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Abstract

For the development of advanced aqueous reprocessing system, it is one of the most important subjects to separate minor trivalent actinides
(MA = Am and Cm). MA are�-emitters with long half-life, therefore it is desired to separate MA from fission products. However, it is very
difficult to separate MA from lanthanides (Ln) owing to their chemical similarity. For the separation of these two groups of elements, solvent
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xtraction process has been widely studied based on the difference in complex formation with extractants. Extraction chromatogr
f the most promising separation techniques for recovering small amounts of target components from solution. For this purpose, w
ovel silica-based extraction resins by impregnating some R-BTP molecules into a macroreticular styrene–divinylbenzene copoly

s immobilized in porous silica particles with a mean diameter of 50�m. The impregnated resin has high affinity for Am against Ln(III)
nly in sodium nitrate solution but also in nitric acid solution.
Stability of the extraction resin was also examined. The silica-based support was significantly stable against�-irradiation and nitric acid. A

art of R-BTP was dissolved into nitric acid solution from the extraction resin due to protonation. However, the branched R-BTP (iso-Bu-BTP)
esin was much more stable than a normal R-BTP in nitric acid solution (≤3 M).

2005 Elsevier B.V. All rights reserved.
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. Introduction

For the development of nuclear fuel cycle, it is one of the
ost important tasks to improve reprocessing process more
conomically and efficiently[1]. Especially, to establish the
ast Breeder Reactor (FBR) cycle system for the future,

t is strongly desirable to develop a new reprocessing
rocess which uses more compact equipments and produces

ess radioactive wastes compared to the present PUREX
rocess. For this purpose, we have proposed a novel aqueous
eprocessing system named ERIX Process (The Electrolytic
eduction and Ion Exchange Process for Reprocessing
pent FBR-MOX Fuel) to treat spent FBR-MOX fuels as
hown inFig. 1. This process consists of (1) Pd removal
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by selective adsorption using a specific anion excha
(2) electrolytic reduction for the valence adjustment
the major actinides including U, Pu, Np and some fis
products (FP) such as Tc and Ru; (3) anion exch
separation for the recovery of U, Pu and Np using a new
of anion exchanger, AR-01; and (4) selective separatio
long-lived minor actinides (MA = Am and Cm) by extracti
chromatography.

Recently, excellent selectivity for MA(III) over Ln(III) ha
been found on some extractants containing soft donor,
as S or N[2,3,4]. Kolarik et al. reported that a new N-don
ligand, 2,6-bis(5,6-dialkyl- 1,2,4-triazine-3-yl)-pyridine (
BTP), shows high selectivity for MA (III) over Ln(III)[5,6].
The MA separation is achieved in two column units. Firs
MA(III) and trivalent lanthanides (Ln(III)) are separated fr
other FP elements in the HLLW containing concentr
nitric acid by the first column packed with the silica-ba
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Fig. 1. MA separation process in “ERIX Process”. FPI: Cs, Sr, Mo, Rh, etc.;
Ln: La, Nd, Y, etc.; MA: Am and Cm.

TODGA (N,N,N′,N′-tetraoctyl-3-oxapentane-1,5-diamide)
extraction resin[7]. Secondly, MA(III) and Ln(III) are
mutually separated from each other using the second column
packed with the silica-based R-BTP extraction resin[8].

This work is focused on the recent study on mutual separa-
tion of MA(III) and Ln(III) from simulated high-level liquid
waste (HLLW) using the silica-based extraction resin con-
taining the newly developed chelating extractant, R-BTP. The
extraction resin was prepared by impregnating R-BTP into a
macroreticular styrene–divinylbenzene copolymer which is
immobilized in porous silica particles with a mean diameter
of 50�m, as described in previous studies[1,9].

2. Experimental

2.1. Preparation of silica-based extraction resin

Spherical silica particles with a diameter of 40–60�m,
a mean pore size of 600 nm and a pore fraction of 0.69
were used. As the support of extractant, an inert copoly-
mer of formylstyrene and divinylbenzene was synthesized
and embedded into the pores of the silica particles. The
preparation method of the polymer-immobilized silica par-
ticles (SiO2-P) was reported previously[9]. Some molecules
of 2,6-bis-(5,6-dialkyl-1,2,4-triazin-3-yl)-pyridine (R-BTP)
a eg-
n nt
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Fig. 2. R-BTP extractant. Et-BTP: R = C2H5; Pr-BTP; R =n-C3H7; n-Bu-
BTP: R =n-C4H9; iso-Bu-BTP; R =iso-C4H9; n-Hex-BTP: R =nC6H13; n-
C8H17.

was no loss of extractant during impregnation, the resultant
extraction resin (R-BTP/SiO2-P) contains 0.5 g of R-BTP in
1.0 g of SiO2-P.

2.2. Adsorption experiment

All distribution coefficients (Kd) were measured by batch
experiment. A definite amount of extraction resin (0.25 g)
was combined in a glass vial with screw cap with a measured
volume (5 cm3) of an aqueous solution. The glass vial was
packed in a vinyl bag and was shaken mechanically for 3 h
in a water bath at 25◦C. The aqueous phase was filtrated
through a membrane filter with 0.45�m pore. The concen-
tration of metal was determined by ICP-AES (ICPS-1000IV;
Shimadzu) modified to handle radioactive samples in a glove
box and gamma-activity of241Am was determined by gamma
spectrometry (SEIKO EG&G). The distribution coefficient
was calculated by:

Kd = C0 − Cs

Cs
× V

W
(1)

or

Kd = A0 − As

As
× V

W
(2)

whereC0, A0, Cs, andAs denote the concentration of metal
o tion,
r d
i

2

O
s
� OC)
c ana-
l by
u

3

3

B with
s shown inFig. 2, were used. The extractant was impr
ated into the SiO2-P particles as follows: 5 g of extracta
as placed in a glass flask and dissolved using 20 cm3 of
ichloromethane as a diluent. Subsequently, 10 g of the
iO2-P particles was added to the solution and was sh
echanically for 2 h at 298 K. The diluent was removed u

educed pressure and finally dried up in vacuo. Since
r activity in the aqueous phase before and after adsorp
espectively.V indicates the volume of aqueous phase anW
s the weight of the dry extraction resin.

.3. Stability of the extraction resin

An amount ofn-Bu-BTP resin and pure water or NaN3
olution were packed in glass vial and irradiated by60Co-
source. After prescribed term, total organic carbon (T

oncentration in liquid phase was determined by TOC
yzer (TOC-V; Shimadzu). Calibration curve was made
sing sodium phthalate (Wako Chem.) solution.

. Results and discussion

.1. Adsorption behavior of Am(III) and Ln(III)

Adsorption kinetics of Am(III) and Ln(III) ontoiso-Bu-
TP resin was examined experimentally by contacting
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Fig. 3. Distribution coefficients of Am and Ln ontoiso-Bu-BTP resin from
sodium nitrate solution.

a mixture of 0.1 HNO3 and 3 M NaNO3. The adsorption of
Am(III) reached an equilibrium state within 2 h with distri-
bution coefficient over 104 cm3/g.

Adsorption behavior of Am(III) and Ln(III) ontoiso-Bu-
BTP resin from sodium nitrate solution at a constant nitric
acid concentration of 0.1 M, was shown inFig. 3. Separa-
tion factor (SF) between Am(III) and Ln(III) were calculated
as the ratio ofKd values and summarized inTable 1. Distri-
bution coefficient of Am increased with increasing NaNO3
concentration and then reached a maximum value of over
3× 104 cm3/g at 2 M NaNO3. The decrease ofKd at high
NaNO3 concentration is owing to the competition adsorption
of NaNO3 or HNO3. Separation factor between Am and Gd
was also obtained as a maximum value of about 400 at 2 M
NaNO3.

Adsorption behavior of Am(III) and Ln(III) ontoiso-
Bu-BTP resin from 3 M nitric acid solution is shown in
Fig. 4. The distribution coefficient of Am(III) increased
to more than 104 cm3/g in 2 h contact and attained to
an equilibrium state. The adsorption of both Ce(III) and
Nd(III) also attained to equilibrium states in 2 h, however,
the adsorption kinetics of Gd(III) was slightly slow and
needed 3 h for equilibration. From these results, it is obvious
that iso-Bu-BTP resin can strongly and selectively adsorb
Am(III) form nitric acid solution, thoughn-Bu-BTP had
adsorption affinity only from nitrate solution with low acidity
[
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Fig. 4. Adsorption of Am and Ln ontoiso-Bu-BTP resin from 3 M nitric
acid solution.

Table 2
TOC from SiO2-P after�-irradiation

Initial nitric acid concentration (M) After irradiation

[TOC] (ppm) [H+] (M)

0 ND 4.68× 10−4

1 0.623 1.12
3 24.7 3.03

3.2. Stability of the extraction resin

Firstly, the stability of SiO2-P against �-irradiation
was examined. TOC concentration in liquid phase after
�-irradiation is shown inTable 2. The negligibly small TOC
concentration indicates that the SiO2-P is stable against
�-irradiation.

The stability of extraction resin against�-irradiation was
examined.n-Bu-BTP extraction resin was irradiated in pure
water or sodium nitrate solution. TOC concentration in liq-
uid phase after�-irradiation is shown inFig. 5. After the
irradiation in water, the TOC concentration increased with
8].

able 1
eparation factors between Am and Ln in sodium nitrate solution.

NaNO3] (M) Ce(III) Nd(III) Gd(III)

>103 >103 8.82× 101

>4× 103 3.35× 102 2.32× 101

1.04× 104 1.64× 103 3.92× 102

2.49× 103 5.14× 102 9.41× 101

9.71× 102 3.44× 102 1.13× 102
Fig. 5. TOC concentration after�-irradiation.
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Fig. 6. Leakage of R-BTP from resin into nitric acid solution.

increasing�-dose and was steady at more than 0.1 MGy. On
the other hand, after the irradiation in sodium nitrate solu-
tion, the TOC concentration increased with increasing�-dose
up to 0.1 MGy and then decreased drastically with�-dose.
These are presumed to be caused by the following reactions:
C−H bonds of hydrocarbon are dissociated to free radical
of hydrogen atom and carbon by irradiation[10]. Hydro-
gen atom abstracts hydrogen atom from molecules existing
nearby and is stable. Free radicals of carbon become stable
by such as cross-linking each other or making double-bond
between molecules.

CH2 CH2 CH2 CH2

→ CH2 CH2
·
C H CH2 + H (3)

CH2 CH2 CH2 CH2 + H

→ CH2 CH2
·
C H CH2 + H2 (4)

CH2 CH2
·
C H CH2 + H

→ CH2 CH CH CH2 + H2 (5)

On the other hand, hydrocarbons at end is dissociated and
generate gasses such as methane, ethane, ethylene, propa
o roup
o oxy-
g eave
C e
c n of
h

ted
a
e acid

solution. The leakage behavior of R-BTP extractant from
resin is shown inFig. 6. The leakage of all the R-BTP resins
increased with increasing nitric acid concentration. Branched
R-BTP resin (iso-Bu-BTP) has a remarkable stability in dilute
nitric acid solution compared to normal R-BTP (n-Bu-BTP).

4. Conclusions

A novel silica-based extraction resin impregnated with
iso-Bu-BTP was prepared. Adsorption of metal ions attained
to an equilibrium state rapidly, since fine porous silica parti-
cles of 50�m was used as a support. It had high adsorption
affinity for Am(III) in not only sodium nitrate solution but
also concentrated nitric acid solution.

Stability of the extraction resin was also examined.
The silica-based support was significantly stable against�-
irradiation and nitric acid. A part of R-BTP was dissolved
into nitric acid solution from the extraction resin due to pro-
tonation. However, the branched R-BTP (iso-Bu-BTP) resin
was much more stable than a normal R-BTP in nitric acid
solution (≤3 M).
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