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Abstract — Herein, we report the synthesis of CyMes-BTPhen-functionalized
zirconia-coated (ZrO,) maghemite (y-Fe>O3) magnetic nanoparticles (MNPs) and
their ability to extract Am(III) from Eu(IIl) and Am(III) from Cm(III) in a range
of HNOs3 concentrations (0.001 — 4 M). Their extraction behavior is compared to
our previously tested model based on silica-coated (SiO2) MNPs. Extraction of
Am(III) and Eu(IIl) is reported, but little or no selectivity can be seen between

Am(IIT) and Cm(III) at concentrations of 4 M HNO:s.

Developments in the waste management of radioactive high-level liquid waste (HLLW) streams produced
in the back-end of the nuclear fuel cycle will further develop public approval of nuclear power as an
alternative to the combustion of depleting supplies of fossil fuels. Although only contributing to 0.1% of
the spent fuel by mass, the minor actinides (Np, Am and Cm) significantly contribute to the relative
radiotoxicity of nuclear waste.!”* An important step in closing the back-end of the nuclear fuel cycle may
involve partitioning and transmutation (P & T) of irradiated nuclear fuel. The most successful ligands
used for this process contain a number of soft donor atoms such as nitrogen and sulfur,*”’ because these
ligands have been found to exploit the slightly more covalent nature of the metal-ligand bonding upon
interaction with the minor actinide 5/ orbitals. Liquid-liquid extraction using hydrophobic nitrogen-based
ligands has proven to be the most successful method to date for partitioning of minor actinides from the
remaining fission products (mainly lanthanides) in the acidic post-PUREX waste streams. In order to

implement this approach two sequential partitioning processes have been proposed, which are to be
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applied to the post-PUREX raffinate. The first process is to co-separate the trivalent actinides and
lanthanides together by a diamide-based ligand (DIAMEX), followed by a second process involving the

selective removal of the trivalent actinides (SANEX).51°

Two promising classes of ligands that initially emerged for the selective extraction (SANEX) process
were the terdentate 2,6-bis(1,2,4-triazin-3-yl)pyridine ligands (BTP’s, e.g. CyMes-BTP 1) and the
quadridentate 6,6’-bis(1,2,4-triazin-3-yl)-2,2’-bipyridine ligands (BTBP’s, e.g. CyMes-BTBP 2) (Figure
1). Further modifications, primarily to improve kinetics, led to the development of
bis-triazinylphenanthroline (CyMes-BTPhen 3) ligands, using the 1,10-phenanthroline core to constrain
the bipyridine sub-unit into the ligating orientation.!!"'* It has been previously shown that CyMes-BTPhen

(3) is highly selective for Am(III) over Eu(IIl) in a solvent extraction protocol.!!

s o s o g

Figure 1. Structures of CyMes-BTP (1), CyMes-BTBP (2) and CyMes-BTPhen (3)

More recently, substitution at different positions of the 1,10-phenanthroline core has provided the ability
to fine-tune the ligands electronically to be more selective towards actinides over lanthanides.!> The
ligand efficiency for the extraction of the actinides Am(IIl) and Cm(III) by some electronically modulated
ligands has been reported.'® Br-CyMes-BTPhen (4) and 5-(4-hydroxyphenyl)-CyMes-BTPhen (5) (Figure
2) were shown to exhibit selectivity for Am(III) over Cm(III).

N= —=N N—= —N

Figure 2. Structures of Br-CyMes-BTPhen (4) and 5-(4-hydroxphenyl)-CyMes-BTPhen (5)

These molecules provide a means of amplifying the very small differences in the covalent interactions of

Am(III) and Cm(IIl) with the ligands. Introduction of a bromine substituent at the 5-position of the
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phenanthroline core, and subsequent Suzuki coupling with a 4-hydroxyphenol linker group enabled
immobilisation of the CyMe4-BTPhen ligands onto solid supports, most notably magnetic nano-particles

(MNPs), where covalent attachment of C1-BTPhen ligands onto MNPs has been previously reported.!’

Mono-dispersed MNPs (Fe3O4 or y-Fe2Os3) with particle sizes of less than 40 nm, offer large surface areas
coupled with high surface activity. Their magnetic properties enable them to be easily separated from the
supernatant solution by means of an external magnet, making them highly useful for novel separation
processes.'® However, since the iron oxide core of the MNPs is prone to chemical attack under the harsh

1.1 An effective

acidic conditions of the nuclear waste streams, a suitable protective coating is essentia
solution to this problem is to coat the iron oxide centre with zirconia (ZrO) or silica (SiO3), both of
which have been shown to provide a chemically resistant surface whilst retaining the ion-exchange
properties.’’ Upon coating the MNPs, the free Zr-OH and Si-OH surface groups enable effective
attachment of ligands through organic functional groups onto the surface of the coated MNPs. It has been
previously reported®! that CyMes-BTPhen-functionalized silica-coated MNPs (Figure 3) show
quantitative separation of Am(IIl) from Eu(IIl) in 0.001 — 4 M HNO:s solutions. In addition, a small but
significant selectivity for Am(III) over Cm(III) has been observed at concentrations of 4 M HNO3.?!
Herein, we report the synthesis of CyMes-BTPhen-functionalized zirconia-coated (ZrOz) maghemite

(y-Fe203) magnetic nanoparticles (MNPs) and their ability to extract Am(III) from Eu(IIl) and Am(III)
from Cm(III) in a range of HNOj3 concentrations (0.001 — 4 M).

Figure 3. CyMes-BTPhen-functionalized ZrO,-MNPs (14) and CyMes-BTPhen-functionalized
SiO2-MNPs (15)

Transmission electron microscopy (TEM) images of ZrO;-coated MNPs revealed the thickness of the

zirconia coating to be ca. 40-45 nm, as previously reported.!” Zirconia has a wide-ranging iso-electric
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point of pH 4-11%2 with the result that, in the acidic media used, the particles are protonated and have a
net positive charge. The repulsion between the positively charged particles presumably ensures that there

is no aggregation, increasing surface activity.?’

Immobilization of the CyMes-BTPhen ligand onto ZrO>-MNPs was followed by FT-IR where
disappearance of the C-I stretch at 688 cm™ and the presence of C=C aromatic stretches at 1500-1600
cm’! were indicative of covalent attachment.!” The FT-IR spectra of both CyMes-BTPhen-functionalized
Zr0,-MNPs (14) and CyMes-BTPhen-functionalized SiO>-MNPs (15) are shown in Figure 4. Both follow
the same trend, but a clear difference is the more apparent broad OH absorption at 3400 cm™ for the
ZrO>-MNPs, indicative that there are residual OH groups present after covalent attachment of the ligand;

indicating less efficient incorporation of the CyMe4-BTPhen ligand onto the MNPs surface.
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Figure 4. Comparison of the FT-IR spectra of CyMes-BTPhen-functionalized ZrO,-MNPs (14) and
CyMes-BTPhen-functionalized Si02-MNPs (15)

Elemental analysis was also used to evaluate surface incorporation of the ligand onto the MNPs.
Percentage elemental composition of C, H, N and I for 14 and 15 are shown in Table 1. The results
strongly indicate that there is a lower incorporation of the ligand onto the MNPs surface in the case for
ZrO; compared with that of Si0,. For instance, analysis of the 14 indicates 1.80% N compared to 3.43%
N for 15.

The organic content on 14 was further investigated using Thermogravimetric analysis (TGA) under

nitrogen (Figure 5). A similar trend compared with previously studied 15 is reported, where below 150 °C
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the mass loss was quite small, owing to removal of absorbed water and a near linear mass loss was

observed between ca. 250-700 °C, probably due to the decomposition of the organic content.

Table 1. Results of elemental analysis for CyMes-BTPhen-functionalized ZrO,-MNPs (14) and
CyMe4-BTPhen-functionalized SiO;-coated MNPs (15)

CyMe4-BTPhen-functionalized CyMes-BTPhen-functionalized
ZrO,-MNPs (14) Si02-MNPs (15)
Experimental Theoretical Experimental Theoretical
C (%) 17.16 22.79 23.20 22.79
H (%) 3.37 2.14 3.48 2.14
N (%) 1.80 4.94 3.43 4.94
I (%) 7.69 0 8.28 0
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Figure 5. TGA curve for CyMe4-BTPhen-functionalized ZrO>-MNPs (14)

The extraction results obtained for 14 showed good distribution ratios for both Am(IIl) (Dam = 142 £ 4)
and Eu(IIl) (Dgu = 9.7 £4.2) at 0.001 M HNO3 with a separation factor of SFam/r. = 14.7 £ 1.4 (Table 2).
However, these values are much lower than those obtained for the same ligand covalently bound in the
same manner to SiO>-MNPs (Dam = 1168.8 £ 79.1 and Dg, = 701.4 + 32.4).2! Increasing HNOs
concentration to 0.1 M showed a dramatic decrease in both Am(IIl) extraction (Dam= 5.6 £ 1), and
Eu(IIl) extraction (Dgy = 0.8 + 0.1) giving a separation factor of SFameu= 7.4 = 7.5 at 0.1 M HNO3. In
the case for the CyMes-BTPhen-functionalized SiO>-MNPs however, an increase in the extraction of

Am(III) at 0.1 M HNO3 was reported Dam = 1857 + 153.5 whilst Eu(Il) extraction decreased to Dy =
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101.1 + 2.3 giving a SFameEs = 18.4 + 1.6.2! A linear decrease in both Am(III) and Eu(III) extraction was
observed for 14 upon increasing HNO3 concentration to both 1 M and 4 M (Figure 6). Although Dam
remained greater than Dy in both cases the selectivity was all but lost at 4 M HNO3 solution with Dam =
0.8 £ 0.9 and Dgu = 0.4 + 0.9 resulting in SFames = 1.8 £ 0.4. This is significantly lower than the results
obtained for 15 at 4 M HNO;3 where a SFames = <1700 £ 300 was obtained.?!

Table 2. Extraction of Am(IIl) and Eu(Ill) by CyMe4-BTPhen ZrO>-MNPs (14) as a function of nitric

acid concentration (* gamma measurement)

[HNO3] Dam* Dgu* SFAm/Eu
0.001 142 +4.0 9.7+4.2 147+14
0.1 56£1.0 0.8£1.0 7.4+£7.5
1 14+0.9 0.7+0.9 20+1.7
4 0.8+0.9 04+09 1.8+£04
1000 + - 20
= 100 -
gz - 15
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Figure 6. Extraction of Am(III) and Eu(Ill) by CyMes-BTPhen ZrO,-MNPs (14) as a function of nitric

acid concentration

Distribution ratios for the actinides Am(IIl) and Cm(IIl) and the resulting separation factors at 0.001 — 4
M HNO:; by 14 were also examined (Table 3). The D values for both Am(IIT) and Cm(III) decreased upon
increasing HNOj3 concentration, with little or no selectivity observed at 4 M HNO3 with a SFamcm = 0.7 £
0.1. These values follow the same trend as for 15, but show much lower D and SF values across all
concentrations were attained. 15 produced a SFam/cm = 2.2 = 0.4 at 4 M HNOs, a significant separation;!

whereas 14 across all concentrations showed SFam/cm that barely rose above 1 (Figure 7).
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Table 3. Extraction of Am(III) and Cm(II) by CyMes-BTPhen ZrO,-MNPs (14) as a function of nitric

acid concentration (** alpha measurement)

[HNO;3] DAm™* Dcm** SFAm/cm
0.001 185+ 13 145+ 10 1.3+0.1
0.1 12.7+2.6 10.7+2.6 1.2+04
1 43+23 57+24 0.8+0.5
4 30+23 44+223 0.7+0.1
1000 ~ -5
= 100 - L4
g 2
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E =) Cm g’.
= =
.g 1 = ep=« SF Am/Cm Ly B
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Figure 7. Extraction of Am(III) and Cm(IIl) by CyMes-BTPhen ZrO>-MNPs (14) as a function of nitric

acid concentration

In summary, a convenient route for immobilisation of CyMe4-BTPhen ligands via a phenyl ether linkage
onto the surface of zirconia-coated maghemite (y-Fe2O3) magnetic nanoparticles is reported. These MNPs
successfully co-extracted both Am(III) and Eu(IIl) from solutions up to 4 M HNOs, with low selectivity
(SFAamEw = 1.8) compared to that previously for reported SiOz-coated MNPs (SFames = > 1300).
Extraction of both actinides Am(IIl) and Cm(III) is also noted, again without any selectivity; whereas
previously reported SiOz-coated MNPs exhibited a significant selectivity for Am(III) over Cm(III)
(SFam/Ew = 2.2 at 4 M HNO3). Based on FT-IR and elemental analysis data, the surface of the ZrO>-MNPs
appears to be less functionalized with CyMes-BTPhen ligands than the SiO2-MNPs counterpart. Both
ZrOs- and Si0; provide an effective coating to the iron oxide core to enable chemical resistance to the
harsh conditions in extraction processes, but since the Si0>-MNPs can incur high ligand loading, we
conclude that SiO>-MNPs will be favoured over ZrO,-MNPs for future investigations to provide an

effective extraction from SANEX-type processes.
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EXPERIMENTAL

Materials. Iron(IIl) chloride, iron(Il) chloride tetrahydrate, sodium hydroxide pallets, ammonium
hydroxide (35%), zirconium (IV) fert-butoxide, 3-iodopropyltrimethoxysilane (3-IPTMS), ethanol and
dimethylformamide (DMF) were purchased from Sigma-Aldrich. All chemicals were of analytical grade
and used as received without further purification. Degassed deionized water was used throughout the

experiment.

Characterization. The size and morphology of the MNPs at various stages of functionalization were
observed by Philips/FEI CM20 transmission electron microscopy and samples were obtained by placing a
drop of colloid solution onto a copper grid and allowing evaporation in air at room temperature.
Thermo-gravimetric (TGA) analyses were performed using a TGA-Q50 thermo-gravimetric analyzer. IR

spectra were recorded as Nujole mulls (N) on a Perkin Elmer RX1 FT-IR instrument.

Extraction studies. The aqueous solutions for the solvent extraction experiments were prepared by
spiking nitric acid solutions (0.745 mL) (0.001 — 4 M) with stock solutions of 5 uL of **'Am (= 400
Bq/uL), 3 uL of *?Eu (= 1.000 Bg/uL), and 7 pL of ***Cm (= 300 Bg/uL) and then adding 600 pL of
spiked aqueous solution to 18 mg of 14. 150 pL of each labelled solution was taken as a standard (to
allow mass balance calculations) for y- measurements and 10 pL was taken as a standard for o-
measurements. The suspension was sonicated for 10 min and shaken on a Heidolph Reax shaker at 1800
rpm for 90 min. After centrifuging for 10 min, aliquots of the aqueous solutions (supernatant) were
separated and taken for measurements. Activity measurements of **! Am, '*?Eu and **Cm were performed
with a y-ray spectrometer EG&G Ortec (USA) with a PGT (USA) HPGe detector and a-ray spectrometer
Octete plus Ortec (Germany) with ion-implanted-silicon ultra a-detector (USA). The distribution ratios, D,
were calculated as the ratio between the radioactivity (o- and y-emissions) of each isotope in the standard
solution and the supernatants after removal of the 14 complexes. The separation factor is
SFAm/Eu = DAm / Dgu or SFAm/cm = Dam / Dcm. Extractions were studied at nitric acid concentrations of
0.001 M, 0.1 M, 1 M and 4 M. All extraction experiments were carried out in duplicate and error bars in

the figures represent standard deviations.

Synthesis of lIodoalkyl-functionalized ZrO:-Coated Fe2O3 MNPs (8). Following the literature

24-27

procedure, complete precipitation of Fe;O3; was achieved under alkaline conditions, while maintaining

a molar ratio of Fe?":Fe** = 1:2 under nitrogen (Scheme 1).



HETEROCYCLES, Vol. 93, No. 1, 2016 461

OH
ey’ -butoxi 3-PTMS
Fecl, —20 » e tortoutoxide _ ) on| _¥P™S
NaOH

OH

n

6 7

Scheme 1. Synthesis of iodo-functionalized zirconia-coated y-FeoO3 MNPs (8)

To obtain 0.70 g of Fe2O3 MNPs 6, FeCly4H>0 (0.80 g, 4 mmol) and FeClsz (1.30 g, 8 mmol) dissolved in
degassed deionized water 40 mL were added dropwise into 2M NaOH solution (200 mL) with vigorous
stirring. After 1 h, the resulting FeO3 MNPs (6) were separated by putting the vessel on a neodymium
magnet and decanting the supernatant. The MNPs (6) were washed with degassed deionized water (2 X
100 mL) and 0.01M HCI (17%, 100 mL) to remove unreacted iron salts. Fe2O3 MNPs (6) were then
coated with ZrO, using a sol-gel method.?*?” Typically, Fe2O3 MNPs (6) (0.70 g) were dispersed in a
mixed solution of degassed ethanol (300 mL) and degassed deionized water (75 mL) by sonication for 10
min. Ammonium hydroxide (35%, 36 mL) and zirconium (IV) tert-butoxide (5.1 mL) were consecutively
added to reaction mixture and the reaction was allowed to proceed at room temperature for 2 h under
continuous sonication. (3-Iodopropyl)trimethoxysilane (6.3 mL) was then added and the reaction was
allowed to proceed for further 3 h. The resultant functionalized particles (8) were obtained by magnetic
separation and thoroughly washed with degassed ethanol (4250 mL). Finally the resultant yellow
powder (9.30 g) was dried at 120 °C.

Synthesis of 5(4-hydroxyphenyl)-CyMes-BTPhen (5). 5(4-Hydroxyphenyl)-CyMes-BTPhen (5) was

synthesized using our previously reported procedure, summarized in Scheme 2.'> 621,28
Br Br 1. NH,OH.HCI Br
SeO, MeCN, Et3N
06 eq Bra / \ H:0. dioxane 2.TsCl, Py / \
—>
20% so3 =N N= N N=
in H,S04 10 Vi 12 A

Et3N >/: :\<
N Pd(PPh3)4 N N’ Dioxane H,N
AR N K,CO3, 2
=N N—. degassed EtOH, N N
N
5 reflux

70% 49% 70%

Scheme 2. Synthesis of 5(4-hydroxyphenyl)-CyMes-BTPhen (5)
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Commercially available 2,9-dimethyl-1,10-phenanthroline (neocuproine) (9) was firstly regioselectively
brominated®® using 0.6 equivalents of bromine in fuming sulfuric acid to give the 5-bromo species (10).
Oxidation using selenium dioxide in 1,4-dioxane gave the dialdehyde (11) followed by a one-pot
transformation into the dinitrile (12). Stirring the dinitrile in hydrazine hydrate and EtOH yields
bis-aminohydrazide (13) before condensation with CyMes diketone furnishing the Br-CyMes-BTPhen
ligand (4). Replacement of the bromine with a 4-hydroxyphenol linking group was successfully achieved

via Suzuki coupling®® with 4-hydroxyphenylboronic acid.

Synthesis of CyMes-BTPhen functionalized ZrO:-Coated MNPs (14). Immobilisation of
CyMes-BTPhen on MNPs was carried out in DMF in the presence of sodium hydride as shown in
Scheme 3. Sodium hydride (60% dispersion in mineral oil, 0.03 g, 0.9 mmol, 1.3 eq) was added to a
solution of 5(4-hydroxyphenyl)-CyMes4-BTPhen 5 (0.46 g, 0.7 mmol) in DMF (100 mL) at 120 °C and
stirred for 30 min. Iodoalkyl-functionalized ZrO2-coated MNPs (8) (0.72 g) were slowly added and the
reaction mixture was stirred at 120 °C overnight. CyMes-BTPhen-functionalized MNPs (14) were
separated by an external magnet and were thoroughly washed with degassed EtOH (3x100 mL). Finally,
the product (0.24 g) was allowed to dry at 120 °C.

N= N
N N N
?;§\7N/ \N_

14 n

Scheme 3. Immobilisation of 5(4-hydroxyphenyl)-CyMes-BTPhen (5) on MNPs (8)
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