). After the final wash, the solid was suspended in nitric acid
(0.2 M, 125 mL) and stirred for 15 minutes at room temperature and
then for a further 24 h at 70 °C, maintaining the volume at
approximately 125 mL. The resulting stable sol was decanted into a
petri dish and allowed to evaporate to dryness. The resulting solid was
ground in a mortar and pestle to give a fine white powder, which was
thermally treated at 150 °C for 5 h then at 400 °C for 24 h, both with
a ramp rate of 2 °C/min, then heated to 600 °C for 10 minutes, with a
ramp rate of 10 °C/min, affording titanium dioxide nanoparticles (8.1
g, 101 mmol).

2.3. Preparation of Novel Organic Ligands. 10-Undecen-1-yl-
2-pyridinecarboxamide. 2-Pyridinecarboxylic acid (0.73 g, 5.9 mmol)
and THF (35.0 mL) were combined under nitrogen and cooled to −5
°C in an ice bath. Triethylamine (0.82 mL, 5.9 mmol) and ethyl
chloroformate (0.56 mL, 5.9 mmol) were added slowly, and the
resulting suspension was stirred for 30 minutes, maintaining a
temperature below −5 °C. Crude 1-amino-10-undecene (1.02 g, 6.0
mmol) was added and the reaction mixture stirred for a further 6 h,
maintaining a temperature below 0 °C. The reaction mixture was
filtered and the white residue rinsed with THF (10.0 mL). The solvent
was removed from the combined filtrate and washings under reduced
pressure to afford the crude product as a brown oil. Purification by
flash chromatography on silica gel (98:2 CH2Cl2/MeOH), afforded
the pure pyridinecarboxamide as a white crystalline solid (1.25 g, 77 %
yield). MS (ESI): m/z 275 [M + H]+. 1H NMR (400 MHz, CDCl3) δ
(ppm): 8.54 (d, J = 4.1 Hz, 1H), 8.20 (d, J = 7.8 Hz, 1H), 8.05 (br s,
1H), 7.84 (dt, J = 7.8, 1.7 Hz, 1H), 7.42 (m, 1H), 5.81 (m, 1H), 4.96
(m, 2H), 3.46 (m, 2H), 2.03 (dt, J = 7.2, 6.8 Hz, 2H), 1.63 (m, 2H),
1.45−1.20 (m, 12H). 13C NMR (100 MHz, CDCl3) δ (ppm): 165.5,
151.4, 149.2, 140.7, 138.9, 127.5, 123.8, 115.5, 40.9, 35.2, 31.1, 30.9,
30.8, 30.7, 30.5, 30.3, 28.4. IR (ATR, neat): νmax 3400, 3080, 2930,
2860, 1670, 1620, 1540, 1520, 1470, 1430, 1370, 1280, 1240, 1160,
1090, 1040, 998, 909, 820, 749, 692 cm−1. Anal Calcd for C17H26N2O·
0.25H2O: C, 73.21; H, 9.58; N 10.04. Found: C, 73.20; H, 9.71; N,
9.85.

Dibutyl 10-Undecen-1-yl Phosphoric Acid Ester. Silver(I) oxide
(2.76 g, 11.9 mmol) was added to a solution of dibutyl phosphate
(5.00 g, 23.8 mmol) and 11-bromo-1-undecene (2.77 g, 11.9 mmol) in
acetonitrile (36 mL). The reaction mixture was stirred vigorously at 40
°C for 24 h, then filtered. Concentration of the filtrate under reduced
pressure afforded an opaque pale orange liquid which was dissolved in
CH2Cl2 (25 mL), washed with Milli-Q water (2 × 15 mL), and dried
over sodium sulphate. The solvent was removed under reduced
pressure to afford the crude product as an orange liquid. Purification
by flash chromatography on silica gel (80:20 CH2Cl2/ethyl acetate)
afforded the pure alkyl phosphate as a pale yellow oil (4.24 g, 98 %
yield). MS (ESI): m/z 385 [M + Na]+. 1H NMR (400 MHz, CDCl3) δ
(ppm): 5.83 (m, 1H), 4.98 (m, 2H), 4.04 (m, 6H), 2.06 (dt, J = 7.3,
6.9 Hz, 2H), 1.68 (m, 6H), 1.49−1.35 (m, 8H), 1.35−1.28 (m, 8H),
0.96 (t, J = 7.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm):
139.2, 114.1, 67.7, 67.4, 33.8, 32.3, 30.3, 30.3, 29.5, 29.4, 29.1, 29.1,
28.9, 18.7, 13.6. IR (ATR, neat): νmax 2958, 2927, 2857, 1641, 1463,
1387, 1270, 1021, 999, 907, 728 cm−1. Anal Calcd for C19H39O4P: C,
62.96; H, 10.84; P, 8.54. Found: C, 63.00; H, 10.97; P, 8.42.

2.4. Protocol for Functionalization of Titania Nanoparticles.
Dry titania nanoparticles (0.50 g) were mixed with a dry, degassed
solution of TFAAD in mesitylene (0.22 M, 3.7 mL) under nitrogen.
The resulting suspension was heated in an oil bath at 115 °C for 24 h,
with stirring, and then filtered. The residue was washed with
petroleum ether (5 mL), methanol (5 mL), and CH2Cl2 (5 mL)
before drying under a vacuum, affording the functionalized nano-
particles (TiO2-TFAAD) as a light brown powder (0.42 g). This same
methodology was used for functionalization of titania nanoparticles
with 10-undecen-1-yl-2-pyridinecarboxamide (TiO2-pico) and dibutyl
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10-undecen-1-yl phosphoric acid ester (TiO2-TBP). In order to
prepare TiO2-TBP/decene, a dry, degassed solution of dibutyl 10-
undecen-1-yl phosphoric acid ester (0.12 g, 0.32 mmol) and 1-decene
(0.52 mL, 2.7 mmol) in mesitylene (15.0 mL) was utilized to
functionalize dry titania nanoparticles (1.00 g) as described above.
Deprotection of TiO2-TFAAD to TiO2-NH2 was achieved by mixing
TiO2-TFAAD (0.42 g) with a 7 wt % solution of potassium carbonate
in 70:30 v/v methanol/water (4.0 mL) and stirring at room
temperature for 48 h. The reaction mixture was then filtered and
rinsed with Milli-Q water (5 mL) and methanol (3 mL). Drying under
a vacuum afforded TiO2-NH2 as a pale brown powder (0.36 g).
2.5. Protocol for Sorption Experiments. Individual stock

solutions of 100 ppm Ce, Eu, Yb, Cs, and Sr and 1000 ppm U
(approximately 26 Bq/mg) were prepared using metal nitrate salts of
each element and Milli-Q water. Subsamples were then prepared by
dilution to 1 ppm, and each subsample was pH adjusted to the
appropriate value using nitric acid and/or ammonium hydroxide. To
prepare 1 ppm 241Am solution, a 0.57 mL aliquot of the stock solution
(2.1 MBq/mL, 3M HNO3, specific activity

241Am = 118.4 MBq/mg)
was diluted to 10 mL and adjusted to pH 3 with ammonium
hydroxide. Individual element and competitive batch sorption
experiments were performed with pH values ranging between 2 and
7 for TiO2-NH2, 3 and 7 for TiO2-pico, and 1 and 5 for TiO2-TBP. In
the experiments where the TiO2-NH2 was pre-equilibrated with nitric
acid to pH 3 or 5, pH was measured before both the analyte spike was
added and sorption began, as well as after filtration at the end of the
24h sorption experiment. Since there was no significant change in pH
(±0.1 pH units), the process of filtration was not considered to affect
the pH. Batch sorption experiments were performed using 0.01 g of
organo-functionalized titania nanoparticles and 2.0 mL of solution,
giving a solid-to-liquid ratio of 200. Each experiment was performed in
triplicate and using multiple batches of solid material except the 241Am
sorption, which was performed in duplicate and using only one batch
of solid material. The solutions and powders were contacted in 20 mL
plastic screw-cap vials. Samples were shaken on a horizontal mixer at a
constant speed of 140 rpm for a period of 24 h. After sorption, each
sample was filtered through an individual 0.45 μm syringe filter and
the resulting liquid analyzed by ICP-MS or gamma counting. Initial
concentrations before sorption were measured from samples shaken
and filtered as described above but in the absence of any sorbent
material (as a control), to ensure that metal sorption to the plastic vial
or filter did not affect the reported results. Measurements of the
controls were the same as the concentrations measured of the original
metal solutions that were not shaken and filtered. Percentage
extraction and partition coefficients (Kd) were calculated by measuring
the concentration of the analyte before and after sorption:
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−
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where Cf is the final concentration of the analyte after sorption (mg/
L), Ci is the initial concentration before sorption (mg/L), V is the
volume of solution added during the sorption experiment (mL), and m
is the mass of sorbent material used (g). Errors in the reported
percentage extraction values were calculated from the largest standard
deviation of the ICP-MS results. The partition coefficients (mL/g) of
particular analytes can then be used to calculate separation factors:
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2.6. Characterization. Solution nuclear magnetic resonance
(NMR) 1H and 13C spectra of the organic ligands were recorded
using a Bruker AV400 NMR Spectrometer using CDCl3 as the solvent.
Chemical shifts were measured with respect to TMS. Electrospray
ionization mass spectra (ESI-MS) of the novel organic ligands were
recorded on a 4000 QTrap AB SCIEX Mass Spectrometer. Fourier
Transform Infrared (FTIR) spectra of the organic ligands were
obtained on a Nicolet Nexus 8700 FTIR Spectrometer (Thermo
Electron Corporation) using the Smart iTR attenuated total reflection
(ATR) accessory. Elemental analyses of C, H, N, and P content of

organic ligands and the functionalized titania materials were performed
by the Microanalytical Unit at the Australian National University
(ANU). C, H, and N analysis was performed using a Carlo Erba 1106
analyzer. The sample was combusted, and the gases, after scrubbing
and reducing, were separated on a gas chromatography column and
measured at the detector. Phosphorus determinations were made after
oxidative digestion by comparative UV spectrophotometric measure-
ments of the yellow vanadomolybdophosphate complex. A variety of
methods are used for decomposition of the sample to minimize
chemical interferences.

X-ray diffraction (XRD) on the titania nanoparticles was measured
between 5 and 80° (2θ) using a Panalytical X′Pert Pro. The titania
nanoparticles were also characterized by small angle X-ray scattering
(SAXS) measurements, performed on a Bruker Nanostar SAXS
camera, with three pin-hole collimation for point focus geometry using
Cu Kα radiation of wavelength 1.54 Å and a Vantec2000 2D detector.
The Brunauer−Emmet−Teller (BET) surface area was measured
using an Autosorb iQ Quantachrome instrument with nitrogen gas at
77 K. Scanning electron microscopy (SEM) images were collected of
titania nanoparticles deposited on double sided carbon tape and
coated with 2−3 nm platinum, using a Zeiss Ultra Plus electron
microscope operating at 10 kV.

Cross-polarized 13C−1H solid-state NMR spectra of the function-
alized titania materials were recorded on a Bruker Biospin Avance III
solids-300 MHz instrument using a Bruker 4 mm double resonance
magic-angle spinning (MAS) probehead with a MAS frequency of 12
kHz. Nanoparticle size and zeta potential measurements on the non-
functionalized and functionalized titania materials (1 mg/mL) were
performed in aqueous media using a Nano Series ZS Zen 3600. Size
measurements used Plastibrand 2.5 mL disposable cuvettes
(DTS0012), and zeta potential measurements used Malvern folded
capillary cells (DTS1061).

Elemental concentrations of solutions before and after sorption
were measured using inductively coupled plasma mass spectrometry
(ICP-MS). Elemental analysis of samples diluted 1:10 in 3% HNO3
solutions was performed using a Varian 820-MS instrument.
Concentrations of Ce, Eu, Yb, Cs, Sr, and U were measured against
internal standards. Reported error values were calculated by assuming
5% error in the average of the duplicate or triplicate measured ICP-MS
values, unless the standard deviation of the triplicate samples was
greater than 5% of the average, in which case the standard deviation
was used. Concentrations of americium-241 (241Am) during sorption
experiments were measured using a Wallac Wizard 3″ 1480 automatic
gamma counter (PerkinElmer). Americium-241 samples of known
concentration were used to calibrate the gamma counter, and the
limits of linearity were tested by serial dilution. Reported error values
were calculated using the standard deviation of the duplicate samples
measured.

3. RESULTS AND DISCUSSION

3.1. Synthesis. Preparation of the titania nanoparticle
framework material was achieved via a sol−gel route. The
titania nanoparticle sol was synthesized according to the
method of Hanley et al.27 High temperature (600 °C) thermal
treatment was then required to ensure a clean nanoparticle
surface for the subsequent functionalization step. Ligands for
functionalization consisted of an alkene group for attachment
to the titania surface; an amine, amide, or phosphate functional
group for selective sorption of metal cations; and an aliphatic
alkyl chain to act as a linker between these two functional
groups and to induce self-assembly of the ligands on the
nanoparticle surface. Syntheses of the ligands TFAAD and 1-
amino-10-undecene were performed according to the methods
of Pfister and Wymann28 and Sieval et al.,29 respectively, but
with minor modifications (see Supporting Information). The
ligand 10-undecen-1-yl-2-pyridinecarboxamide was a novel
compound synthesized via a known method for coupling of
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2-pyridinecarboxylic acids with amines,30 and the novel dibutyl
10-undecen-1-yl phosphoric acid ester ligand was synthesized
using the previously reported methodology for esterification of
phosphates with halides.31 Attachment of these ligands to the
titania nanoparticle surface was achieved using only heat,
making this methodology simpler than previous alkene−titania
functionalizations which have required the use of UV light.18

3.2. Characterization of Titania Nanoparticles. The
synthesized titania nanoparticles were characterized using a
variety of methods. The crystallinity was measured using XRD
(Figure 1), which showed them to contain anatase and rutile.

Using the relative intensity ratio (RIR) method,32 the
nanoparticles were shown to contain approximately 10 wt %
rutile. The nanoparticle size was calculated according to the
Sherrer equation,33 using the FWHM of the XRD peaks, to give
a value of 23 nm. The surface area of the nanoparticles was
measured to be 55 mm2/g.
Particle size was also measured using SAXS and light

scattering methods. The SAXS pattern of a solution of titania
nanoparticles suspended in Milli-Q water (Figure 2), when fit
using SANSView software with a sphere model, indicated the
presence of spherical particles of radius 3 nm and a

polydispersity index of 0.6. Measurement of the particle size
using light scattering (again performed on a solution of titania
nanoparticles suspended in Milli-Q water) indicated an average
diameter of approximately 500 nm and a polydispersity index of
0.5, with the solution containing particles of two distinct sizes:
one with a diameter of 500 ± 150 nm (30% volume fraction)
and the other with one of 120 ± 50 nm (70% volume fraction).
Thus, it seems that the titania nanoparticles vary widely in size,
from small 3 nm diameter particles, which are not seen in the
light scattering experiments due to the presence of larger
agglomerate particles that produce much higher intensity
signals, to larger almost micrometer sized particles, which are
too large to see using SAXS.
SEM confirms the presence of a wide distribution of particle

sizes (Figure 3). Some of these particles are substantially larger
than those that were detected by the methods of SAXS and
light scattering, most likely because these larger particles settled
out of solution too quickly for measurement by these
techniques. The SEM images in Figure 3 also indicate that
the large particles (>10 μm) consist of agglomerates of much
smaller particles. These smaller particles appear to be
approximately 20 nm in size, which is consistent with the
particle size determined by the XRD pattern.

3.3. Functionalization of Titania Nanoparticles with
Organic Ligands. Solid state 13C−1H CP MAS-NMR of non-
functionalized titania nanoparticles (TiO2-NF) as well as titania
nanoparticles functionalized with 1-amino-10-undecene (TiO2-
NH2), 10-undecen-1-yl-2-pyridinecarboxamide (TiO2-pico),
and dibutyl 10-undecen-1-yl phosphoric acid ester (TiO2-
TBP) are shown in Figure 4. Peaks are present in the NMR
spectra of TiO2-NH2, TiO2-pico, and TiO2-TBP which are not
present in the spectrum of TiO2-NF, confirming that
functionalization was successful. Peaks with a chemical shift
of 10−40 ppm, due to aliphatic carbon,34 are seen in the NMR
spectra of all three functionalized titania materials as all three
grafted organic molecules contain alkyl chains. The NMR
spectrum of TiO2-pico also shows peaks with chemical shifts
between 110 and 160 ppm, due to aromatic −CH− groups in
the picolinamide head group.34 The peak at approx. 65 ppm in
the spectrum of TiO2-TBP can be assigned as −CH2−O groups
present in the phosphonate head group.34 The low intensity of
the peaks in the NMR spectrum of TiO2−NH2 means that the
signal due to aliphatic carbon at 20−40 ppm is only just
distinguishable from the background. The low intensity in this
spectrum relative to TiO2-TBP and TiO2-pico may indicate that
the level of functionalization is lower for TiO2-NH2 or that
there is a higher level of mobility in the alkyl chains for this
sample. In fact it is likely that a combination of these factors
applies as high alkyl chain mobility suggests more space
between the attached ligands and hence a lower level of surface
coverage.
The level of functionalization of TiO2-NH2, TiO2-pico, and

TiO2-TBP was quantitatively determined by CHN micro-
analysis (Table 1). The molecular formulae of the organic
functionalized molecules and the total measured %CHN were
used to determine the calculated %CHN values, which agreed
with the experimentally measured values to within 0.4%. The
total organic contents of the organo-functionalized titania
nanoparticles were then calculated as the percentage weight of
CHNOP but not including water. From this calculation, it was
observed that the organic contents of TiO2-pico and TiO2-TBP
were approximately double that of TiO2-NH2, which is
consistent with the low signal seen in the NMR spectrum of

Figure 1. X-ray diffraction pattern of titanium dioxide nanoparticles.

Figure 2. SAXS pattern of titania nanoparticles. Circles = experimental
data, line = sphere model fit.
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TiO2-NH2 (Figure 4). However, in terms of molar percentage,
the level of functionalization is similar for TiO2-NH2 and TiO2-
TBP (0.006 mol %), while that of TiO2-pico is slightly higher
(0.008 mol %). The calculated area per molecule (with a titania
nanoparticle surface area of 55 m2/g) was found to be 1.4 nm2

for TiO2-NH2, 1.5 nm2 for TiO2-TBP, and 1.1 nm2 for TiO2-
pico.
The effect of alkylamine functionalization on the surface

charge of the nanoparticles is shown by the zeta potential
measurements in Figure 5. In aqueous nitrate media, the

isoelectric points for TiO2-NF and TiO2-NH2 were observed at
pH 4.2 and pH 5.0, respectively. The higher isoelectric point of
TiO2-NH2 is to be expected given that the amino group is basic
while the surface of titania consists of both acidic and basic
reaction sites. Zeta potential data could not be collected for
TiO2-pico and TiO2-TBP due to the lack of surface charge on
these materials in the pH range of interest (pH 3−7).

3.4. Sorption of Individual Elements with Function-
alized Titania Materials. TiO2-NH2. The ability of TiO2-NH2
to sorb Ce, Eu, Yb, Cs, Sr, and U was investigated with metal
solutions ranging in pH from 2 to 7. However, it was noted that
substantial changes in the pH of the metal solutions occurred
after contact with TiO2-NH2 if the initial pH was 3 or higher
(Table 2); an initial pH of 3 gave a post-contact pH of between
6 and 7, and an initial pH of 4−7 gave a post-contact pH of 8.
These results indicate that the TiO2-NH2 removed protons
from solution and that a protonated amino group (RNH3

+) was
formed. This is not surprising since alkylamine ammonium ions
generally have pKa values between 10 and 11.35

Figure 3. SEM images showing a wide size distribution of agglomerated titania nanoparticles.

Figure 4. 13C−1H CP MAS NMR of organo-functionalized and non-
functionalized titania nanoparticles.

Table 1. Elemental CHN Microanalysis of Functionalized
Titania Nanoparticles (wt %)

measured TiO2-NH2 TiO2-pico TiO2-TBP

%C 0.5 1.4 1.5
%H 0.3 0.6 0.5
%N 0.3 0.5 0.4
total 1.2 2.5 2.3

calculated C10H22N·3H2O C17H26N2O·2H2O C19H39PO4·H2O

%C 0.7 1.6 1.4
%H 0.2 0.3 0.3
%N 0.1 0.2 0.0
total (organic) 0.9 2.2 2.2

Figure 5. Measured zeta potential of TiO2-NF in aqueous nitrate
media and TiO2-NH2 in aqueous nitrate media with and without 1
ppm Eu.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am403727x | ACS Appl. Mater. Interfaces 2013, 5, 11984−1199411988



Since the pH of the sorption solutions increased up to 5 pH
units upon contact with TiO2-NH2, it was necessary to control
the post-contact pH in order to establish the effect of the
alkylamine functionalization on sorption behavior and accu-
rately compare the behavior of TiO2-NF and TiO2-NH2.
Therefore, sorption experiments were performed, in which
nitric acid solutions were pre-equilibrated with TiO2-NH2 to
pH 3 or 5 before a 100 ppm spike of the analyte of interest was
added (to give a final concentration of 1 ppm) and batch
sorption performed for 24 h (pH was measured both before
and after sorption to confirm no change in pH). The surface
charge of TiO2−NH2 was negative when the post-contact pH
was above 5 (see Figure 5); this is despite sorbed protons due
to the high pKa of the amine functional group. The negative
surface charge most likely originated from excess nitrate anions
surrounding the protonated TiO2-NH3

+ surface. The results of
sorption experiments for the non-functionalized titania nano-
particles (TiO2-NF) and TiO2-NH2 are listed in Table 3.

For TiO2-NF, sorption of all the metal cations increased with
pH, except for Cs, which was not substantially sorbed at any
pH. This can be explained by electrostatics since as pH was
increased the titania surface charge changed from positive to
negative (Figure 5); the metal cations hence went from being
repelled by the positive surface to attracted to a negative
surface. Uranium was the only element sorbed more than 10 %
below the isoelectric point of pH 4.2, most likely due to the
formation of anionic U nitrate complexes in solution as the
nitrate concentration increases.36 The existence of inner-sphere
U-titania complexes (for both rutile and anatase) has been
previously demonstrated both experimentally and theoret-

ically.37,38 Two surface complexes are possible as the uranyl
cation is either coordinated by two bridging oxygen atoms or by
one bridging and one terminal oxygen. The prevalence of each
complex is dependent upon the conditions of sorption.
However, as the acidity of the solution increases, sorption
becomes less energetically favorable since no stable inner
sphere structures form with fully protonated surface oxygen
sites.38 Therefore, it is observed that U sorption decreases with
pH to approximately 20% at pH 2.
For TiO2-NH2, sorption of Ce, Eu, and Yb (collectively

referred to as LN) can again be explained by the isoelectric
point, which in this case is 5.0. In aqueous solution below pH 6,
LN exist as trivalent cations,39 and although at pH 7 some
hydrolysis to form LnOH2+ cations may occur, the concen-
tration of LN in these solutions, ≤ 0.007 mM, is so low that
very little hydrolysis and no precipitation are expected.
Therefore, at pH 5, the surface charge is no longer net positive,
hence LN cation sorption suddenly increases from <15% at pH
3 to ≥99% at pH 5 (Table 3). The zeta potential results in
Figure 5 show that at pH 5 TiO2-NF has a slight negative
charge while TiO2−NH2 is essentially neutral. Despite this,
TiO2-NH2 shows higher LN sorption than TiO2-NF at pH 5
(see Table 3), indicating that the functionalization of the titania
surface with the amine moiety has enhanced its affinity for LN
cations. In terms of the mechanism of LN sorption, LN ions are
known to form inner sphere nitrate complexes [LN(NO3)-
(H2O)n]

2+ and [LN(NO3)2(H2O)n]
+ with between 10 and 20%

relative abundance in solutions of 0.1 mM LN(NO3)3 and 0.1
mM HNO3.

40 These conditions are similar to the sorption
conditions in this study; 0.01 mM Ln(NO3)3 and 0.0001−10
mM HNO3 (pH 2−7). Therefore, it is possible that LN
sorption occurs in this system via coordination of the LN ions
to the anionic nitrate species surrounding the protonated TiO2-
NH3

+. The zeta potential measurements in Figure 5 also
indicate that in the presence of Eu, the surface charge by TiO2−
NH2 was more positive at a given pH than when only water,
nitrate, and ammonium ions were present. This provides
evidence that Eu has been sorbed onto the surface of the TiO2-
NH2 via outer-sphere sorption, since zeta potential measures
the potential at the outside of the stationary layer of liquid
surrounding the charged particle (slipping plane).41

For Cs and Sr, no substantial sorption occurred below pH
6−7 with TiO2-NH2 (Table 3). Cesium was the most poorly
sorbed element investigated, which can be attributed to its
larger ionic radius (167 pm versus <103 pm)42 and lower
charge density (+1 versus +3), making it a soft Lewis base with
poor affinity for the hard oxygen donors of the nitrate anion.43

Sorption of Sr at pH 6−7 (98%) was much higher than for Cs
(14%) since Sr is more “hard” than Cs, with a higher charge
density and smaller ionic radius.
The most interesting result was the sorption of U by TiO2−

NH2, which increased with pH from approximately 30% at pH
2 to approximately 90% at pH 3 and was quantitative by pH 5
(Table 3). This 90% sorption of U by TiO2-NH2 at pH 3 was
approximately 75% higher than the TiO2-NH2 extraction of any
other element at pH 3 and approximately 40% higher than the
U extraction of TiO2-NF at pH 3. TiO2-NH2 also extracted U
selectively and more efficiently than TiO2-NF at pH 2, but to a
lesser extent. When the pH was increased to 5, both TiO2-NH2
and TiO2-NF demonstrated quantitative U sorption. Since at
pH 2 and 3, the TiO2-NH2 particles are positively charged
(Figure 5), this result suggests that the uranyl cation forms a
negatively charged complex with nitrate at these lower pH

Table 2. Measured pH of Filtered (0.45 μm) Nitrate
Solutions after Contact with TiO2-NH2

initial pH Ce Eu Yb Cs Sr U

2 1.8 1.8 2.5 2.1 2.1 2.0
3 5.8 7.3 6.4 8.1 8.3 7.8
4 7.9 8.1 8.4 7.7
5 8.0 8.1 8.1 8.3 8.3 8.0
7 8.1 8.1 8.1 8.4 8.3 8.1

Table 3. Percentage Extraction of 1 ppm Ce, Eu, Yb, Cs, Sr,
and U (as Individual Elements) by TiO2-NF and TiO2-NH2

a

TiO2-NF

pH 2 3 4 5 7

Ce 0 5 ± 9 3 ± 9 79 ± 4 ≥ 99.9
Eu 1 ± 9 7 ± 9 7 ± 9 66 ± 4 ≥ 99.9
Yb 0 7 ± 9 10 ± 9 47 ± 5 ≥ 99.9
Cs x 0.2 ± 10 x 1 ± 11 1 ± 10
Sr 2 ± 9 5 ± 9 x 15 ± 8 20 ± 8
U 19 ± 8 49 ± 5 x ≥ 99.9 ≥ 99.9

TiO2-NH2

pH 2 3 4 5 6−7

Ce 0 10 ± 15 x ≥ 99.1 ≥ 99.8
Eu 0 13 ± 18 x ≥ 99.9 ≥ 99.8
Yb 0 2 ± 9 x 99 ± 2 ≥ 99.8
Cs 0 0 x 0 14 ± 10
Sr 0 0 x 2 ± 9 98 ± 1
U 29 ± 9 89 ± 15 x ≥ 99.9 99 ± 1

aNote varying pH values are measured post-contact. x = not measured.
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values where the relative concentration of nitrate is higher.36 In
fact, previous studies have shown that at the molar U/nitrate
ratio present in this study at pH 2, UO2(NO3)3

− is the
predominant species in solution, and at a U/nitrate ratio
equivalent to pH 3, U is present as approximately 20%
UO2(NO3)2 and 80% UO2(NO3)3

−.44 Thus, the anionic
UO2(NO3)3

− species is present in both these solutions and is
able to undergo outer sphere sorption to the positively charged
nanoparticle surface.
Overall, the results in Table 3 suggest that functionalization

of the titania nanoparticle surface with 1-amino-10-undecene
altered its sorption behavior by enhancing LN and particularly
U sorption.
TiO2-pico. The ability of TiO2-pico to sorb Ce, Eu, Yb, Cs,

Sr, U, and Am was investigated from pH 3 to 7, and the results
are shown in Table 4. The pH of the solutions after contact

with TiO2-pico was unchanged. TiO2-pico sorption of LN
increased with pH from 5% or less at pH 3 to approximately
90% at pH 7. Cesium and strontium were not sorbed at any
pH, while U sorption increased from 50% at pH 3 to 99% at
pH 7. The observed trend of increasing LN and U sorption
with pH for TiO2-pico can be explained by the increased
concentration of H+ ions in solution at lower pH, which
compete with the metal cations for sorption to the TiO2-pico
surface. Thus, despite the similar trend of increasing sorption
with pH for TiO2-pico and TiO2-NH2, the mechanism of
sorption is different for TiO2-pico since its surface is uncharged
(see section 3.3). A study of U solvent extraction by
picolinamide-based ligands showed that the U is complexed
by the carbonyl group of the amide.45 Therefore, it is likely that
a similar mechanism of sorption occurs for LN and U in the
present system, as they are both hard Lewis bases with a high
affinity for hard oxygen donors.43

The sorption efficiencies of TiO2-NF and TiO2-pico were
similar at pH 3 for all elements and at pH 5 and 7 for U.
However, TiO2-pico showed higher LN sorption at pH 4−5
and lower LN sorption at pH 7 than TiO2-NF. This suggests
that under slightly acidic conditions, the presence of the
picolinamide on the titania surface enhanced LN sorption.
However, at neutral pH when there are no protons competing
for sorption, TiO2-NF sorbed LN more effectively than TiO2-
pico. Thus, TiO2-pico is more selective for LN over protons
than TiO2-NF but is also a weaker LN sorbent. TiO2-pico also
showed lower Sr sorption than TiO2-NF at pH 5−7, suggesting
that the picolinamide functionality suppresses Sr sorption.
Since calixarene based picolinamide extractants have

previously been used in solvent extraction processes to achieve

the challenging actinide−lanthanide separation,25,46 it was of
interest to investigate the separation factor between Am and Eu
using TiO2-pico. N-Butyl-2-pyridinecarboxamide was previ-
ously shown to be unable to extract Am or Eu without the use
of a phase transfer agent at pH 3, but once incorporated onto
the lower rim of a calix[6]arene (as 37,38,39,40,41,42-
hexakis{3-[pyridine-2-carboxy)amino]propoxy}-ptert-
butylcalix[6]arene) it demonstrated a separation factor SFAm/Eu
of 2.3, although with very low efficiency extraction (Kd’s <10).

25

At the same pH of 3, TiO2-pico sorbed 241Am and Eu with
distribution coefficients of 40 ± 9 and 11 ± 1, respectively,
giving a separation factor SFAm/Eu of 3.6 ± 1.0 (mean ±
standard deviation). Therefore, it can be concluded that under
similar conditions, Am sorption by TiO2-pico demonstrated
superior extraction efficiency and selectivity to solvent
extraction using picolinamide extractants with or without
calixarene scaffolds. Although actinide/lanthanide selectivity is
still not well understood, it is postulated to arise from the
enhanced covalency of actinide−ligand interactions versus
lanthanide−ligand interactions, so that ligands with softer
donor atoms such as nitrogen and sulfur have a higher affinity
for actinides over lanthanides.47

TiO2-TBP. The ability of TiO2-TBP to sorb Ce, Eu, Yb, Cs,
Sr, and U was investigated from pH 1 to 5. These sorption
experiments were performed at a lower pH range than TiO2-
NH2 and TiO2-pico because TiO2-TBP was designed as a solid-
phase mimic of the TBP extractant in the PUREX process,
which is performed under strongly acidic conditions. However,
no sorption of any element was observed at pH 1; therefore,
Table 5 shows the sorption behavior of TiO2-TBP from pH 2
to 5. The pH of the solutions after contact with TiO2-TBP was
unchanged.

TiO2-TBP sorption of LN increased with pH from less than
5% at pH 2 to approximately 50% for Ce, 80% for Eu, and 95%
for Yb at pH 5. In fact, from pH 3 to 5, LN sorption by TiO2-
TBP increased across the LN series, with higher extraction
efficiencies demonstrated for the heavier Yb. The separation
factors were SFYb/Ce = 23.3 ± 5.2 and SFYb/Eu = 6.1 ± 1.9
(mean ± standard deviation) and were reasonably consistent
across the pH range 3−5. Cesium and strontium were not
sorbed at any pH, and U sorption was approximately 10% at
pH 2 and then increased to 99% at pH 5. This trend of
increasing sorption with pH can be explained similarly to TiO2-
pico since the TiO2-TBP surface is also uncharged (see section
3.3). Alkylphosphate functionalization enhanced sorption of Ce
over TiO2-NF at pH 4, of Eu at pH 4 and 5, and of Yb at pH 2,
3, 4, and 5. TiO2-TBP also showed lower Sr sorption than

Table 4. Percentage Extraction of 1 ppm Ce, Eu, Yb, Cs, Sr,
U, and Am (as Individual Elements) by TiO2-pico at Varying
pH Valuesa

TiO2-pico

pH 3 4 5 7

Ce 1 ± 10 36 ± 7 84 ± 2 92 ± 6
Eu 5 ± 9 68 ± 6 85 ± 1 89 ± 2
Yb 3 ± 9 69 ± 4 72 ± 4 84 ± 3
Cs 2 ± 9 x 0 0
Sr x x 0 0
U 47 ± 5 x 99 ± 1 99 ± 1
Am 20 ± 4 x x x

ax = not measured.

Table 5. Percentage Extraction of 1 ppm Ce, Eu, Yb, Cs, Sr,
and U (as Individual Elements) by TiO2-TBP at Varying pH
Valuesa

TiO2-TBP

pH 2 3 4 5

Ce x 2 ± 9 47 ± 5 51 ± 11
Eu x 5 ± 9 79 ± 3 82 ± 3
Yb 4 ± 9 30 ± 9 94 ± 1 97 ± 1
Cs x 0 x 2 ± 9
Sr x 0 x 1 ± 9
U 10 ± 9 72 ± 3 x 99 ± 1

ax = not measured.
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TiO2-NF at pH 5, suggesting that the alkylphosphate
functionality suppresses Sr sorption, similar to TiO2-pico.
Sorption of U was similar for TiO2-TBP and TiO2-NF at pH 2
and pH 5, but TiO2-TBP showed approximately 20% higher
sorption of U at pH 3 than TiO2-NF.
In the PUREX process, TBP is used to selectively extract U

and Pu at high acid concentrations (5−6 M HNO3), and U
extraction decreases swiftly with decreasing acid concentra-
tion.48 Therefore, sorption of U from 3 M HNO3 was
investigated to determine whether increased nitric acid
concentration would increase U sorption. However, TiO2-
TBP sorption of 1 ppm U was negligible in 3 M HNO3 (<2%).
In order to determine the effect of increasing the nitrate
concentration while maintaining an acidity of pH 1 (0.1 M H+),
sorption of U from 0.1 M HNO3 and 3 M NH4NO3 (pH 1)
was performed. TiO2-TBP sorption of 1 ppm U was <1% at pH
1 with a nitrate concentration of 0.1 M (0.1M HNO3) but
increased to approximately 10% at pH 1 when the nitrate
concentration was 3 M. As such, increasing nitrate concen-

tration did cause a modest increase in U sorption by TiO2-TBP,
suggesting that nitrate anions are involved in the mechanism of
sorption. However, increasing the acid concentration concom-
itantly removed this effect.
A possible explanation for the low sorption of U by TiO2-

TBP is that the TBP functionality is conformationally
constrained when coordinated to the titania nanoparticle
surface such that it cannot easily coordinate metal ions from
solution (Figure 6A). This hypothesis is supported by the fact
that molecular dynamics simulations have shown that during
solvent extraction, the TBP of the UO2(NO3)2(TBP)2 complex
formed at the aqueous/organic interface is primarily coordi-
nated to UO2 via the PO group,49 which can be seen to be
particularly restricted in Figure 6A. It also suggests that the
apparent selectivity of TiO2-TBP for heavier LN could be
attributed to their smaller ionic radii (102 pm for Ce, 95 pm for
Eu, and 87 pm for Yb),42 since smaller ions are more likely to
be able to approach the sterically hindered PO group.

Figure 6. Schematic representation of TiO2-TBP (A) and TiO2-TBP/decene (B), illustrating that the oxygen atoms of the phosphate should be
more available to coordinate metal ions TiO2-TBP/decene.

Figure 7. Percentage adsorption of 1 ppm Ce, Eu, Yb, Cs, Sr, and U (competitive) at pH 2.5 for TiO2-NF, TiO2-NH2, TiO2-TBP, and TiO2-TBP/
decene.
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Uranium(VI) has an even smaller ionic radius of 73 pm42 and is
therefore extracted more effectively than Yb.
In order to try and improve the extraction efficiency of U,

titania nanoparticles were functionalized with dibutyl 10-
undecen-1-yl phosphoric acid ester and 1-decene in a 1:10
ratio to give TiO2-TBP/decene. In this material, the
alkylphosphonate groups should have more conformational
freedom (Figure 6B). Sorption of U with TiO2-TBP/decene
gave similar extraction efficiencies to TiO2-TBP (within error)
at pH 1−2, but at pH 3 U extraction efficiencies were slightly
higher with TiO2-TBP/decene (86 ± 5 % versus 72 ± 3 %). At
pH 5, both materials sorbed approximately 99 % U, and thus
their performances could not be distinguished. These results
are still not comparable to the solvent extraction of U in the
PUREX process. However, the fact that U sorption was similar
or greater with TiO2-TBP/decene than TiO2-TBP, despite the
fact that the number of phosphonate groups on the titania
surface is likely to be less for TiO2-TBP/decene as they are
“diluted” by the decene molecules (Figure 6), suggests that the
increased conformational freedom of the phosphonate head
groups in TiO2-TBP/decene does enhance their ability to
coordinate U ions.
3.5. Competitive Sorption Experiments. It has been

shown that TiO2-NF, TiO2-NH2, and TiO2-TBP extracted U at
pH 2 but with low efficiency (approximately 20%). Also, at pH
3, the efficiency of U extraction increased substantially for all
three materials, but more for TiO2-NH2 and TiO2-TBP than
TiO2-NF, indicating that the amine and phosphate function-
alizations enhanced U sorption. It was therefore of interest to
investigate whether selective U extraction could be achieved by
TiO2-NF, TiO2-NH2, TiO2-TBP, and also TiO2-TBP/decene,
during competitive sorption at pH 2.5. TiO2-pico did not
demonstrate enhanced sorption of U relative to TiO2-NF at pH
3 and was therefore not investigated further. The results of the
competitive sorption experiment are shown in Figure 7 and
indicate that all four materials demonstrated selectivity for U in
a competitive environment, although with varying degrees of
efficiency and selectivity.
TiO2-NF selectively sorbed U from the solution of 1 ppm

Ce, Eu, Yb, Cs, Sr, and U but with a low efficiency of only
approximately 20%. TiO2-NH2, TiO2-TBP, and TiO2-TBP/
decene all demonstrated a higher U sorption efficiency of
approximately 50%, but only TiO2-NH2 combined this
efficiency with complete selectivity as TiO2-TBP and TiO2-
TBP/decene also sorbed approximately 35% Yb. Selective
sorption of U at pH 2.5 may be of interest in applications such
as decontamination of wastewater from mining50 or dilute low
level waste from nuclear processes.51

Although examples exist in the literature of organically
functionalized titania-based materials being utilized for the
sorption of U,52,53 no selectivity data have previously been
reported. The selectivity exhibited by TiO2-NH2 at pH 2.5 is
superior to other sorbents designed for selective U removal,54,55

such as a phenolic hydroxyl-functionalized polymer-based
chelating sorbent, which during competitive sorption at pH
4.5 sorbed substantial amounts of LNs as well as U. Complete
U selectivity has been demonstrated by a fural functionalized
mesoporous silica sorbent at pH 5.5,56 but sorption of U
decreased substantially below pH 3, and selectivity at lower pH
values was not investigated. TiO2-NH2 can also be considered
complementary to U/TEVA, a commercially available uranium
sorbent consisting of 40 % diamyl amyl phosphonate
impregnated in Amberchrom-CG (acrylic ester) resin, which

effectively and selectively sorbs U from >1 M acidic solutions.57

For separations in a nuclear context, a sorbent based on titania
also has the advantage of radiolytic stability over silica and
polymer based resins.24,10 The reusability of the materials was
not investigated since previous studies have proven the utility of
disposal via ceramic wasteforms and the materials produced
within this work are of appropriate compositions to be
applicable.12

3.6. Hydrolytic Stability of Organo-Functionalized
Titania Nanoparticle Sorbents. In order to test the
hydrolytic stability of these organo-functionalized titania
nanoparticle materials, the sorption properties of TiO2-TBP
and TiO2-TBP/decene were tested before and after leaching
with pH 2 HNO3 for 24 h. If functional groups were lost from
the surface during leaching, it would be expected that sorption
would decrease and approach the behavior of TiO2-NF.
However, it can be seen from Figure 7 that the extraction
efficiencies of TiO2-TBP and TiO2-TBP/decene for Yb and U
before and after leaching were within error. This suggests that
covalent functionalization to the surface of titanium dioxide via
an alkene occurs using heat to provide a surface covering that is
hydrolytically stable at pH 2 for 24 h.
The hydrolytic stability of TiO2-TBP and TiO2-TBP/decene

can be considered superior or comparable to other organo-
functionalized titania based materials using phosphate groups as
anchors for surface functionalization. For example, treatment of
mesoporous zirconium titanate frameworks functionalized with
methylphosphonic acid with pH 3 HNO3 for 24 h caused a loss
of approximately 10% P.58 However, increasing the length of
the alkyl chain appears to enhance hydrolytic stability, most
likely due to self-assembly of a hydrophobic layer on the surface
of the framework material, since octadecylphosphonate
functionalized titania lost only 5 % of its functional groups
after 1 week in a solution of 1:1 HCl/THF (pH 1).17

4. CONCLUSIONS

Organo-functionalized titania nanoparticle materials have been
synthesized with alkylamine, alkylpicolinamide, and alkylphos-
phate functionalities covalently attached to the surface via a
simple, novel heating methodology. The sorption behavior of
these three hybrid materials with elements relevant to
important separations at the back end of the nuclear fuel
cycle were explored in a wide pH range. Both the amine and
phosphate functionalized titania nanoparticles were able to
selectively sorb uranium at low pH in a competitive
environment, making this study the first reported example of
organically functionalized titania based sorbents for the
selective sorption of uranium from solution. The excellent
selectivity of the amine functionalized titania nanoparticles in
particular was remarkable given the simplicity of the ligand. The
picolinamide functionalized material also showed superior
Am−Eu selectivity to a picolinamide functionalized calixarene
extractant in a solvent extraction process. Overall, it has been
demonstrated that covalently functionalized titania nano-
particles can be synthesized with simple organic functionalities
to provide simple, cost-effective, hydrolytically stable and
selective solid-phase sorbents. To increase the utility of these
materials into the future, framework materials with greater
surface area will be utilized to enable increased loading of the
organic ligands and hence improve the capacity and kinetics of
sorption.
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