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Abstract To elucidate the sorption behaviors of radionuc-
lides in multi-mineral systems and the mutual effects of
minerals on this sorption, we carried out the sorption and
desorption experiments of neptunium(V) on Na-montmoril-
lonite-based two-mineral phasic systems (montmorillonite—
calcite, montmorillonite—apatite). In the montmorillonite—
calcite system, the sorption on the montmorillonite moiety
decreased with increasing calcite content due to interference
by the calcium ions dissolved from the calcite moiety, while
no accumulation of Np to the calcite was observed. Total
sorption of Np on the montmorillonite—apatite system was
larger than that on apatite-free Na-montmorillonite, but the
sorption on the montmorillonite moiety in this system was less
than that on apatite-free Na-montmorillonite. Under weakly
acid and neutral pH conditions, Np accumulated on the apatite
moiety in a short period. At final pH 4 or less, though the pH
condition was sufficient to dissolve the apatite moiety com-
pletely, the sorption very slowly increased with time and the
increased Np was unexchangeable with 1 M KClI solution.
This increase of the unexchangeable sorption cannot be
explained by the knowledge accumulated so far.
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Introduction

Extensive research has been made on migration behaviors
of radionuclides released by potential and actual events
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(degradation of radioactive wastes and accident of nuclear
facilities) to the subsurface environment. Sorption is one of
the key mechanisms for controlling the subsurface envi-
ronmental behavior of radionuclides. The sorption of ra-
dionuclides on solid phases includes ion exchange,
complexation, physical adhesion, and subsequent precipi-
tation and mineralization. In most of the relevant experi-
mental studies, sorption experiments of radionuclides have
been performed in a single-mineral system, while most of
the subsurface environment is a multiphasic system.
Knowledge of the mutual influence of minerals on sorption
in multiphasic systems is very limited.

To explore the knowledge, this paper investigated the
sorption of neptunium(V) in two-mineral systems. Np(V) was
chosen because it is one of the radionuclides having low
sorptivity for many minerals [1-4]. The oxycation of Np(V),
NpO,*, is stable in a wide pH range under aerobic conditions
[5]. The distribution coefficient (K ) of NpOzJr for bentonite
clay, which is a candidate material for engineered barrier due
to its high cation exchange capacity, is only 10-20 cm® g~ at
intermediate pH (Kozai et al. [6]) (cf. Kgs for Cs™ [7] and
Am>"[8,9]1>10 cm® g '). Because of its low sorptivity and
long half-life (2.1 x 10° year of **’Np), Np, particularly
237Np, is of special importance for safety assessments of high-
level radioactive waste disposal.

This paper tested montmorillonite as a major component
mineral of two-mineral systems because of its high reac-
tivity with ions and relatively high stability in natural
waters. Montmorillonite is a swelling clay mineral found
ubiquitously in the soil environment. Due to its moderate
negative surface charge and large specific surface area, this
clay has high cation exchange ability for many cations.
However, the exchange capacity for NpO,™ is low [10]. As
minor component minerals, calcite (CaCO;) and apatite
(Cas5(PO,4);0OH) were selected because of their high
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reactivities with ions and low stabilities under acidic con-
ditions. Calcite is one of the most common minerals and
comprises about 4 % of the Earth’s crust by weight [11].
Phosphate minerals are not abundant because phosphorous
comprises only 0.1 % of the Earth’s crust by weight [12,
13]. The carbonate and phosphate groups respectively
contained in those minerals have high abilities to form
stable complexes with heavy metals including Np(V).
Those two minerals therefore have high abilities to sorb
Np(V) [14-16]. Compared to montmorillonite, calcite and
apatite are unstable in regard to the environmental changes.
Calcite and apatite release their component cations and
anions depending on chemical conditions such as pH.

This paper applies a simplified desorption method to the
sorption study and discusses the distribution of Np between
minerals.

Experimental

A 237Np(V) nitrate stock solution was diluted with a
0.01 M NaClO4 aqueous solution to yield a working
solution having a Np concentration of about 6 x 10~ M.

Tsukinuno montmorillonite (Kunipia F®, Kunimine
Industries Co. Ltd., Japan) was used after the montmoril-
lonite was converted to homoionic Na®™ form (Na-mont-
morillonite) using a 1 M NaCl aqueous solution [10].
Natural calcite (CaCO;3) was used after being ground to
particle sizes below 74 um. The apatite used was a fine
powder of commercial calcium-phosphate having a
hydroxyapatite (Cas(PO4);0H) like structure (Wako Pure
Chemical Industries Co. Ltd., Japan). These minerals were
used singly or as montmorillonite-based systems (the
content of the montmorillonite was 95-99 wt%).

For the sorption experiments, the initial pH of the Np
solution was adjusted with dilute HCl and NaOH aqueous
solutions. A weighed amount (0.06 g) of sold phase was
soaked in 6 cm® aliquot of the Np solution and stored at
20 °C. This solid-solution mixture was agitated once a day.
After a prescribed period, the liquid phase was collected by
centrifugation (10,000 rpm, 1 h) and transferred to another
tube. During the sorption experiments, the pH values of the
liquid phases changed to final values by the buffering
actions of the minerals. This study set the final pH to the
range from 4 to 8 where almost all of the Np(V) species are
present as NpO, ™' [5].

Desorption experiments were conducted in two steps.
First, 6 cm> of a 1 M KCl aqueous solution was added to
the solid phase collected after the sorption experiment.
After 2 days, the liquid phase was separated from the solid
phase by centrifugation and transferred to another tube.
Second, 6 cm® of a 1 M HCI aqueous solution was added
to the solid phase. After 2 days, the liquid phase was
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separated from the solid phase by centrifugation and
transferred to another tube. The treatment with each solu-
tion was carried out twice to confirm complete desorption
of Np. We refer to the Np desorbed with 1 M KCI aqueous
solution as “exchangeable” Np and the Np not desorbed
with 1 M KCIl but with 1 M HCI aqueous solution as
“unexchangeable” Np. The total sorption is the sum of the
exchangeable sorption and unexchangeable sorption.

The Np concentrations in the liquid phases were mea-
sured by the combination of a liquid scintillation analyzer
with alpha/beta discrimination (Tri-Carb® 2550TR/AB,
Packard Bioscience, USA) and liquid scintillation cocktails
(Ultima-Gold AB and F, Packard Bioscience). Concentra-
tions of Ca in the liquid phases were determined with an
inductively coupled plasma atomic emission spectrometer
(Model SPS1200A, Seiko EG&G, Japan). Concentrations
of PO,>~ in the liquid phases were determined with an ion
chromatograph analyzer (Model IC7000, Yokogawa Elec-
tric Corp., Japan). Powder X-ray diffraction (XRD) data
were obtained with an X-ray diffractometer (Ultima IV,
Rigaku Corp., Japan). Energy dispersive X-ray (EDX)
analysis for solid phases was performed using a scanning
electron microscope (SEM) with an X-ray analysis system
(Phenom ProX, Phenom-World, The Netherlands).

Results and discussion
Sorption in single mineral systems
Montmorillonite

The open circles in Fig. 1 show the total sorption of Np on
Na-montmorillonite as a function of final pH after the
10 days sorption experiments. The percentages of the total
sorption attained stable values in 10 days [17] and were
roughly constant between 20 and 40 % in the tested final
pH range except near 8. At this pH, the total sorption was
somewhat higher than that at lower pH. As shown by the
black circles in Fig. 1 most of the sorbed Np was desorbed
from the montmorillonite by twice treatment with 1 M KCl
aqueous solutions.

Montmorillonite has a permanent negative charge inside
its layered crystal structure [18]. The permanent negative
charge is pH-independent and constant. Except at pH near 8
or higher where a pH-dependent charge is generated at the
broken edges of the montmorillonite layers, the total nega-
tive charge of montmorillonite was constant under the pH
conditions of this study. Because the permanent negative
charge resides inside the layered structure, the bond between
the permanent negative charge and the cations is indirect and
thus loose. The cations bound to the montmorillonite are
easily substituted for other cations. This knowledge is
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Fig. 1 Sorption of Np(V) on Na-montmorillonite, calcite, and apatite
as a function of final pH of liquid phases. Part of the data for Na-
montmorillonite was quoted from the previous publications (Kozai
et al. [6]) and the other data were obtained in the present study

consistent with the present results. That is, NpO,* was
retained on the montmorillonite by electrostatic attraction
with the constant negative charge of the montmorillonite in
most of the tested final pH range and the sorbed NpO, ™ was
desorbed by the exchange with K. The slight increase of the
Np sorption at final pH near 8 is due to the generation of the
pH-independent negative charge.

Calcite

Because calcite is easily dissolved in acid solution, the
initial pH was restricted to above approximately 4. Under
this initial pH range, the final pH exceeded 8 (Fig. 2) due to
the partial dissolution of calcite shown below.

CaCO; + H' — Ca>" + HCOj;, HCO; + H' — CO,
+ H,0,CaCO; + H,0 — Ca’" 4 HCO; + OH™.

Almost all of the Np was sorbed in the examined final pH
range (open diamonds in Fig. 1). The Np sorbed on the
calcite was hardly desorbed with 1 M KCl aqueous solutions
(black diamonds in Fig. 1). Np(V) forms a stable inner-
sphere complex with the surface carbonate groups of calcite
[16]. This knowledge is consistent with the present results of
the high sorptivity of calcite and the high stability of the
sorbed Np in 1 M KCI aqueous solution.

Apatite

As shown in Fig. 2, the apatite showed a pH buffering
ability similar to that of Na-montmorillonite. At an initial
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Fig. 2 Change of pH before and after the 10 days sorption
experiments

pH below 3, the final pHs were higher than those of Na-
montmorillonite and part of the apatite was dissolved
(Fig. 3).

Almost all of the Np was sorbed on the apatite (open
squares in Fig. 1) in the examined final pH range. The Np
sorbed on the apatite was hardly desorbed by twice treat-
ment with 1 M KCl aqueous solutions (black squares in
Fig. 1). The sorption of Np(V) on apatite is supposed to be
inner-sphere surface complexation with surface phosphate
groups, though studies on the sorption of Np(V) on apatite
is very limited and the mechanism remains to be investi-
gated [14, 19]. This mechanism is consistent with the
present results of the high sorptivity of apatite and the high
stability of the sorbed Np in 1 M KCI aqueous solution.

As demonstrated above, there is a clear difference in the
desorption behavior of the sorbed Np between montmoril-
lonite and the other two minerals. The subsequent experi-
ments for the montmorillonite-based systems utilized these
clear differences; that is, the Np desorbed with 1 M KCl
aqueous solutions (exchangeable Np) was regarded as Np
sorbed on the montmorillonite moiety, and the Np not des-
orbed with 1 M KCl aqueous solutions (unexchangeable Np)
was assumed to be sorbed on the calcite and apatite moieties.

Sorption in two-mineral systems
Montmorillonite—calcite system

We tested the sorption of Np(V) on three montmorillonite—
calcite systems. They contained calcite powder at 1, 3, and
5 wt%, respectively (Hereafter respectively referred to as 1,
3, and 5 % calcite systems). The total sorption on the
montmorillonite—calcite system (Fig. 4) was less than that
on calcite-free Na-montmorillonite (Fig. 1) and decreased
with increasing the content of calcite. Most of the sorbed Np
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was exchangeable, indicating no evidence of sorption of Np
on the calcite moiety. The total sorption of Np on the 3 and
5 % calcite systems were similar to that on Ca-montmoril-
lonite [6]. Calcium and (bi)carbonate ions are released into
the liquid phase by the dissolution of calcite. Formation of
Np carbonate complexes is negligible below pH 7. There-
fore, the reduced sorption on the montmorillonite—calcite
systems is due to the interference of the calcium ions released
from the calcite moiety. It is known that the sorption of
Np(V) on Na-montmorillonite decreases by the addition of
Ca>" ions (as CaCl,) to the liquid phase [6].

The powder XRD detected the strongest diffraction peak of
calcite in the 3 % calcite system but did not detect the dif-
fraction peak in the solid phase after exposure of the 3 %
calcite system to 0.01 M NaClO, aqueous solution, initial pH
of 2.1, for 10 days (final pH 4.9) (Fig. 5). The following
experiment confirmed that this pH condition was low enough
to dissolve calcite completely. When the calcite powder was
soakedina0.01 M NaClO,4 aqueous solution, initial pH 2.1, at
the solid-to-liquid ratio of 0.03 g:100 cm® , most of the calcite
was dissolved immediately and the residue was completely
dissolved in a few days by periodic pH adjustment to 4.9.
SEM-EDX analysis of calcite-free Na-montmorillonite did
not detect Ca but that for the solid phase after exposure of the
3 % calcite system to aqueous solution at initial pH 2.1 for
10 days did detect Ca (Figure not shown). Probably, the Ca®"
ions released from the calcite moiety partly remained in the
liquid phase and the rest was sorbed onto the montmorillonite
moiety, and both of those Ca”" ions interfered with the
sorption of Np on the montmorillonite moiety.

Montmorillonite—apatite system
We tested the sorption of Np(V) on two montmorillonite—
apatite systems. They contained apatite powder at 2 and

4 wt%, respectively (Hereafter respectively referred to as 2
and 4 % apatite systems).
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Fig. 5 XRD of the montmorillonite—3 % calcite system before
(a) and after (b) the exposure to a 0.01 M NaClO, aqueous solution at
initial pH 2.10 for 10 days

First, we carried out sorption—desorption experiments
for 10 days as a function of pH (Figure not shown). Almost
all of the Np was sorbed on the two systems at a final pH
above 7, while at a final pH of ca. 3.5, only approximately
20 and 40 % of Np was sorbed on the 2 and the 4 % apatite
systems, respectively, and there was a somewhat large
variation in the sorption data at that final pH. The variation
in the sorption data suggests that the sorption did not reach
equilibrium, even after 10 days.

To verify the sorption equilibrium, the time course of
the Np sorption on the montmorillonite—apatite systems
was investigated at initial pHs of 2.0 and 3.0 (Fig. 6a—c).
At the initial pH of 2.0, it took 20 days for the 2 % apatite
system and 40 days for the 4 % apatite system to reach
sorption equilibrium (Fig. 6a, b). Regarding the 2 %
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apatite system, the total sorption increased with time until
20 days by the increase of the unexchangeable sorption.
The exchangeable sorption was roughly constant over the
whole period but varied somewhat widely. The exchange-
able sorption at 20 and 40 days was larger than that for
apatite-free Na-montmorillonite (Fig. 1). For the 4 % apatite
system, the total sorption increased with time until 40 days
by the increase of the unexchangeable sorption (Fig. 6b).
The exchangeable sorption was more stably constant than
that for the 2 % apatite system and less than that for apatite-
free Na-montmorillonite (Fig. 1). The sorption—desorption
behavior at initial pH 3.0 reached equilibrium in 10 days
(Fig. 6¢).

The results at initial pH 2.0 are unusual. The sorption of
metal ions by a simple mechanism, such as ion exchange
and surface complexation, generally reaches equilibrium in
a short period. It is also known that the sorption by com-
bined mechanisms (e.g. ion exchange and the subsequent
reduction) reaches equilibrium in several days [10, 15]. It
could therefore be deduced that a more complex reaction
occurred in the experiments at initial pH 2.

The powder XRD detected the strongest diffraction peak
of apatite in the 4 % apatite system but did not detect the
strongest diffraction peak of apatite in the solid phase after
exposure of the 4 % apatite system to a 0.01 M NaClO,
aqueous solution at initial pH 2.0 for 10 days (final pH 3.8)
(Fig. 7). The following experiment confirmed that this pH
condition was low enough to dissolve the apatite moiety
completely. When the apatite powder was soaked in a
0.01 M NaClO,4 aqueous solution at initial pH 2.0 and at
the solid-to-liquid ratio of 0.04 g:100 cm®, most of the
apatite was dissolved immediately, and the residue was
completely dissolved in a few days by periodic pH
adjustment to 3.8. SEM-EDX analysis detected Ca and P
(PO,>7) on the solid phase after the exposure of the 4 %
apatite system to the aqueous solution (Figure not shown).

0 10 20 30 40 50 60 0O

10 20 30 40 50 60
Time elapsed / d
(C) 4% apatite, Initial pH 3.00

10 20 30 40 50 60 °0
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Fig. 7 XRD of the montmorillonite—4 % apatite system before
(a) and after (b) exposure to a 0.01 M NaClO,4 aqueous solution at
initial pH 2.01 for 10 days

Both Ca and P were non-uniformly distributed at an
average of 1.2 wt% (0-2 %) on a metal element basis. Ca
was detected with and without P, but P was always detected
together with Ca. These detected Ca and P were the ones
that were leached from the apatite moiety and then sorbed
onto the montmorillonite moiety. The unexchangeable
sorption of Np could be the sorption on the montmoril-
lonite moiety mediated by the sorbed Ca*™ and PO,>~ ions.

The unexchangeable sorption of Np that occurred soon
after the introduction of the 4 % apatite system to the solu-
tion with initial pH 2.0 (the data at 1 days in Fig. 6b) might
represent sorption on the yet-to-be-dissolved apatite moiety.
However, it is unlikely that the subsequent slow, unex-
changeable sorption of Np occurred on the undissolved
apatite moiety because the initial apatite residue was sup-
posed to be fully dissolved in the subsequent experiment
period. The slow, unexchangeable sorption of Np would be
the same as that on the 2 % apatite system.

@ Springer



1586 J Radioanal Nucl Chem (2014) 299:1581-1587
Fig. 8 Sorption of Np(V) on 100 : | 0O —=CDx ' , j‘@o
the montmorillonite—apatite ( A) / (B) A
systems after 40 days sorption
experiments. open circle Total 80 | 4 F -
sorption; filled circle X
y ; Unexchangeable Unexchangeable
exchangeable Np; a 2 % apatite ; );racti c?n fracti(?n
system; b 4 % apatite system 2 60 | 4 F .
o
)
g 40 | . 4 F 4
> -
20 L e Tt v r Exchangeable vV
Exchangeable N"*.a_......_.. 2% | | oo fraction =~ o _ __.®
fraction $ % v o ¢ v .
0 1 1 ! L ® L 1 L I o
3 4 5 6 7 8 3 4 5 6 7 8
Final pH Final pH

Figure 8a shows the sorption—desorption profiles of
Np(V) for the 2 % apatite systems after the 40 days sorption
experiments. At final pH <6, the total sorption of Np
increased with increasing pH while the exchangeable sorp-
tion decreased with increasing pH. Interestingly, at final pH
near 4, more Np was exchangeable (ca. 30 %) on the 2 %
apatite system than on apatite-free Na-montmorillonite (ca.
20 %) (Fig. 1). As discussed, under the low pH conditions,
the Ca®" ions leached from the apatite moiety are supposed
to have been present in the liquid phase and on the mont-
morillonite moiety. It is known that Ca** ions in liquid phase
and on montmorillonite reduce the sorption of Np(V) on
montmorillonite [6]. The present results are therefore
inconsistent with the previous knowledge. The only differ-
ence between the related previous papers and the present
study is the presence of phosphate ions leached from the
apatite moiety. The phosphate ions might be involved in the
unique sorption of Np(V) on the montmorillonite—apatite
systems at low pH, i.e., the increased exchangeable sorption
(Fig. 8a) and the unexchangeable sorption with slow kinetics
(Fig. 6a, b).

At a final pH above 6, almost all of the Np was sorbed
on the 2 % apatite system (Fig. 8a). The exchangeable
sorption was nearly constant (ca. 10 %) and less than that
of the Np sorption on apatite-free Na-montmorillonite
(Fig. 1), showing that Np was accumulated on the apatite
moiety.

Figure 8b shows the sorption—desorption profiles of
Np(V) for the 4 % apatite system after the 40 days sorption
experiments. Almost all of the Np was sorbed on the solid
phase and approximately 10 % of Np was exchangeable over
the tested pH range. The results near neutral final pH also
show that Np accumulated on the apatite moiety. The results
near final pH 4 do not indicate accumulation on the apatite
moiety but rather the accumulation of Np by an unknown
unexchangeable sorption, possibly on the montmorillonite
moiety.
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Phosphate minerals including apatite have high sorption
abilities for many heavy elements, and phosphates of heavy
elements generally have low solubilities in natural waters
[20-22]. Therefore, phosphates are regarded as not only
powerful sorbents for heavy elements but also promising
engineered barrier materials to prevent migration of heavy
elements from contaminated sites to the biosphere [23-25].
A defect of phosphates is that when phosphates are used
singly under acidic conditions phosphates lose their high
sorption abilities due to their dissolution. However, the
finding of this study suggests that the defect of phosphates
may disappear in mixed-mineral systems.

Conclusions

This paper studied the sorption behavior of Np(V) on Na-
montmorillonite—calcite systems and Na-montmorillon-
ite—apatite systems in the final pH range from 4 to 8 by
using the clear difference in the desorption behaviors from
those minerals with a 1 M KCI aqueous solution.

Na-montmorillonite showed low sorptivity for Np(V) while
calcite and apatite showed high sorptivities for Np(V) when
these minerals were used alone. When calcite and apatite were
added to Na-montmorillonite, they brought about the opposite
effect on the sorption on the montmorillonite-based systems.

The sorption of Np onto the Na-montmorillonite—calcite
system (1-5 % calcite) was less than that on calcite-free
Na-montmorillonite, due to the interference from the Ca’*
ions leached from the calcite moiety. No evidence of the
sorption of Np on the calcite moiety was observed due to
the dissolution of calcite.

In the Na-montmorillonite—apatite system (2-4 % apa-
tite), under mild pH conditions at which apatite was hardly
dissolved, the sorption of Np on the montmorillonite moiety
was less than that on apatite-free Na-montmorillonite, and
Np accumulated on the apatite moiety. Under the low pH
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conditions at which apatite was partly or fully dissolved, the
sorption of Np on the montmorillonite moiety was roughly
constant while the unknown slow, unexchangeable sorption
of Np increased with time. The apatite in this system there-
fore has effects of accumulating Np regardless of whether the
apatite moiety remains undissolved or not.
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