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bstract

In order to investigate the optimum condition for anion-exchange chromatography for purification and recovery of actinide(IV) constituting
ransuranium elements, a convective-diffusion equation model treating mass balance and Langmuir-type kinetics in porous system, which was
eveloped for thorium(IV) by us, was applied to neptunium(IV). Absorption isotherm of neptunium(IV) to anion-exchange (MSA-1) resin was
arried out by using 237+239Np in 6N HNO3 media and hereby parameters of the Langmuir-type kinetics were determined as k0 = 2.5 × 103 and
max = 1.0. Accompanied with the fluid dynamics parameters already determined for the column system used for 227+232Th, elution curves of

eptunium(IV) at highly loaded condition were estimated by the numerical calculation. According to the result, the loading of more than 10%
f resin capacity leads to rapid breakthrough and severe tailing of neptunium which lowers purity and yield in the purification procedure. This
umerical calculation will serve as a valuable measure to figure out column operation conditions for purification and recovery of transuranium
lements.

2007 Published by Elsevier B.V.
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. Introduction

Metals of transuranium elements with very high purity are
ssential for reliable studies of the solid-state physics of transura-
ium compounds, especially of physical phenomena properties
uch as the de Haas–van Alphen effect where the infinitesimal
uantity of impurities interfere the observation of the signal
1–3]. For neptunium compounds, the purity of prepared com-
ounds is governed by the purity of the starting metal which
s produced from the supplied neptunium oxide whose purity
s as low as 99.9%. In order to prepare gram-amount nep-
unium metals, our research group developed a new method
hich only requires an aqueous acidic solution of the starting

etal ion [4,5]. This method is especially suitable for prepara-

ion of highly radioactive neptunium metal at high purity. Due
o the cost of man-made element and the strict management
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on curve; Fluid dynamic simulation

nder the nonproliferation policy, there is an increased need
or purification, reuse and recovery of the neptunium element
rom used compounds or residues. The most suitable method
or the extensive purification prior to the metal preparation is
he anion-exchange chromatography because the stable forma-
ion of hexanitrate anion An(NO3)6

2− is characteristic to the
ctinide (An) chemistry [6].

The distribution constants KD of Np(IV) to anion-exchange
esin in nitric acid was determined to show the maximum
alue of KD > 103 at the nitric acid concentration of 5–10N
7]. At tracer scale the large value of KD enables us to purify
eptunium(IV) easily due to its exclusively large distribu-
ion to resin in nitric acid. However, with increasing amount
f loading the value of KD decreases and the purification
ecomes difficult. For example of thorium(IV) chromatogra-
hy, when the amount of thorium loaded onto the column is

ncreased, peak position moved forward and distribution coef-
cient decreased substantially [8]. Simultaneously, the elution
urves changed from Gaussian-type curves to frontal peaks with
ailings.

mailto:yamamura@imr.tohoku.ac.jp
dx.doi.org/10.1016/j.jallcom.2007.05.101
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cheme 1. Model of mass balance in minute region considering adsorption for
olid phase.

In preparatory chromatography, it is essential to figure out
olumn operation condition by which all of high throughput,
igh purity and high yield are achieved [9]. Experimental opti-
ization of the column operation condition for neptunium,

owever, is prohibitedly difficult due to long retention time and
arge cost due to large amount (150–200 times of column vol-
me) of radioactive effluent. Therefore, it is great helpful to
se numerical calculation of elution curves for the determi-
ation of the column operation condition of the preparatory
nion-exchange chromatography. For organic compounds such
s medicinal compounds, the numerical calculation of elution
urves for the estimation of the column operation condition is
idely used for purification [10]. Therefore, large efforts have
een devoted to study of the numerical calculation based on
dsorption isotherm for non-linear chromatography at highly
oaded state [9,11,12]. However, to the best of our knowledge,
o theoretical study on the preparatory ion-exchange chromatog-
aphy of inorganic compounds has been reported.

Recently, we have developed a theory and a numerical calcu-
ation method of preparatory anion-exchange chromatography
f thorium(IV) hexanitrate anion [13], which are based on fluid
ynamics in porous systems [14,15] (Scheme 1). The dimension-
ess and normalized form of the advection-diffusion equation is
iven by

∂C

∂T
+ 1 − ε

ε

∂S

∂T
= F0

ε

∂2C

∂Z2 − U

ε

∂C

∂Z
(1)

here F0 is the Fourier number and T, Z, U, C and S are the
imensionless parameters of time, axis along column, flow rate,

oncentrations in mobile and in stationary phases, respectively.
he mathematical model of adsorption equilibrium and kinetics
roposed by James [16] was modified by Bain [17]. The adsorp-
ion site consisting of cation exchange site (R+) is treated not as

s
d
u
�

t
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wo molecules (R+ + R+) but as a single molecule (R2
2+) which

eact with the hexanitrate anion of thorium(IV) [6] to produce
he adsorbed product [Th(NO3)6]R2. The adsorption kinetics is
hus assumed to be the first order and adsorption (ks) and des-
rption (kd) rate constants can be defined and the Langmuir-type
sotherm is obtained as [17–19]:

1

s
= 1

smax

(
1

k0c
+ 1

)
(2)

as combined with Eq. (1), where k0 = ks/kd is the distribution
oefficient, smax is the maximum adsorption concentration. In
rder to apply this numerical model to preparatory chromatog-
aphy of neptunium(IV), the parameters of the Langmuir-type
sotherm (k0 and smax) for neptunium(IV) are required to be
etermined corresponding to a combination of specific resin and
pecific nitric acid concentration and fine tuning of the param-
ters of D and ks for neptunium(IV) in specific column with
pecific mobile phase are required. Considering the similarity
mong actinide(IV), the values of D and ks for the neptunium(IV)
ystem can be assumed to be identical to those for the tho-
ium(IV) system used in the previous study[13].

In the present study, adsorption isotherm of neptunium(IV)
o anion-exchange resin in highly loaded conditions was
etermined in a distribution experiment carried out by using
37+239Np in 6N HNO3 media and parameters of the Langmuir-
ype kinetics were determined as k0 = 2.5 × 103 and smax = 0.5.
umerical calculations of elusion curves of neptunium(IV)
ere carried out on the basis of this adsorption isotherm, as
ell as fluid dynamics parameters already determined for the

olumn system used for 227+232Th. Finally, elution curves of
nion-exchange chromatography at heavily loaded conditions
f neptunium(IV) were calculated numerically and discussed.

. Experimental

.1. Preparation of 237Np(IV) stock solution in 6 M HNO3

In a glove box with subatmospheric pressure, neptunium dioxide (237NpO2)
.3558 g was dissolved in 6 mol dm−3 nitric acid and the solution volume was
7 mL. A portion of the neptunium(V) solution (0.750 mL; 4.1 × 10−4 mol)
as transferred to a vial container. The 237Np solution was heated and its vol-
me was reduced to 20 mL. Addition of aqueous ammonia leaded to formation
f hydroxide precipitation of neptunium(V) (brownish-red, soggy precipitate).
fter matured for 30 min, the precipitation was separated by centrifuge. The
recipitation was washed with 1/100-diluted aqueous ammonia and separated
y centrifugation and this process was repeated again to remove a trace residue
f nitrate anion. The precipitation was dissolved by an addition of 10 mL of
mol dm−3 HCl. By adding 1 mL of 10% hydroxylamine NH2OH·HCl aque-
us solution and heating the solution for 5 min, a change in solution color from
rownish yellow-green to emerald green was observed, which is indicative of
p(IV). By an addition of aqueous ammonia a greenish-brown precipitate of
ydroxide of Np(IV) was prepared. The precipitation was washed with 1/100-
iluted aqueous ammonia and separated by centrifugation and this process was
epeated again to remove remaining impurities. The precipitate was dissolved in
mL of 6 M HNO3 with 1% H2O2. The color of the solution is greenish-yellow.

Concentration of 237Np in the stock solution was determined by the �-

pectrometry. The solution was diluted by 1/100 and an aliquot (10 �L) of the
iluted solution was sampled onto niobium plate and after the solution was dried
p, the plate was set into the �-spectrometer (detector efficiency: 1.07%) and the
-spectrum was accumulated for 40,000 s. On basis of a peak at around 4760 keV,

he concentration of the solution was determined as 3.76 × 10−2 mol dm−3.
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(Fig. 1a). The dashed-dotted line assumes the linear equilib-
rium without dependence on the solution concentration. This
plot supports the non-linear isotherm for Np(IV). The concen-
tration range for the isotherm is extraordinarily large so that
T. Yamamura et al. / Journal of Alloys

.2. Preparation of stock solution of 239Np(IV) tracer in 6 M HNO3

By addition of Fe(III) and then aqueous ammonia to 243Am stock solution,
43Am and 239Np were coprecipitated with Fe(OH)3. The precipitation was
eparated by centrifugation and washed with purified water and separated again
y centrifugation in order to remove trace contamination of ammonium anion.
he precipitation was dissolved in 9 M HCl and loaded onto anion-exchange

esin to remove Fe(III) by its adsorption onto the column. By washing with 9 M
Cl aqueous solution, only 243Am and 239Np were eluted. After the volume
as reduced to 10 mL, 1 mL of 10% hydroxylamine NH2OH·HCl was added

nd heated for 5 min in order to reduce the neptunium to IV valence. After the
cidity of the solution was adjusted to 9 M HCl, the solution was loaded onto
nion-exchange column conditioned and the column was washed with 25 mL
f 9 M HCl. Then 239Np(IV) was eluted by washing with 20 mL of 0.1 M HCl.
fter the HCl solution was evaporated by heating the residue was dissolved in
0 mL of 6 M HNO3 with 1% H2O2.

.3. Determination of adsorption isotherm

Strongly basic anion-exchange resin, Dowex MSA-1 (macroporous-type,
00–400 mesh; Dow Chemical Company, USA), sieved by Muromachi Chem-
cals Inc. (Japan) was used after repeated stirring and decantation processes in
rder to achieve homogeneity of particles. In order to adjust loading to column

Np/mc, where mc is the exchange capacity of column for dipositive cation
mol), mNp the quantity of neptunium (mol). A fixed quantity of resin, 239Np
racer solution and 237Np solution for adjusting loading quantity were collected
n polypropylene tube. On basis of the �-ray spectrometry using a Ge semi-
onductor detector, concentration of 239Np in the solution was determined on
asis of the peak area at 277.60 keV. Also, the concentration of 237Np was
etermined from the peak area at 86.49 keV by subtracting the contribution of
33Pa (86.61 keV) which can be deduced by the peak area at 311.90 keV. The
amples in polypropylene tubes were shaken in a constant-temperature bath of
0 ± l ◦C up to 1 day, and the supernatant was sampled after centrifuge. The �-
ay spectrometry of the supernatant samples gave concentration of liquid phase
(mol cm−3). Then the concentration of resin phase s (mol cm−3) was deter-
ined as s = (c0Vl − cVl)/Vs, where Vl (cm3) is the volume of liquid phase, Vs

cm3) that of resin phase, and this yields the distribution coefficient KD = s/c.

. Results and discussion

.1. Adsorption isotherm

This is the first determination on the distribution to the MSA-

macroporous resin. Distribution coefficients (KD) determined

long with elapsed time are shown in Table 1. The value of KD
t tracer scale is 2.5 × 103, which can be compared with the
alue of other anion-exchange resin of >103 to Dowex 1 × 4

able 1
istribution coefficients KD of neptunium(IV) to anion-exchange resin MSA-1

n 6 M HNO3

ample mNp/mC KD/103

0.16a 0.47a 0.91a

1.4 × 10−15 2.5 2.5 2
1.6 × 10−3 2.3 2.1 1.9
2.9 × 10−2 0.53 0.55 0.53
2.9 × 10−1 0.51 0.52 0.52

0 2.5 × 103 2.5 × 103 2.0 × 103

max 1.0 1.0 1.0

arameters k0 and smax are determined in Fig. 1b according to Langmuir adsorp-
ion isotherm equation.

a Elapsed time/day.
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esin at 5–10N of nitric acid concentration [7]. This value of
D is stable up to 0.47 day but decreases to 2.0 up to 0.91 day.
his decrease in the distribution constants may be attributed

o decrease in Np(IV) concentration accompanied with oxida-
ion to Np(V) in 6 M nitric acid. The dependence of KD on
lapsed time indicates that the adsorption equilibrium is appar-
ntly achieved within half a day. Thus the values at 0.16 day
ere adopted in the present study. The distribution coefficient
ecreases with increasing the loading quantity of neptunium
rom KD = 2.5 × 103 (mNp/mc = 1.4 × 10−15; tracer scale) to

D = 5.1 × 102 (mNp/mc = 0.29).
The KD values are plotted in a form of the adsorption isotherm
ig. 1. Result of equilibrium measurement of neptunium(IV) with anion-
xchange resin MSA-1 in 6 M HNO3. Elapsed period: 0.16 day. Dashed-dotted
ine indicates s = k0c where k0 = 2.52 × 103 is determined at tracer scale. Dashed
urve indicates Langmuir-type isotherm with k0 = 2.52 × 103 and smax = 1.0.
ince the concentration range is extraordinarily large due to inclusion of

racer scale, log-scaled plot is also shown (inset): (a) adsorption isotherm; (b)
angmuir-type plot.
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Fig. 2. Calculated elusion curves for neptunium(IV) at various loading quantity
as mNp/mc = 1 × 10−10 (tracer scale; Np-1), 1 × 10−4 (Np-2), 1 × 10−3 (Np-
3), 1 × 10−2 (Np-4) and 5 × 10−2 (Np-5). Parameters in calculation—column
size: Ø10 mm × 37 mm, flow rate: 1.9 mL min−1 cm−2, k0 = 2.52 × 103 and
smax = 1.0. The calculated elusion curves of Np(IV) are compared with the
elusion curves experimentally obtained (Th-1–5; solid curves) and calculated
elusion curves (Th-1–5; dotted curves). Parameters for thorium are same with
the exception of kinetic parameters.
50 T. Yamamura et al. / Journal of Alloys

he double logarithm plot (Fig. 1a, inset) of the isotherm is also
equired, since the isotherm is to be incorporated into estimation
f equilibrium at each stage of chromatography.

.2. Numerical calculation of elution curve of
nion-exchange chromatography at highly loaded state

Guiochon et al. [11] reported numerical calculations on elu-
ion curves of highly loaded conditions, and summarized effects
f various parameters to elution curves. On basis of our the-
retical study n on elusion process of thorium(IV) [13], two
ain equations governing the chromatography are the solution

f advective-diffusion equation as

n+1
j = B1C

n
j−1 + B2C

n
j + B3C

n
j+1 + B4

(
∂S

∂T

)n+1

(3)

here B1 = F0
ε

�T

(�Z)2 + U
ε

�T
�Z

, B3 = F0
ε

�T

Pe(�Z)2 , B2 =
− B1 − B3, B4 = ε−1

ε
,ε is void ratio, Pe is the Peclet

umber. The differential form of the Langmuir-type kinetics is

∂S

∂T

)n+1

= ks

(
1 − c0S

n
j

smax

)
Cn

j − kdc0S
n
j (4)

here Sn
j is given by

n
j = Sn−1

j +
(

∂S

∂T

)n

�t (5)

n the calculation procedure, (∂S/∂T )n+1 is determined using Sn
j

nd Cn
j at the previous time step according to Eq. (4). Sn+1

j and
n+1
j are successively calculated at the next time step according

o Eqs. (3) and (5). Typical conditions used in the calcula-
ion are: column of Ø1.0 cm × 3.7 cm, void ratio of 0.65, flow
ate of 0.637 cm/min, D = 6 × 10−6 cm2 s−1, k0 = 2.5 × 103,
s = 1.3 mol−1 dm3 s−1, time required for injection is 382 s,
esin is MSA-1 (200–400 mesh), column temperature is 30 ◦C.

Fig. 2(left) shows the elusion curves of neptunium(IV) com-
ared with these of thorium(IV) (right) depending on loading
M/mc (M = Np, Th). As shown in the result of thorium(IV),

here is an excellent agreement of calculation based on this
odel with the experimental result [13]. In the result of nep-

unium(IV), the shape of the elusion curve changes from
ymmetric Gaussian-type curve (Np-1; tracer scale) to asym-
etric curve of “tailing-type” or “frontal-type” (Np-5). This is

he behavior of the non-linearity of adsorption isotherm shown
n Fig. 1a.

Fig. 3 shows the elusion curves calculated for more highly
oaded conditions. As shown in the figure, loading more than
0% leads to rapid breakthrough and severe tailing of neptunium
hich lowers purity and yield in purification procedures. If one
ay have a need to purify neptunium from thorium impurity, the

olumn operation condition can be discussed in Figs. 2 and 3.
omparing the elusion curve of Np-5 (the loading is 5% to the
esin capacity) with experimental curve of Th-1 (tracer scale) in
ig. 2, the tailing of thorium(IV) finished at 5 × 104 s and just
fter that the elusion of neptunium(IV) begins. The loading of
ore than 15% (Fig. 3) no longer results in contamination of

Fig. 3. Calculated elusion curves for neptunium(IV) at various loading quan-
tity as mNp/mc = 0.5 (solid curve), 0.25 (dashed-dotted curve) and 0.15 (dashed
curve) compared with 1 × 10−10 (dotted curve). Used parameters are identical
to these shown in Fig. 2.
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eptunium(IV) by thorium(IV), in spite of the large difference
etween KD = 2.5 × 103 for neptunium(IV) and KD = 2.2 × 102

7] or 2.5 × 102 for thorium(IV) [13].
Conclusively, this is the first study of adsorption isotherm

f neptunium(IV) in nitric acid to anion-exchange resin. The
alue of KD at tracer scale is 2.5 × 103, which can be compared
ith the value of other anion-exchange resin of >103 to Dowex
× 4 resin at 5–10N of nitric acid concentration [7]. The elusion
urve of neptunium(IV) from MSA-1 anion-exchange resin was
uccessfully calculated at wide range of the loading from tracer
o 50% of resin capacity. According to the result, more than 15%
f the loading may cause contamination of e.g. thorium(IV) in
pite of one order of difference in the distribution constants at
he tracer scale.
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