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Chromatography experiments using a tertiary pyridine resin have been carried out in methanolic nitric acid solution for the sep
rivalent actinides (An) and lanthanides (Ln). The elution behavior of trivalent An (Am and Cm) is similar to that of middle Ln s
he nitric acid system, while the trivalent An are separated from Ln in methanolic hydrochloric acid solution. The calculated dis
oefficients (Kd) indicate that the adsorbability of trivalent An and Ln depends on their ionic radii in the nitric acid system. The d
eparation behavior observed between nitric acid and hydrochloric acid systems is discussed from the viewpoint of solvation stru
2005 Elsevier B.V. All rights reserved.

eywords: Actinides; Lanthanides; Pyridine; Alcohol; Nitrate ion; Chloride ion

. Introduction

The actinide elements (An) over93Np, which are com-
only called transuranium (TRU) elements, are generally
roduced in nuclear reactors with a variety of fission products
FPs). Due to their high radioactivity and long half-lives, most
f the TRU elements are considered as high-level radioactive
astes (HLW) and their treatment is one of the vital prob-

ems in nuclear industry. The partitioning and transmutation
s one of the powerful strategies for reducing HLW[1]. In this
trategy, the separation (partitioning) of TRU elements from
Ps is required before transmuting them into other stable or

ower-level nuclides.
The majority of FPs can be easily removed from TRU ele-

ents by using general chemical separation techniques, such
s precipitation or solvent extraction. However, the separa-

ion from lanthanides (Ln) is not so simple. The FPs contain a
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considerable amount of Ln. It is well known that the chem
properties of Ln are similar to those of An and this simila
poses a difficulty for the separation of these elements
pecially, the separation of Ln from the An over95Am, that
form trivalent cations (M3+) in solution, is quite difficult du
to their same oxidation states and similar ionic radii[2]. Al-
though a large number of studies have concentrated o
separation of trivalent An from Ln and many separation t
niques have been developed[3–6], a novel separation tec
nique is still expected for the practical use.

Recently, we have developed a chromatographic se
tion technique using a tertiary pyridine resin for the partit
ing of trivalent An from Ln and confirmed that the trivale
An of Am and Cm are separated from Ln in alcoholic
drochloric acid solutions[7–9]. However, there are little da
on the separation behavior of trivalent An and Ln by u
the pyridine resin in nitric acid system. The present nuc
fuel reprocessing, PUREX, is operated in nitric acid solu
and, therefore, the real HLW are generally produced as
acid solution. In order to improve our separation techn
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for practical use, the separation behavior of An and Ln in
nitric acid solution should be confirmed.

In this paper, chromatographic separation of trivalent An
(Am and Cm) and Ln are performed by using the tertiary pyri-
dine resin in alcoholic nitric acid solutions. The results are
compared with those previously obtained in the chloride me-
dia and the effect of counter-anions on the separation behavior
is discussed in terms of their different solvation structures.

2. Experimental

2.1. Materials

241Am and242Cm were used as trivalent An samples in the
present work. A mixed sample of241Am and242Cm was pro-
duced by irradiating241AmO2 in the Japan Materials Testing
Reactor (JMTR). The radioactive Ln samples of141Ce,147Nd
and160Tb were generated by the irradiation of their stable iso-
topes using an electron linear accelerator at the Laboratory of
Nuclear Science, Tohoku University. In the experiments us-
ing non-radioactive Ln, a mixed sample of yttrium and several
Ln was prepared from their nitrates or oxides. All chemicals
used in this study, except radioactive materials, were reagent
grade and supplied by Wako Pure Chemical Ind., Ltd., Japan
and Kanto Kagaku, Japan.
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feed solutions, containing approximately 0.5 mg of An for the
total amount, was introduced from the top of the resin column
and eluted with an eluent. The eluent was identical with that
used for the preparation of feed solutions. Effluent from the
bottom of the column was collected in fractions and the An
and Ln in the fractions were detected by�- or �-ray spec-
troscopy as described previously[9]. The experiments were
performed at ambient temperature (about 293 K) with a con-
stant flow rate of 100 cm3/h. On the other hand, a longer resin
column of Ø1 cm× 50 cm was employed for non-radioactive
experiments using stable Ln. The column was surrounded by
a water jacket and kept at a constant temperature of 293 K.
Feed solutions were the mixtures of yttrium and 8 or 14 lan-
thanides (La–Lu, except Pm) dissolved in a desired concen-
tration of methanolic nitrate solutions. The concentration of
each element was 0.01 mol/dm3. A 5.0 cm3 of the feed solu-
tions was injected into the column at a constant flow rate of
50 cm3/h and, then, the Ln in the effluent were detected by
ICP-AES (OPTIMA-3000, PerkinElmer Inc.).

3. Results and discussion

Fig. 2 shows the elution chromatogram of the trivalent
An and Ln using the mixture of 70 vol.% of concentrated
nitric acid solution (13.5 mol HNO/dm3) and 40 vol.% of
m be-
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The resin employed in this study was a tertiary pyrid
esin embedded in silica beads. The chemical structu
ertiary pyridine resin is given inFig. 1. The resin was syn
hesized in our laboratory and detailed properties of the
ave been described in the previous papers[7,10,11].

.2. Chromatography experiments

In the experiments using An and radioactive Ln, the p
ine resin was packed in a plastic column with Ø1 cm×
0 cm. The column was preliminarily conditioned with
ame eluent used in each chromatography experiment.
olutions were prepared by dissolving a mixture of the tr
ent An and radioactive Ln samples into a desired conce
ion of methanolic nitrate solution. A 0.5 cm3 portion of the

Fig. 1. Chemical structure of tertiary pyridine resin.
3
ethanol. The trivalent An of Am and Cm were eluted

ween Tb and Nd. This elution order is quite different fr
hat in hydrochloric acid system, as shown inFig. 3. As an
ncrease of the methanol content in the mixed solution
etention volume of each element became larger and the
ion curves were separated individually, although the elu
rder was unchanged.

The elution order of trivalent An and Ln observed inFig.
follows the reverse order of ionic radii. In order to clar

his relationship quantitatively, the distribution coefficie

ig. 2. Elution chromatogram of trivalent An and Ln in methanolic nitric a
olution at ambient temperature (solvent: 70 vol.% conc. HNO3/30 vol.%
eOH).
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Fig. 3. Elution chromatogram of trivalent An and Ln in methanolic hy-
drochloric acid solution at ambient temperature[8] (solvent: 70 vol.% conc.
HCl/30 vol.% MeOH).

(Kd) were calculated as described previously[9] from the
elution curves and the results were plotted inFig. 4 against
their ionic radii. The distribution coefficients of Ln were cal-
culated from a non-radioactive chromatography experiment
using stable Ln. As shown inFig. 4, the distribution coef-
ficients of trivalent An and Ln decrease with a decrease of
effective ionic radii (reff). The trivalent An of Am and Cm
show the middle values between Nd and Sm, suggesting that
the separation of these An from the middle-Ln series would be
difficult to achieve in this system. It should be noted that the
separation factors (αA

B = KdA/KdB) between lighter Ln (La–
Pr) and heavier Ln (Gd–Lu) are more than 10. This means that
the present nitric acid system can be useful for the separation
of lighter Ln from heavier Ln.

Fig. 5 shows the variation of distribution coefficients of
trivalent An and Ln in a methanolic hydrochloric acid solution

F ri-
d onc.
H

Fig. 5. Distribution coefficients of trivalent An and Ln on tertiary pyridine
resin in methanolic hydrochloric acid medium[8] (solvent: 70 vol.% conc.
HCl/30 vol.% MeOH, *: the values from Ref.[2]).

[8]. As compared with the nitric acid system, the trivalent An
show far larger distribution coefficients than Ln. As a result,
the group separation of trivalent An from Ln can be easily
achieved, as shown inFig. 3. Moreover, La and Y, which
have no f-electron in their orbits, deviate from the relational
curve of other 4f-Ln series. This deviation was not observed
in the nitric acid system. We considered the cause of these
differences between hydrochloric acid and nitric acid systems
as their different solvation characters.

In the present separation system using a pyridine resin
with nitric acid (or hydrochloric acid) solution, the following
four factors are mainly involved in the adsorption–desorption
process of cations. That is, (1) coordination of pyridine
groups to the cations, (2) hydration of the cations, (3)
solvation of the cations with nitrate or chloride ions, and (4)
protonation of pyridine groups. Pyridine groups generally
coordinate to metal cations by using N-atoms and they are
categorized as soft-donor type ligands[14]. It has been
reported that pyridine-type N-donor ligands can selectively
extract trivalent An from Ln[12,13], suggesting that the pyri-
dine groups have a larger affinity for An than for Ln(III)[15].
On the other hand, trivalent An and Ln cations are tightly
hydrated with 8–9 water molecules in aqueous solution[16–
19]. Hence, the coordination of pyridine groups is considered
a competitive reaction with the hydration of the cations. The
hydration enthalpies (−�H ) for An and Ln series gradually
i
w s with
t
h of
a ation
o een
p avier
L esis
i cy on
t mic
ig. 4. Distribution coefficients of trivalent An and Ln on tertiary py
ine resin in methanolic nitric acid medium (solvent: 70 vol.% c
NO3/30 vol.% MeOH, *: the values from Ref.[2]).
h
ncrease with an increase of atomic numbers[20] and the
ater-exchange rates of Ln aquo-complexes decrease

he increase of atomic numbers[21,22], implying that the
ydration of Ln (An) becomes firmer with the increase
tomic numbers. Strong hydration prevents the coordin
f pyridine groups and, therefore, the interaction betw
yridine groups and Ln cations should be weaken for he
n cations compared with the lighter ones. This hypoth

s in agreement with the observed decreasing tenden
he distribution coefficients of Ln with the increase of ato
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Table 1
Stability constants of Eu(III) and Am(III) with nitrate and chloride ions

Anions Eu(III) Am(III) Ref.

NO−
3 2.0 1.8 [21]

1.4 1.4 [22]
1.80 1.93 [23]

Cl− 0.9 0.9 [21]
0.8 0.9 [22]
0.64 0.72 [23]

numbers both for nitric acid and for hydrochloric acid
systems.

In addition to the hydration, the solvation by anionic
species must be considered in the present system. Metal
cations are solvated with nitrate ions (NO3

−) in nitric acid
solution and with chloride ions (Cl−) in hydrochloric acid so-
lution. The stability constants for Eu and Am with nitrate and
chloride ions reported in some references[23–25]are listed
in Table 1. These stability constants indicate that the nitrate
complexes are more stable than the chloride complexes, al-
though the stability of Eu complexes is similar to that of Am
ones in the same medium. Furthermore, several studies[26–
28] have suggested that the coordination style of nitrate ions
(NO3

−) to Ln (An) cations is different from that of chloride
ions (Cl−): nitrate ions form inner-sphere complexes with the
cations, while chloride ions hardly coordinate to the inner-
sphere and they form outer-sphere complexes. In higher nitric
acid concentration (∼6 mol HNO3/dm3), two nitrate ions co-
ordinate to the cations with bidentate mode[27,28]and these
coordinating nitrate ions are not easily substituted for other
non-coordinating (i.e. bulky) nitrate ions or water molecules
[27,29], preventing the coordination of pyridine groups to the
cations. This inhibition by nitrate ions may weaken the selec-
tivity of pyridine groups for An over Ln, with the result that
no enhanced adsorption of An was observed in nitric acid so-
lutions. On the other hand, there is no considerable obstacle to
t ons
e n se-
l er,
f t the
a m.

4

t An
a esin
i een
c loric
a
A se of
N ad-

sorbability of trivalent An and Ln simply depends on their
ionic radii in the nitric acid system. On the other hand, the
trivalent An show far largerKd values than Ln in hydrochlo-
ric acid solutions and this enhanced adsorption of trivalent
An enables a clear separation of trivalent An from Ln. The
different separation behavior observed between nitric acid
system and hydrochloric acid system may be due to the dif-
ferent solvation characters of nitrate and chloride ions.
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