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Sorption Characteristics of Actinium and Protactinium onto Soils
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Sorption behavior of 2 7Ac and *33Pa onto several kinds of soil has been studied by a batch sorption experiment and a sequential extraction -
technique. The sorbed form of 2274 ¢ was mainly fractionated into a lattice-bound form in the soils, which suggests strong binding with a
crystalline phase in the soils. On the other hand, most of 233pg was fractionated into an association with amorphous Fe+Mn oxides in the
soils. In addition, a linear relationship between the Kd values of 23py and the content of iron oxides in the soils was found. From these
results, it was concluded that *’Ac and ***Pa are irreversibly sorbed to the crystalline phase and amorphous Fe+Mn oxide in the soils,
respectively. Carbonate concentration dependence of the Kd values of 2274 ¢ and ***Pa on soil was also studied to evaluate the influence of
groundwater composition on the sorption behavior. The Kd values of %7Ac and **Pa increased with increasing carbonate concentration
because of the formation of carbonate complexes of 2574 ¢ and **Pa to be irreversibly sorbed on the soil surface.
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I. Introduction ,

Most of uranium bearing waste arising from uranium
fuel fabrication plants will be disposed of into a shallow
land disposal facility in J. apan). For safety assessment of the
disposal system of the uranium bearing wastes, it must be
considered that groundwater can penetrate the repository
through time and uranium series radionuclides released from
the repository to the biosphere. For this reason, sorp-
tion/migration behavior of uranium series radionuclides un-
der the shallow land condition is important. In previous
works>>*¥, the basic sorption behavior of Pb, Ra, Ac, Th, Pa,
U on Japanese soils have been studied to obtain the distribu-
tion coefficients(Kd values). In these studies, the complex
sorption behavior of Ac and Pa on soils has been pointed out
because of the complex chemical behavior in the ground-
water.

The sorption behavior of Ac was investigated by Lieser
et al. who showed cation exchange reaction to be important
at low pH and chemi-sorption reaction at neutral pH”. The
sorption behavior of Pa was studied from the point of view
of colloidal formation of Pa by Berry et al.®. However, de-
tailed information about the sorbed forms of Ac and Pa is
needed to obtain reliable Kd values for Japanese soils to be
used for the safety assessment of the disposed uranium
bearing waste. , ,

Groundwater composition is influencing the sorption
behavior of Ac and Pa, because pH and anions in ground-
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water will affect the sorption/migration behavior in the
geosphere due to changes of chemical forms of
transuranium elements by complexiation and hydrolysis
reactions. The pH dependence of Ac and Pa sorption on
loam and sand have been studied in previous work to show
the relationship between the Kd values and chemical forms
in solution>?. However, the influence of anion ligands, such
as carbonate, in groundwater on the sorption behavior of Ac
and Pa on soils has not been described yet.

In this work, the Kd values of *’Ac and 23pa on five
kinds of soils have been measured by a batch method. At the
end of the sorption experiment, the sorbed forms of U
and 2*>Pa have been studied by a sequential extraction tech-
nique of the soils. The Kd values of 21 A¢ and ***Pa on soil
were also measured as a function of carbonate concentration
to study the influence of carbonate on the sorption behavior
of 27Ac and **Pa. ' '

II. Experimental
1. Radionuclides

Radionuclides, **’Ac and 233pa. were used in this study.
One mega Bq of 27 Ac in 1cm® of 1N hydrochloric acid so-
lution was purchased from AEA Technology. The actin-
jum-227 solution was diluted into 0.5N hydrochloric acid
stock solution for using in the sorption experiments.

Protactinium-233 was separated from a STNp stock solu-
tion purchased from CEA. Neptunium-237 stock solution in
7N nitric acid was contacted with silica gel for adsorption of
3P4 on the silica gel surface. After that, the silica gel was
contacted with 0.5N nitric acid with 0.01M fluoric acids to
remove *Pa”.  The separation of 23pa and *"Np was con-
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Table 1 Characteristics of soil samples

Soil Specific surface area CEC Chemical composition(wt%)
Samples (m%g) (meq/100g) | SiO, Na,O K,0 CaO  Fepyy  P,Os
Loam 99.5 15.6 79.7 006 017 022 535 - <0.01
Yellowish Soil 26.0 10.7 57.8 127 0.07 0.64 544 0.03
Sand-A 6.3 4.3 86.2 030 024 0.97 234 <0.01
Sand-B 20.9 3.0 68.1 0.29 0.14 -- 1.75 0.02
Tuff 20.8 5.7 58.6 0.52 040 - 2.95 0.02

Fe,ga :Sum of Fe(Il) and Fe(III)

Table 2 Chemical composition of water sarhples

Water samples pH |Mg* |Ca® |Na* |K" |Feg |SiO, [ SO |CI' | HCOs ?;i?éc
GW-1___ 70 255 [331 [106 |[1.12 | 025 |483 [25 [160 [257 |<0.1
GW-2 82 [139 [31.1 [249 [155 [064 [234 [603 [295 [1100 [19

firmed by measurement of alpha and beta counting with
liquid scintillation counter (PACKARD TRI-CURVE 2000).
Interference with alpha decay of *’Np was eliminated using
pulse decay analysis method of discrimination separate al-
pha and beta energies. After the separation treatment, -the
radioactivity concentration of 3pa was 500Bg/cm® with
coexisting ~*'Np of 6Bg/cm’.

2. Soil and water samples

Loam, yellowish soil, two kinds of sand (sand-A and
sand-B) and tuff, which were sampled in Japan, have been
used in this study. The loam and sands and yellowish soil
were dried in air, and were sieved with a 2min sieve to re-
move coarse particles. The tuff was crushed and sieved into
a particle size smaller than 2mm. The characteristics of each
sample are listed in Table 19,

Two kinds of natural groundwater (GW-1, GW-2) were
used for sorption experiments. They were sampled at To-
hoku area (GW-1) and Kanto area (GW-2) in Japan. The
groundwater was filtered with 10pm, Ipm and 0.45pm
membrane filters to eliminate suspended particles. The
chemical composition of these groundwaters is listed in Ta-

ble 2234

3. Batch sorgtion experiment ,

Eight cm® water sample, which included *’Ac or *’Pa,
were contacted with 0.8g soil in Teflon vessel. The sorption
experiment was carried out under aerobic conditions at 15C
for 14 days. Concentrations of *’Ac and *’Pa were
6.7x10"2 mol/dm® (=10Bg/cm’) and 5.6x10™*mol/dm’
(=10Bg/cm’), respectively. At the end of the sorption period,
the solid and liquid was separated with a 0.45um membrane
filter (MILLIPORE Ultrafree-CL). The Kd values were ob-
tained from the difference in the radioactivity concentration
before and after the sorption experiment as follows;

CC V

. W
where C, is a initial radioactivity concentration of radionu-
clides (Bg/m®), C is a final radioactivity concentration of
radionuclides (Bq/m3), V is volume of the water samples
(m®) and W is weight of the soil samples (Kg).

Kd (m*/Kg)= 1

Unit: mg/dm>(except pH)

The GW-1 was used for the sorption experiment with the
sand-B and tuff samples. The GW-2 water sample was used
for the sorption experiment with the loam, sand-A, and yel-
lowish soil. The combination of GW-1 and sand-B or tuff
simulates an aerated zone environment. That of the GW-2
and loam, sand-A or yellowish soil simulates an aquifer
environment

4. Sequential extraction

A sequential extraction of the sorbed 27Ac and **Pa on
the soils was carried out with a three step chemical extrac-
tion to study their dominant sorbed forms on the soils®.
Step1: 0.5 mol/dm® CaCl, + 0.5 mol/dm® KCl solution for
24 hours to remove the fraction exchangeable by
Ca’* and K* (cation exchange fraction).
0.1 mol/dm® NH,OH-HCI + 0.1 mol/dm® K-Oxalate
solution for 24 hours to remove the fraction adsorbed
on amorphous Fe and Mn oxyhydroxides/oxides
(amorphous Fe and Mn fraction).
30wt% H,0, at 60°C for 3hours to digest a fraction
interacting with organic substances (organic frac-
tion).
The residual fraction that was not extracted by any of these
chemicals was called “Lattice-bound fraction”.

Step2:

Step3:

5.. Carbonate concentration dependence

The Kd values of *’Ac and “**Pa on the loam sample
were measured as a function of carbonate concentration. -
The basic sorption experimental procedure was the same for
the batch sorption experiments. In this experiment, 0.1
mol/dm® sodium perchlorate solution was used to eliminate
the influence of the increasing in ionic strength by the addi-
tion of sodium carbonate used for changing of carbonate
concentration. Carbonate concentration range was chosen
from 1.6x10*mol/dm® (=10mg/dm®) to 2.5x10° mol/dm’
(=150mg/dm®) for- simulation of a typical groundwater
composition in Japan®.

ITII. Results and discussion
1. Kd values and sorbed form of Ac

The Kd values of *’Ac are shown in Fig.1. The Kd val-
ues of *’Ac on the soils in the pH range from 6.5 to 7.9
were from 6m*/kg for loam to 18m’/kg for tuff. This result
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indicates that Kd values of *’Ac show little dependence on
the kinds of soil.
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The result of the sequential extraction of 2T A¢ from
the each soil is shown in Fig.2. The percentage of *’Ac that
was extracted in .the cation exchange fraction raged from
20% for sand-B to 25% for tuff, and in the amorphous Fe
and Mn fraction from 5% for sand-B to 20% for yellowish
soil. The percentage of 221Ac in the organic fraction was
small for all soils. About 60-70% of **’Ac was in a lattice-
bound fraction. Because the lattice-bound fraction is con-
sidered to be caused by the interactions with crystalline
phases in soil®, most of the sorption of 227 Ac is supposed to
be caused by the strong binding with crystalline phase,
which is irreversible sorption reaction on soil surface. Then,
it is likely that the sorption reaction of 22T Ac is based on the
irreversible sorption reaction with the any crystalline phase
in the soils to indicate the Kd values in the same range
among the soils as shown in Fig.1.
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Fig.2 Percentage of 2217 ¢ desorbed from soils by
the sequential extraction
[ Lattice-bound fraction
' (7 Organic fraction
74 Amorphous Fe and Mn fraction
B Cation exchange fraction

Under the chemical conditions of the GW-1 and GW-2
in the Table 2, the main chemical species of 2T Ac were es-
timated to be Ac®*, Ac(OH),*, AcCO5" by calculation with
geochemical code CHESS®. From this speciation, it is likely
that the irreversible sorption of **’ Ac on soil surface is cause
by the formation of surface complexes of a Ac(OH),’,
AcCOs* , because Lieser et al. previously pointed out
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chemi-sorption of >’ Ac in a hydrolyzed form™. On the other
hand, a small percentage of the cation exchange fraction was
observed as shown in Fig.2. The cation exchange reaction
could have been caused by cation exchange of 2TAc in
cationic form, Ac>*.

2. Kd values and sorbed form of Pa

The Kd values of **Pa are shown in Fig.1. The Kd val-
ues of ?*Pa on the soils in the pH range from 6.2 to 8.9
ranged from 0.7m’/kg to 52m’. The Kd values of ***Pa var-
ied widely depending on the kinds of soil.
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Fig.3 Percentage of 233pa desorbed from soils by
the sequential extraction
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The result of the sequential extraction of 23pa from each
soil is shown in Fig.3. The protactinium-233 that was ex-
tracted in the cation exchange fraction ranged from about
15% for yellowish soil to 30% for tuff, and in the amor-
phous Fe and Mn fraction from 20% for sand-B to 50% for
yellowish soil. The percentage of 23pg in the organic frac-
tion was small for all soils. About 30-45% of *’Pa could not
be desorbed by each chemical extraction step. This result
shows that most of 2*Pa was associated with the amorphous
Fe and Mn oxides in the soils. In addition, a relationship
between the Kd values of ***Pa on the soils and the amount
of iron oxides in soils (wt%) is plotted in Fig.4. The Kd
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Fig.4 Relationship between Kd values of 23pa and
the Fe content in the soils
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values of **Pa on the soils were in linear proportion to the
amount of iron oxides in soils. Then, it is likely that the ma-
jor part of the sorption reaction is based on irreversible up-
take on the iron oxides in the soils.

As shown in Fig.1, a large difference in the Kd values of
#3pa among the soil samples was found. This difference in
the Kd values among the soils may have been caused by the
difference in the amount of the sorbed **Pa on the specific
portion in the soils, such as the iron oxide surface.

3. Influence of carbonate on the sorption of Ac and Pa

The carbonate concentration dependence of the Kd val-
ues of *’Ac and **Pa on the loam is shown in Fig.5 and
Fig.6, respectively.
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Fig.6 Carbonate concentration dependence of the
Kd values of **Pa

The Kd values of **’Ac increased with the carbonate con-
centration and achieved to maximum value beyond the car-
bonate concentration of 30mg/dm®. The chemical form of
ZTAc is estimated to change from Ac*, Ac(OH)," and
AcCO;" to AcCO5" with increasing carbonate concentration.
In the previous work, the sorbed form of *’Ac on the loam
in the pH range from 6 to 8 was estimated to be as surface
complexed form of AcCOs* ). If true, the increase in the Kd
" values of **Ac after the addition of sodium carbonate to the

solution could be caused by the sorption of carbonate com-
plex to the loam.

Kd values of **Pa increased with the carbonate concen-
tration as well. In the case of >**Pa, the thermodynamic data
to estimate the chemical forms in solution is limited. Forma-
tion of Pa(CO3)56' has been reportedm), however, the exact
chemical form under this condition cannot be estimated.
From the result in Fig.6, the formation of carbonate com-
plexes of **Pa may also be the cause for the increases in its
Kd values. Furthermore, polymerization of Pa hydrolysis
species is well known to result in high Kd values on geo-
logical materials®'®. One possibility is that higher molecular
weight polymerized species are formed by the addition of
sodium carbonate.

IV. Conclusion

The Kd values of *’Ac on the five kinds of soils were in
the same range among the soils. The sorption of 2TAc was
shown to be based on an irreversible sorption reaction with
the crystalline phase and a cation exchange reaction.

The Kd values of **Pa varied widely among different
kinds of soils, because the sorption of the 5pa was mainly
based on irreversible sorption on amorphous Fe and Mn
oxides surfaces.

The Kd values of *’Ac and ***Pa on loam increased with
increasing carbonate concentrations. This phenomenon is
assumed to be based on sorption of the carbonate complex
on the loam.
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