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Abstract

Elution chromatography with a tertiary pyridine resin has been used to separate the trivalent actinitpfr¢Anthe lanthanides (L)
using an alcoholic hydrochloric acid solvent. Trivalent Am and Cm were separated from the Ln by employing@) kd@ cm resin column
with the mixed solvent system composed of concentrated hydrochloric acid (HCI) and alcohols. The distribution coefigjearid (he
separation factors between An and laf)) increased as the alcohol content of the solvent mixture increased. On the other hakigl, the
andof\? decreased drastically upon the addition of water to the solvent mixture. Among the four alcohols investigated (methanol, ethanol,
n-propanol andi-butanol), the ethanol-HCI mixed solvent system showed the lakgeshda/\". The mechanism of adsorption for An and
Ln cations on the pyridine resin is discussed in addition to the results presented herein.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction transmuted to other stable (or lower-level) nuclides using
fast-breeder reactors (FBRs) or accelerators.

The treatment of radioactive wastes is one of the most  Although nuclear spent fuels contain a variety of radioac-
challenging problems associated with the present nucleartive nuclides, very few of them are regarded as targets of the
power generation system. Above all, high-level radioactive PT method. Moreover, most of the targets are the actinides
wastes (HLRWSs), which are produced after reprocessing (An)[1]. Therefore, the separation of An from other nuclides
spent nuclear fuels, contain radioactive nuclides with ex- in HLRWSs is necessary prior to the transmutation process.
traordinarily long half-life. These wastes are extremely dif- However, the An separation poses one important obstacle:
ficult to handle due to their high radioactivity. separation from the lanthanides (Ln). Spent fuels contain a

Several methods for the treatment of HLRWs have been considerable amount of Ln, produced as fission products of
proposed and investigated. One of the most effective meth-An. Unfortunately, the chemical properties of Ln are very
ods is the partitioning-transmutation (PT) method. In this similar to those of An, making them very difficult to sep-
method, nuclides with high radioactivity and long half-life arate. The Ln and the transplutonium elements form triva-
are partitioned (separated) from low-level nuclides and lent cations in solution and they have similar ionic rdd]i

These chemical similarities pose an additional challenge in
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used neutral organophosphorus extractants in order to ex- —CH;,—CH—CH,— CH—
tract Am(lll) and Eu(lll) from thiocyanate solutions and

obtained a high Am(lI—Eu(lll) separation factomgm = =

10.8)[3]. Weaver and Kappelmann reported that the Ln were .

completely separated from Am(lll) in carboxilic solutions N

by using monoacidic phosphatf4. Over the last several a

decades, a large number of studies have been focused on —CH;—CH—
an extraction technique called trivalent actinide lanthanide
separation by phosphorus reagent extraction from aqueous
complexes (TALSPEAK)5-7]. On the other hand, Some
researchers have employed ion-exchange methods in order

to separate these elemefis10] 0.8mmol of tertiary pyridine functional sites per 1&m

In addition, several recent studies have focused on the gsin. The resin was synthesized in our laboratory. The
use of soft donor type extractants for the intergroup sepa- chemical structure of the tertiary pyridine resin is shown in
ration of An and Ln. These extractants interact with metals Fig. 1 The pyridine resin has a high resistance to radiation
by soft donor ligands such as N- or S-donor ligghd, 12} [15] and is thus fit for the use under high radiation dose
We have also employed pyridine ligands (N-donor ligands) ¢ongitions such as fuel reprocessing process. The silica
for the chromatographic separation of_ trivalent A_n (Amand peads were manufactured by Asahikasei Corp., Japan. The
Cm) from. Ln[13,14] As compared with the earlier meth-  gjjica peads have a uniform particle size (60) and a
ods.mentloned above, our method has two advantages: CONfarge internal macro-porous structure (70% (v/v) of poros-
venient reagents and simple procedures. We employ convesyy) enabling the ions to readily diffuse into the resin, thus,

nient solvents of hydrochloric acid (HCI) and alcohols as a chromatograms with sharp and well-defined peaks can be
mobile phase. Then, the mixture of HCI and alcohols acts gpiained.

both as the feed solutions and as the eluent. This means that

only one solvent is necessary through the process and there _

is no need to change solvents during the operation. This2-3: Chromatography experiments

makes the procedures simple and reduces liquid wastes from i

the process. Although we have obtained good separation re- Sample; for the chromatography expenments were pre-
sults, further investigation is required in order to develop a Pared by dissolving a dried mixture of trivalent AfftAm

242 Al 147Ny 16 169y i
suitable separation system and to understand the mechanisrind” - cm) and Ln {#Ce, 1¥/Nd, 1%°Tm and'®%vb) in the
of separation. desired concentration of alcoholic hydrochloric acid solu-

In the present paper, elution chromatography using a ter-1°n- Trr]T% compositions of the samples are showlidble 1
tiary pyridine resin with a mixed solvent system composed A 0.5 cnr of sample was introduced into the plastic column,

of HCI solution and alcohols is employed for the separation N Which 1 cm(@) x 10 cm of pyridine resin was packed as
of trivalent An and Ln. The adsorption and separation be- & Stationary-phase. Then, a 0.5mm height of liquid layer

havior of trivalent An and Ln is also discussed as a function Was rétained onto the resin bed in the column during each
of the HCI and alcohol concentrations. experiment in order to avoid the inhalation of air into the

resin bed. The sample was subsequently eluted using the
same alcohol-hydrochloric acid solution used to prepare the

Fig. 1. Structure of tertiary pyridine resin.

2. Experimental sample. The experiments were performed at a constant flow
rate of 100 crivh at ambient temperature (about 293 K). The
2.1. Materials effluent from the column was collected in fractions. The

_ _ 211 241Am and242Cm in the collected fractions were detected
24f mixed trivalent An sfamp_le_compo?ed Am and using ana-ray spectrometer (IPC500-100-21EM, Eurisys
Cm was produced by irradiation of4'AmO; shielded  \esyres or PG900-27AM, Canberra Industries) at 5.48 and
sample in the Japan Materials Testing Reactor (JMTR) andg 11 MeV for 241Am and 242Cm, respectively. The Ln in
was chemicall.y separated from the majority of the fission he fractions were detected using a coaxial n-type germa-
products. Radioactive Ln samplé§iCe,*/Nd, ***Tm and nium detector (Eurisys Mesures, EGC 20-195-R) at 145.44,

169vb) were produced by irradiation of their stable isotopes g1 11 720.32 and 177.21 keV f&t'Ce, 247Nd, 168Tm and
using electron linac at the Laboratory of Nuclear Science, 169y, respectively.

Tohoku University. All solvents were reagent grade and sup-

plied by Wako Japan. o - .
2.4. Distribution coefficients and separation factors

2.2. Tertiary pyridine resin o o o
The distribution coefficients, which indicate the adsorba-
The resin used in this study was a tertiary pyridine resin bility of elements on the resin, were calculated from the ob-
embedded in highly porous silica beads and containedtained chromatograms. The distribution coefficiekit) is
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Table 1
Compositions of feed samples for chromatography experiments
Sample number Nuclide Alcohol Solvent composition: conc.
HCl-water—alcohol (v/v)
1 241Am, 242Cm, 41ce, 147Nd 10:0:0
2 241am, 242Cm, 141Ce, 147Nd, 168Tm, 16%vp 8.5:0:1.5
3 241am, 242Cm, 141Ce, 14'Nd, 168Tm, 16%vp 7.0:3
4 241am, 242Cm, 141ce, 147Nd Methanol 6:1:3
5 241am, 242Cm, 141ce, 14'Nd 6:0:4
6 241am, 242Cm), 41Ce, 14'Nd 5:1:4
7 241Am, 242Cm, 41ce, 4'Nd 5:0:5
8 241am, 242Cm, 141ce, 147Nd Ethanol 7:0:3
9 241am, 242Cm, 141Ce, 147Nd n-Propanol 7:0:3
10 241Am 242Cm, 141ce, 147Nd n-Butanol 7:0:3
defined as: curves inFig. 2, especially those of Am and Cm, show tailing
VM — Vs profiles. This is probably due to the presence of the liquid
Kq = 7 (1) layer on to the resin bed as mentioned in 2.3: the liquid

_ _ layer encourages the diffusion of sample solutions out of the
whereVy is the volume of effluent at elution peaks the  stationary-phase, broadening the tails of elution curves.
dead volume of resin column aridk the volume of resin. The distribution coefficientskg, of Am(lll) and Ce(lll)

In a preliminary experiment, it has been observed that the calculated from the elution curves are showrFig. 3. Al-
silica beads themselves do not adsorb any metal cations inthough both thekq of Am(lll) and Ce(lll) increased as
HCI—aIcohoIs r_nixet_j solvent_s. This means that t_hg adsor_p-XMeOH increased, th&q of Am(lll) increased more drasti-
tion observed in this study is caused by the pyridine resin cally as compared with that of Ce(lll). The separation factors
of sta‘uonary-phase. Henc@R.shouId be defined as the vol-  petween Am(lll) and Ce(lll) «AT) under different mixed
ume of the resin part of stationary-phase and thus was cal-gqyent systems are shownFig. 4 Theaég‘ also increased

culated from the mix_ing ratio of resin polymer and silica 5q theXmeon increased. On the other hand, when a 10 vol.%
beads when systhesized. Thg was calculated from the of water was added to the mixed solvents, figanda de-
water content in the resin column. We have also confirmed creased as shown Fig. 5andTable 2 The K4 of Am (An)

in preliminary experiments that the elution curves in thg decreased more drastically than that of Ce (Ln) astthger
present chromatography system correspond with Gaussianncreased. This indicates that the presence of excess water
curves very well. Therefore, the elution curves obtained in i, the solvent prevents the adsorption of An and Ln to the

this study were fitted with Gaussian curves. Then ¥ye resin. This effect appears more strongly on the adsorption
was calculated from the Gaussian curve fitted. The separa-g¢ an than on that of Ln.

tion factors &) were subsequently calculated from the dis-
tribution coefficients. The separation factor between A and
B is defined as follows:

Ka(A) 2) In order to investigate the effect of different kinds of al-
Kq4(B) cohols, chromatography experiments were performed using
the mixed solvents systems composed of concentrated HCI

3.2. Other alcohols

op =

3. Results and discussion

Table 2
3.1. Concentrated hydrochloric acid—methanol mixed Distribution coefficients K4) of Am(lll) and Ce(lll) and their separation
media factors (xég‘) in alcoholic hydrochloric acid solvents

Solvent composition Kq(Am)  K4(Ce) aé?
Fig. 2 shows the elution curves for trivalent An and Ln (conc. HCl-water—alcohol)
in a mixed media of concentrated HCl-methanol along with Methanol ~ 10:0:0 42.3 8.4 5.0
their Gaussian-fitted curves. In a concentrated HCl medium, 8.5:0:1.5 64.0 11.2 5.7
the Ln were eluted immediately from the column, whereas 7.0:3 99.0 14.5 59
. . . . 6:1:3 17.8 5.2 3.4

the An slightly adsorbed on the resin, showing a relatively 6:0-4 998 135 74
slow elution. As the volume fraction of methandyjeon) 514 14.8 52 29
in the solvent increased, the elution curves broadened and 5:0:5 113.7 14.1 8.1
the retention volume of each element increased. This meansthanol 7:0:3 150.7 20.1 7.5
that adding methanol in the solvent promotes the adsorption”-Propanol  7:0:3 133.3 19.2 7.0

n-Butanol 7:0:3 98.7 14.9 6.6

of An and Ln cations on the resin. Furthermore, the elution
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Fig. 2. Elution curves of trivalent An and Ln by using tertiary pyridine
resin in conc. HCl-methanol mixed media.

and one of other three alcohols (ethanolpropanol and
n-butanol). The mixing ratio of concentrated HCI to alcohol
was 70-30vol.%, respectivelfig. 6 shows the variations
of Kq(Am) andaég‘ for the four alcoholic hydrochloric acid
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Fig. 3. Distribution coefficients of Am(IIl) and Ce(lll) on tertiary pyridine
resin in conc. HCl-methanol mixed medidl)Y Am(lil), (A) Ce(lll).
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Fig. 4. Separation factors between Am(lll) and Ce(lll) in
HCl-methanol mixed media.

conc.

hol both in Kq(Am) anda@™: both Kq(Am) anda2T were

at a maximum in the ethanol mixed solvent and decreased
as the carbon number increased above ethanol. Among the
four alcoholic solvents, the methanol mixture gave the min-
imum Kq(Am) anded™. Although the methanol mixed sol-
vent had the minimumzég‘, the chromatogram showed a
sufficiently clear peak separation between the An and the
Ln in this system. On the other hand, the elution curves for
the ethanol mixture were rather broad and a greater amount
of eluent was required in order to elute the whole compo-
nents of the sample from the column. Therefore, the ethanol
mixed solvent was not necessarily considered the best sol-

solvents. Convex-upward changes were observed with an in-vent for the separation of An from Ln. In order to determine
crease in the carbon number of the alkyl group in the alco- the most practical solvent for the separation, the overall sep-
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Fig. 5. Elution curves of trivalent An and Ln by using tertiary pyridine
resin in HCl-methanol mixed media.
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Fig. 6. Distribution coefficients of Am(lll) and separation factors between
Am(lll) and Ce(lll) in different alcoholic hydrochloric acid media. (Sol-
vent: conc. HC+ alcohol, 70:30 (v/v)).

aration system should be taken into consideration, such as
the size of resin column or the post-treatment required for
the waste produced.

3.3. Adsorption mechanism

When discussing the effect of solvent on adsorption be-
havior, the adsorption mechanism in the system must be
taken into consideration. The present system utilizes a ter-
tiary pyridine resin, in which there are two possible mech-
anisms of adsorption between the pyridine groups and the
metal cations: the adsorption caused by electrostatic inter-
action and that caused by covalent interaction. In the former
mechanism, the pyridine groups are protonated by protons
(H™) using their lone pairs and thus carry a positive charge.
The protonated pyridine groups attract anionic metal com-
plexes, in which the metal cations are complexed with chlo-
ride ions (CI), thus giving the metal complexes a negative
charge. This mechanism is considered a sort of ion-exchange
interaction[16]. In the latter mechanism, however, the pyri-
dine groups are directly coordinated to the metal cations
forming metal—pyridine complexes. This mechanism can be
described as a liquid—solid extraction. As a matter of fact,
a number of researchers have reported extraction studies of
An and Ln using extractants containing pyridifig—19]

In a previous repoiftl4], the possibility of covalent inter-
action between the An and Ln cations and pyridine groups
in the present system was suggested. If the adsorption was
caused by electrostatic interaction, at least four iBhs co-
ordinate around one cation, forming anionic-Cl complexes.
However, a number of studig20-22] indicated that Ct
hardly coordinated to the inner-spheres of An and Ln cations
even at concentrations higher than 10 moffd@i~—. How-
ever, the cations could form outer-sphere Cl complexes. It is
unlikely that the An and Ln cations are adsorbed to the pyri-
dine resin as outer-sphere complexes, because the stability of
outer-sphere complexes is far lower than that of inner-sphere
ones. Therefore, the covalent interaction is thought to be
reasonable for the cause of adsorption.

In the present system, the adsorbability of metal cations is
primarily dominated by two factors: the protonation state of
pyridine groups and the complexation state of metal cations.
The protonation of pyridine groups prevents the interaction
between pyridine and the metal cations. On the other hand,
water molecules and Clcoordinate to the metal cations
in solution, thereby preventing the interaction between the
pyridine groups and the metal cations.

In a mixed solvent system of concentrated HCI and
methanol, asXwmeon increases and{yc| decreases, the
protonation of pyridine groups becomes weaker due to
the decrease in proton activity,{+). Increasing alcohol
content of the solvent further suppresses the protonation
of pyridine groups[23] and decreases the water activity
(an,0). Furthermore, the presence of alcohol in the solvent
enhances the dehydration of metal cations in the resin phase
[24]. Therefore, adding alcohol to the solvent may facilitate
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