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Abstract

Sorption behavior of neptunium onto smectite was investigated urder reducing
conditions in carbonate media. Distribution coefficient (K;) of neptunium on smectite
was determined by a batch method as a function of total carbonate concentration (C;) in
a weak alkaline solution. The C; value ranged from 0.09 M (M = mol-dm™) to 1.0 M.
The obtained K, value decreased with increase the total carbonate concentration. It
was found that both Np(IV) and Np(V) coexisted in the solution by a TTA-extraction
method. In the present experimental conditions, contribution of neptunyl ion, NpO,*,
carbonate complexes of Np(V), NpO,(CO,),™" (n=1, 2 and 3), and a
carbonatohydroxo complex of Np(IV), Np(CO,),(OH),”, to the sorption onto smectite
was expected. The K, values of respective species of neptunium were estimated by a
least-squares fit to the experimental data. From the obtained K, values of respective

species, sorption behavior of neptunium onto smectite was discussed.
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1. INTRODUCTION

Understanding the radionuclide migration behavior is important for safety
assessment of a geological disposal of high-level radioactive wastes (HLW). Chemical
compositions and pH value of a groundwater around the repository of HLW will affect
the migration behavior of cationic radionuclides due to the complexation with anionic
ligands when the radionuclides dissolve to the groundwater. In the report of “H12:
Project to Establish the Scientific and Technical Basis for HLW Disposal in Japan” [1],
five types of hypothetical groundwater are summarized. Among five types, four types
of hypothetical groundwater, which are FRHP (fresh-reducing-high pH), FRLP (fresh-
reducing-low pH), SRHP (saline-reducing-high pH) and SRLP (saline-reducing-low
pH), have been defined and modeled as generic groundwater compositions for the
performance assessment for HLW disposal in the “H-3” first progress report [2]. In
some special locations in Japan, however, middle salinity, reducing, neutral pH waters
which contain high concentration of HCO; have been found. Thus, a new type of
hypothetical groundwater “MRNP” (mixing-reducing-neutral pH) [3] has been defined
as an additional generic groundwater compositions in the “H-12” report [1]. The
MRNP groundwater contains high concentration of HCO, (5x10° ppm) and CI (1x10*
ppm).

Thus, investigation of migration behavior of radionuclides in buffer materials and
rocks in highly carbonate media is important for the performance assessment for HLW
disposal. Especially, Np-237, which is an d-emitter and has the long half-life of
2.14x10° years, is regarded as one of the most hazardous radionuclides for HLW
disposal. In a deep geological environment which is expected to be reducing
conditions, a tetravalent neptunium will be dominant, while a pentavalent neptunium is
dominant in the near-neutral solutions contact with air. Expected dominant aqueous
species of neptunium in a deep geological environment are Np(OH),(aq) and
Np(CO,),(OH),” in the “H-12” report [1]. Consequently, it is important to understand
the migration behavior of Np(IV). Extensive studies have been performed to obtain
the data to elucidate the sorption and diffusion behavior of neptunium. The previous
studies on neptunium sorption onto bentonites under reducing conditions, however, are
insufficient to evaluate the sorption behavior of Np(IV), especially in highly carbonate
media.

In the present study, sorption of neptunium onto smectite under reducing

._1_._
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conditions in highly carbonate media has been investigated. Distribution coefficient
(Ky) of neptunium onto smectite, which is a major component of bentonite, is
determined in a weak alkaline solution as a function of total carbonate concentration
(Cp). Considering the redox state speciation of neptunium, the K, values of respective
aqueous neptunium species are obtained. The sorption behavior of neptunium

carbonate complexes is discussed.
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2. EXPERIMENTAL

2.1 Preparation of Smectite

The bentonite sample of Kunipia—F® (Kunimine Industries Co.), which was
commercially purified from Kunigel-V1® (Kunimine Industries Co.), was used as a
starting material for purification of smectite. Before purification, Kunipia-F® contains
99 wt.% of Na-type smectite and some impurities, for example, quartz and calcite. A
counter ion of Na* on the smectite may be replaced with other counter ions such as Ca®.
Thus, further purification was required for the present study.

The dried Kunipia-F® of 20 g and 1 M (M = mol-dm™) NaCl of 1 dm™ was mixed
in a glass beaker and was shaken for 3 hours. After 1 hour leaving, the coagulated
suspension was obtained by a decantation method. After adding an aliquot of distilled
water to the suspension, the suspension was centrifuged at 3X 10’ rpm for 15 min for
removal of the mineral impurities and large particles above 5X 10" m. The centrifuged
suspension was washed with a HNO, and NaCl mixed solution as a pH around 3.1, re-
centrifuged and decanted for several times. For removal of NaCl, a dialysis method
was performed by using a semipermeable membrane. The remained suspension was
finally evaporated to dryness.

The detail of the above procedure is described in the literature [4].

2.2 Sorption Procedure

Distribution coefficient (K;) of neptunium onto smectite was determined by a
batch method. A stock solution of *’NpQ,Cl in an 1.4 M HCI solution was obtained
from Amersham Co., and used without further purification. In a polypropylene tube,
0.2 g of smectite powder was added into 20 ml of an 1 M NaCl and 0.01 M Na,S,0,
mixed solution. Reagent of NaHCO, powder was also added into the tube for ranging
a total carbonate concentration (C;) from 0.09 M to 1.0 M. The initial concentration of
Np-237 was set at 1x10° M. The sample was gently contacted with shaking at 2243
°C to attain sorption equilibrium. The pH value was measured by using a pH/ion meter,
IM-55G (DKK-TOA Co.), with a glass electrode, GST-5421C (DKK-TOA Co.), and the
pH of the solution was adjusted around 9. The redox potential E, (vs. SHE) in the

solution was monitored during the experimental procedure by using a glass electrode,
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PST-5421C (DKK-TOA Co.).

After shaking time of 16 d and 42 d, the solution of the sample was filtered by
using an ultrafilter with the molecular weight cut-oftf (MWCO) of 10* (Advantec USY-1,
Toyo Roshi Kaisha Ltd.), and the total neptunium concentration in the solution was
determined. After shaking time of 42 d, a TTA-extraction method [5, 6] was applied to
the determination of the oxidation state of neptunium. The method was performed as
follows. The concentration of HNO, in the filtrate was adjusted around 1 M by adding
10 M HNO,. The filtrate and 0.5 M TTA (thenoyltrifluoroacetone) in a xylene solvent
was vigorously shaken for 10 min for extraction of Np(IV) to the organic phase. After
removal of aqueous phase, 10 M HNO, was added to the organic phase and vigorously
shaken again for 10 min for back-extraction of Np(IV) to the aqueous phase. The
Np(IV) and Np(V) concentrations were defined as the concentration in 10 M HNQO,
after back-extraction and that remained in the aqueous phase after the first extraction,
respectively. The a-ray counting of Np-237 was performed by using either the alpha
spectrometer Octéte PC™ (EG&G ORTEC Co.) or the liquid scintillation counter,
2770TR/SL (Packard Instruments Co.) with the scintillator Ultima Gold™ XR (Packard
Instruments Co.).

All the procedures except a-ray counting were performed in a glove box filled

with N, gas (O, < 1 ppm) to avoid the contamination of O, and CO, gas in air.

2.3 Desorption Procedure

A desorption experiment was performed after the sorption procedure. After
equilibration of sorption experiment, a mixed solution containing 1 M KClI and 0.01 M
Na,S,0, was added to the suspension which was containing the neptunium-sorbed
smectite. After a shaking time of 3 d, an aliquot of the solution was filtered by using
the ultrafilter with the MWCO of 10, and the a-ray of Np-237 in the filtrate was
detected by either the alpha spectrometer or the liquid scintillation counter. A HCI
solution was added to the suspension adjusting the HCI concentration to 1 M after the
desorption procedure with KCl. The same procedures for the filtration and o-ray
counting was performed after shaking time of 3 d.

Finally, sorption of neptunium onto the vessel wall of polypropylene tube was
investigated.  After removal of the smectite and the solution which was not used to the

above desorption experiment, the polypropylene tube was washed by distilled water.
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A concentrated HCI solution (around 11.4 M) was introduced to the tube, and the
neptunium concentration in the concentrated HCI solution was determined.

Similar to the previous procedure (see section 2.2), all the procedures except o.-
ray counting were performed in a glove box filled with N, gas (O, < 1 ppm) to avoid the

contamination of O, and CO, gas in air.
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3. RESULTS AND DISCUSSION
3.1 Distribution Coefficient by the Batch Experiment

Experimental K, (m’-kg"') of neptunium onto smectite is calculated by the

following equation:

_(Co-Cp)V

K
4= cew

M

where C, (M) and C; (M) denote the concentrations of the neptunium before and after
equilibration, respectively, V (m’) the volume of the solutions and W (g) the weight of
the dried smectite sample.

The obtained K, values are shown as a function of C; in Fig. 1 and listed in Table
1. The final pH value of the samples was 8.6+0.3 as shown in Table 1. It is found
that the K, values decrease with increasing C;. As shown in Fig. 1, little difference in
the K, values between the shaking time of 16 d and that of 42 d is found. Based on
this, it is judged that the sorption of neptunium onto smectite approximately equilibrated.
Under C; of 0.08 M, it was presumed that the concentration of neptunium in solution
steeply decreased with decreasing C; due to the precipitation of Np(IV). Thus, only
the K, values equal or larger than C; of 0.09 M are adopted as reliable data in the
present study. The K, values were not determined for several samples due to a weak

sorption of neptunium onto smectite, especially in high C; solutions.
3.2 Speciation of Redox States of Neptunium in Solution

Experimental results for the ratio between the concentration of Np(IV) ([Np(IV)])
and the total neptunium concentration ([Np],..,) in the solution are shown as a function
of C; in Fig. 2 and listed in Table 1. As shown in Table 1, the E, (vs. SHE) values
have been held around -0.4 V. It is found, however, that a major oxidation state below
C; of 0.5 M is pentavalent. According to the thermodynamic database developed by
the Nuclear Energy Agency in the Organization for Economic Co-operation and
Development (OECD/NEA) [7], a major oxidation state is tetravalent in the present

experimental conditions. The dominant aqueous species of Np(IV), on the other hand,



JNC TN8400 2001-015

only Np(OH), (aq.), Np(CO,),* and Np(CO,);* are accepted to the thermodynamic
database by OECD/NEA [7]. Considering the two aqueous species of Np(IV),
however, the solubility of Np(IV) is calculated to be much lower than the concentration
of Np(IV) experimentally obtained from the present study. Several researchers have
been determined an equilibrium constant of a carbonatohydroxo complex of tetravalent
actinides, An(CO,),(OH),” (An: U [8, 9], Np [9-11] or Pu [12, 13]), which is considered
to be a dominant species of An(IV) in a weak alkaline solution containing carbonate or
hydrogencarbonate ions. The solubility of Np(IV), including the carbonatohydroxo
complex of Np(CO,),(OH),”, in an 1 M NaCl solution as a function of C; at pH 8.6 is
calculated as shown in Fig. 3. The ionic strength correction is performed by a
“specific ion interaction theory (SIT)” model [14]. The thermodynamic data for the
calculation of the solubility of Np(IV) are listed in Table 2.

It is also found that the ratio of [Np(IV)J/[Np], increases with increasing C;.
The present result shows that the steady-state/equilibrium is reached rapidly in high
hydrogencarbonate solutions and that high hydrogencarbonate solutions appear to

stabilize the tetravalent state, similar to the results by Rai et al. [10].
3.3 Analytical Procedure

As mentioned above, result of the TTA-extraction method shows that both Np(IV)
and Np(V) coexist in the solution for the sorption experiments. Based on the result, it
is considered that K, values shown in Fig. 1 result in sorption by several species of

Np(IV) and Np(V). Thus, the experimental K, value is expressed as

Kq =2 KgX;, @)

13

where K;; and X denote the distribution coefficient and the molar fraction of species i in
solution, respectively.

According to the thermodynamic data by OECD/NEA [7] as listed in Table 3,
several hydrolysis species and carbonate complexes are considered to be formed in a
weak alkaline solution containing carbonate or hydrogencarbonate ions. The fractions
of the species of Np(V) at pH 8.6 inan 1 M NaCl solution are shown as a function of C;

in Fig. 4. In the present experimental conditions (C; from 0.09 to 1.0 M), three
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carbonate complexes, NpO,(CO,),*", are considered to be the dominant species.
Neptunyl ion (NpO,*) is also considered to remain in the present conditions. On the
other hand, the dominant species of Np(IV) is considered to be Np(CO,),(OH),” as

shown in Fig. 3. Thus, equation (2) can be represented as

| . _
Ky =5~ (Kq1[NpO, "1+ K2 [NpO,CO; 1+Kg3[NpO,(CO3),™]
f

+K 44[NpO,(CO3)3> 1+ K5 [Np(CO3),(OH),*]) 3)

where K, K,,, K3, Ky, and K5 denote the distribution coefficient of NpO,*, NpO,COy’,
NpO,(CO,),*, NpO,(CO,),” and Np(CO,),(OH),”, respectively.

Respective concentrations of Np(V) are calculated as multiplying the molar
fraction with [Np(V)] which is obtained from a TTA-extraction method. The
concentration of Np(CO,),(OH),” is considered to be equal to [Np(IV)] of experimental
results as shown in Fig. 3. For the K, values after 16 d, the concentration ratio
between [Np(IV)] and [Np(V)] is assumed to be same as that after 42 d. Then, a least-
squares fitting analysis with equation (3) is performed to the experimental data shown in
Fig. 1. In the analysis, distribution coefficients of respective species, K, (n = 1 - 5),
are treated as a free parameter. The analytical result is shown in Fig. 5, and the
obtained K, values are listed in Table 4. The obtained K, (for NpO,") and K, (for
NpO,COy) values are similar to the previously reported K, values in weak alkaline
groundwaters at aerobic conditions [15-18]. It is considered to be reasonable that the
obtained K, values of respective species are decreasing with increasing the number of
negative charge of the species, because the surface of the smectite is considered to be
negatively charged in alkaline solutions [4, 19]. The obtained K, (for
Np(CO,),(OH),*) value will be discussed later.

3.4 Desorption Results

The fractions of neptunium desorbed by 1 M KCI and the residual completely
desorbed by 1 M HCI solution are shown as a function of C; in Fig. 6. It is reported
that neptunium desorbed by 1 M KCl solution is probably located ion-exchangeably on
the outer surface of the mineral, while specifically sorbed neptunium was fixed in the

interlayer of smectite [20]. At low C; values below 0.2 M, it is observed that most of

_8_
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neptunium is not desorbed by KCl but desorbed by only HCI. At high C; values above
0.3 M, on the other hand, it is observed that all neptunium is desorbed by KCl. The
present result is considered to be due to the contribution of different neptunium species
for the different C; values. Considering the results shown in Figs. 2 and 4, the
dominant species of neptunium contributed to the sorption onto smectite is expected to
be NpO," at low C; solutions. At high C; solutions, on the other hand, that is expected
to be Np(CO,),(OH),”. As mentioned previously, the surface of the smectite is
considered to be negatively charged in alkaline solutions [4, 19]. Thus, NpO,’ is
expected to be sorbed onto negatively charged smectite surface as an electrostatic
sorption, while Np(CO,),(OH),” is expected to be sorbed as a weaker sorption than

NpO,*. Further investigation may be required to elucidate the desorption behavior.

3.5 Discussion of Mechanism of Sorption of Neptunium onto Smectite

Despite the low E, values around —0.4 V measured in the present study, it is found
that the dominant redox states of neptunium for the sorption onto smectite is pentavalent
in carbonate media below C; of 0.5 M, as shown in Fig. 2. As mentioned above, the
obtained K, dependency on C; has been well explained by considering the major
contribution of NpO,*. The K, value for Np(IV) (K,) also has been determined.

There are a few studies on the sorption of Np(IV) onto mineral surfaces
considering with the aqueous neptunium species. Pratopo et al. study on Np(IV)
sorption onto quartz [21] and Ca-type bentonite [22] under reducing conditions in
carbonate media with pH ranged from 4.5 to 13. As shown in Table 5, Pratopo et al.
have determined the K, of Np(CO,),(OH),” (K ) onto quartz and Ca-type bentonite,
which are much larger than that of NpO,". There is a large discrepancy between the
Ks value by the present study and those by Pratopo et al. A reason of the discrepancy
may be due to the calculation of molar fraction of aqueous neptunium species, even the
distribution coefficient is dependent on pH in general. The studies of Pratopo et al.
have no information for the speciation of neptunium in the experimental results.
Thermodynamic calculation of the redox states and molar fractions of neptunium may
provide the major contribution of Np(IV) under reducing conditions in alkaline
solutions. The experimental results, however, the contribution of Np(IV) is smaller
than the thermodynamic calculation, such as the present study and the solubility study

on Np(IV) by Rai et al. [10]. Furthermore, it is difficult to describe the experimental

_9_
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K, value which decreases with increasing C;, without the contribution of Np(V),
especially of NpO,". Thus, the K5 value (for Np(CO,),(OH),”) of the present study is
considered to be more reasonable.

As shown in Table 4, it is found that the K;, value of the respective species
decreases with increasing the number of negative charge of the species independent of
the redox state of neptunium. Considering with the desorption results as mentioned
above, carbonate and carbonatohydroxo complexes of neptunium are expected to be
sorbed onto smectite as a weak electrostatic interaction (it may be at ion-exchangeable
sites). The neptunyl ion (NpO,"), on the other hand, may be sorbed onto smectite as a
formation of surface complex. Further experiments will be required to elucidate the
mechanism of sorption of neptunium onto smectite under reducing conditions in

carbonate media.
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4. CONCLUSIONS

Distribution coefficient of neptunium onto smectite was determined under
reducing conditions in carbonate media by a batch method. The experimentally
determined distribution coefficient decreased with increasing the total carbonate
concentration. Considering the molar fractions of Np(IV) and Np(V), distribution
coefficients of respective species of neptunyl ions, carbonate complexes of Np(V) and
carbonatohydroxo complex of Np(IV) were determined by a least-squares fitting
analysis. It was found that the distribution coefficients of respective species decreased
with increasing the number of negative charge. Considering the desorption results,
carbonate and carbonatohydroxo complexes of neptunium are expected to be sorbed

onto smectite as a weak electrostatic interaction.
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Table 1 Experimental data for the determination of K, of neptunium onto smectite

C. O final pH final E, K, (m*kg") [NpIV)]

4% 16 d 424 [NPliotal
9.0x10% 8.41 -0.405 1.48x10" 8.47x107 0.151
9.0x107 8.417 1.94x10" 8.44x10? 0.189
1.0x10™! 8.31 -0.409 1.35x10™ 8.98x107 0.178
1.0x10" 8.31" 1.98x10" 7.06x10 0.174
1.1x10" 8.40 -0.409 1.07x10™ 9.07x10™ 0.180
1.1x10" 8.40" 6.73x10? 1.40x10" 0.253
1.2x10"! 8.58 -0.413 1.83x10" 1.30x10™ 0.354
1.2x10" 8.58" 9.59x107 2.69x10™ 0.368
1.5x10" 8.65 -0.416 7.64x107 2.31x10™ 0.319
1.5x10" 8.65" 1.01x10™ 2.01x10° 0.207
2.0x10™ 8.60 -0.413 2.50x107 7.26x10” 0.237
2.0x10’ 8.60" 1.86x10? 1.97x107 0.344
3.0x10" 8.42 -0.416 9.53x10” 1.28x107 0.378
3.0x10" 8.42" 3.83x107 3.53x107 0.322
5.0x10" 8.71 -0.425 3.13x10? n.d.” 0.364
5.0x10" 8.71° 5.90x10? n.d.” 0.419
7.0x10™! 8.89 -0.418 4.71x10° n.d.” 0.772
7.0x10" 8.89" 3.25x10° n.d.” 0.760
1.0x10° 8.33 -0.414 4.69x10° 6.94x10” 0.871
1.0x10° 8.33" n.d.” 5.48x10° 0.933

" The pH value were measured only one of the same condition samples.

other sample were assumed to be same as the ones.

" n.d. = not determined

Those of the
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Table 2 Thermodynamic data of Np(IV) for the calculation of solubility in an 1 M

NaCl solution

species reactions logK* logK ™ ref.
Np(OH),(am) Np(OH),(am) < Np* + 4 OH 5447 5508 [7]
Np(OH),(aq) Np* + 4 OH = Np(OH),(aq) 4617 410 [7]
Np(CO,),* Np* + 4 CO,> 2 Np(CO,),* 36.68 34.03 [7]
Np(CO,).* Np* + 5 CO* = Np(CO,),* 3561 3681  [7]

Np(CO,),(OH),> Np* +2CO;* +20H & Np(CO;),(OH),* 43.35 43.86 [11]
P

"At ionic strength of 1.05 mol-kg™ (= 1 M NaCl)
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Table 3 Thermodynamic data of Np(V) for the calculation of molar fractions in

an 1 M NaCl solution {7]

species reactions log K° log K"~
NpO,OH(aq) NpO,” + OH — NpO,0H(aq) 2.70 2.42
NpO,(OH), NpO,* + 2 OH' = NpO,(OH), 4.40 4.18
NpO,CO, NpO,’ + CO,> = NpO,CO, 4.96 4.56
NpO,(COy),"  NpO,' +2CO,> = NpO,(CO,)," 6.53 6.80
NpO,(CO,),>  NpO,' +3 CO> 2 Np0O,(CO,),* 5.50 8.34

" At ionic strength of 1.05 mol-kg™ (= 1 M NaCl)
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Table 4 Distribution coefficient of respective species (K, (n =

smectite obtained from a least-squares fitting analysis

1 - 5)) onto

species K., (m3-kg")
NpO,’ K, 4.8 10"
NpO,CO;y Ky 1.8%10"
NpO,(CO;),” Kas <5.3X10*
NpO,(CO;);™ K <7.0x10°
Np(CO,),(OH),” K 1.4X 102
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Table 5 Distribution coefficient of respective species onto smectite, quartz and

Ca-type bentonite obtained from a least-squares fitting analysis

: K (m'kg™)
species _ :
smectite quartz Ca-type bentonite
NpO,* 4.8x10" (1.31~13.1)X 107 1¢g21o=00t
NpO,(OH), 10782402
NpO,CO;y 1.8X 10" <3.93x10*
NpO,(CO,),” <5.3x10* <3.93x10*
NpO,(CO,),> <7.0%10°
Np(CO,),(OH),* 1.4X 10 6.56 X 10" 10101024
Np(CO,),(OH),* 6.13x107 100%3#0%7
Np(OH)y > 1.04x10*
reference present [21] [22]

"Converting the surface-based distribution coefficient with the specific surface area

of 1.31 X 10> m>kg" in the literature [21].
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Fig. 1 Distribution coefficient (K d) of neptunium onto smectite

as a function of total carbonate concentration (CT)
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Fig. 2 Ratio between aqueous concentration of Np(IV) and that of
total neptunium determined by a TTA-extraction method
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Fig. 3 Solubility of Np(IV) as a function of C,.
in an 1 M NaCl solution at pH 8.6
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Fig. 5 Experimental and calculated K, values of

neptunium onto smectites as a function of C..
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Fig. 6 Fraction of neptunium sorbed ion-exchangeably and specifically onto smectite
by the desorption experiments with 1 M KCl and 1 M HC], respectively
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