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DIFFUSION DU PLUTONIUM DANS LES MÉLANGES DE

BENTONITE ET DE SABLE À UN pH DE 3

par

H.D. Sharma et W.U. Oscarson

RESUME

On a mesuré des coefficients apparents de diffusion, D, quant au Pu dans

des mélanges tassés de bentonite et de sable (de sol) à une température de

25°C et un pH de 3. La teneur en argile du sol s'est échelonnée de

10 à 100% en poids et la masse volumique sèche à~i l'argile, pc (masse de

l'argile divisée par le volume et les vides de l'argile combinés), s'est

échelonnée de 0,5 environ à 1,6 Mg/m3. À une teneur en argile de >25% et

une masse volumique, pc > 0,7 Mg/m
3, le coefficient apparent de diffusion,

D, n'a pas été beaucoup influencé par la teneur en argile ou la masse

volumique et s'est échelonné de 2 x 10"13 à 7 x 10~13 m2/s; à une teneur en

argile et une masse volumique plus faibles, D a été jusqu'à un ordre de

grandeur supérieur. Dans tous les systèmes, une faible fraction du Pu

(<10%) a migré plus rapidement que la masse de Pu; on a attribué ceci à une

deuxième espèce stable de Pu de plus grande mobilité.
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DIFFUSION OF PLUTONIUM IN MIXTURES OF

BENTONITE AND SAND AT pH 3

by

H.D. Sharma and D.W. Oscarson

ABSTRACT

Apparent diffusion coefficients, D, were measured for Pu in compacted

mixtures of bentonite and sand (soil) at 25°C and pH 3. The clay content

of the soil ranged from 10 to 100 vt% and the clay dry density, pc (the

mass of clay divided by the combined volume of clay and voids), varied from

about 0.5 to 1.6 Mg/m3. At a clay content of >252 and pc > 0.7 Mg/m
3, D

was not significantly affected by either clay content or density and ranged

from 2 x 10~13 to 7 x 10~13 m2/s; at lower clay contents and densities,

however, D was as much as an order of magnitude higher. In all systems, a

small fraction of the Pu (<10%) migrated faster than the bulk of the Pu;

this is attributed to a second stable species of Pu that has a greater

mobility.
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1. INTRODUCTION

Clay minerals are common constituents of barrier materials used to limit

the migration of contaminants from waste disposal sites to the surrounding

environment. The permeability of dense clay-based materials is generally

very low and, consequently, the predominant mechanism of solute transport

through these materials is molecular diffusion (Gillham and Cherry 1982).

Therefore, the diffusion coefficients of contaminants in these barrier

materials are critical parameters for predicting migration rates and for

assessing the potential long-term effectiveness of a waste disposal

concept.

The Canadian concept for the disposal of high-level nuclear fuel waste

involves its emplacement in corrosion-resistant containers and their

subsequent disposal in a vault excavated 500 to 1000 m deep in plutonic

rock in the Canadian Shield (Dormuth and Nuttall 1987). A dense 1:1

mixture (by dry mass) of bentonite and sand would surround the waste

containers.

Four isotopes of Pu with half-lives greater than twenty years (238Pu,
23qPu, 240Pu and 242Pu) are present in unprocessed, irradiated nuclear fuel

from CANDU* reactors (Metha 1982). Because of the high toxicity of Pu and

the very long half-lives of some of its isotopes (242Pu, for example, has a

half-life of 3.8 x 105 a), this radionuclide merits attention in the evalu-

ation of the long-term effectiveness of various options for the disposal of

high-level nuclear fuel waste.

Under near neutral pH conditions (6 to 8), the apparent diffusion coeffi-

cient, D, of Pu in dense bentonite-based materials (dry densities of 1.4 to

2.3 Mg/m3) is very low and is generally of the order of 10"14 m2/s or less

(Albinsson et al. 1990, Idemitsu et al. 1989, Sharma and Oscarson 1989,

Torstenfelt 1986, Nowak 1985). Schreiner et al. (1982) also reported a D

value of <10"14 m2/s for Pu in a bentonite paste at an unspecified density.

Bentonite-based materials would, therefore, be very effective barriers to

the migration of Pu at near neutral pH.

The only known results reported on Pu diffusion in dense bentonite at pH

values outside the "normal" pH range (6 to 8) of saturated clay materials

are those of Idemitsu et al. (1989). They reported that D values for Pu in

H-saturated bentonite (pH = 3.5) vary from 10"13 to 10"12 m2/s over the

clay density range of 1.2 to 1.8 Mg/m3.

CANada Deuterium Uranium, registered trademark.
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The pin posp of this study uas to determine D for Pu at low pH in various

mixtures of hentonite and sand at densities relevant to the Canadian dispo-

sal concept. The oxidation state of Pu is a function of pH. At pH 3,

Pu(III) tends to be more stable than the higher oxidation states (Lemire

and Garisto 1989, Choppin 1983). Therefore, by measuring D for Pu in

bentonite under relatively l^v pH conditions, the migration behaviour of

Pu(III) species can be invest:^ated.

MATERIALS AND METHODS

2.1 SOLIDS

The clay is from the Pembina Member of the Vermillion River Formation of

Upper Cretaceous age in southern Manitoba, Canada; the formation is sedi-

mentary and derived from volcanic ash. The mineralogical composition of

this clay has been determined by Oscarson and Dixon (1989): it contains

approximately 80% montmorillonite, 10Z illite, and minor amounts of quartz,

gypsum, carbonate, and organic matter. Selected properties of the clay are

given in Table 1. The clay is likely acidified by the supplier inasmuch as

a solution extracted from a clay paste with a water-to-clay ratio of

1.5 L/kg has a pH of about 3.

Silica sand was mixed with the clay to give the following compositions:

10, 25, 50, 75, and 100 ut% clay. The grade composition of the sand is

given by Robin et al. (19R8). Hereafter, the mixtures of bentonite and

sand are referred to as soil.

2.2 SOLUTION

Deionized distilled water (DU) was used to saturate the soil prior to its

compaction in diffusion cells. Even though DV was used, the pore solution

of the compacted soils had a significant salinity because of the dissolu-

tion of salts present in the clay.

An estimate of the pore solution composition was determined by placing a

sample of the bentonite and DU in polyethylene zip-lock, bags at a water-to-

clay ratio of 1.5 L/kg. The moist clay was thoroughly kneaded to ensure a

uniform moisture distribution. After a three-week reaction period at room

temperature, a fraction of the solution was separated from the clay by

ultracentrifugation and then filtered (0.45-um pore size). The solution

was analyzed for Na and K by atomic ahsorption; Ca and Mg by inductively
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coupled plasma spectrometry; S04, Cl, and F by ion chromatography; HCO3 by

acidimetric titration; and the pH was measured with a glass electrode. The

results are given in Table 1.

The total salinity of the pore solution of the clay is similar to that of

groundwaters at a depth of 500 to 1000 m in the Canadian Shield (Frape

et al. 1984).

2 . 3 STANDARD 2 3 9 Pu SOLUTION

A small amount of solid 239PuO2 was obtained from AECL Research, Chalk

River Laboratories, Chalk River, Ontario. The Pu02 was dissolved in con-

centrated HN03 along with small amounts of HClO4 and HF at the boiling

temperature for several days. The solution was centrifuged and then

treated with NaN02 to ensure that Pu was present as Pu(IV) (Cleveland

1970). The solution was stored in 6 mol/L HN03. Under these conditions no

disproportionation of Pu(IV) to other oxidation states is expected and Pu

colloids should not form (Cleveland 1970).

2.4 ALPHA-DETECTION SYSTEM

The alpha particles emitted by 239Pu were measured with an Ortec

EA-21-45-100 silicon surface-barrier detector; the active surface area is

4.5 cm2. The counting efficiency of the detector was determined using an
2c)1Am reference source.

2.5 DIFFUSION EXPERIMENTS

The D values for Pu were determined in soil with bentonite contents of 10,

25, 50, 75, and 100 wt% and at clay dry densities, pc, ranging from about

0.5 to 1.6 Mg/m3. (pc ii tne mass of clay divided by the combined volume

of clay and voids; it is a means of normalizing the data to the density of

the clay component of the soil.)

The diffusion cells were constructed from 50-cm3 Plastipak syringes; they

were 4.6 cm long and 2.7 cm in diameter. The apparatus used to compact and

section the soil plugs is described by Johnston et al. (1984).

A detailed description of the method is given by Robin et al. (1987) and

Gillham et al. (1984). The experimental procedure is described briefly

here. Deionized distilled water was mixed with two identical soil samples

for each composition and density; the DW mixed with one of the samples was

spiked with 23'Pu. The amount of DW added was such that when compacted the



soils would be as close to being saturated as possible. The moist uncom-

pacted soils were placed in screw-cap polyethylene containers for 14 d to

ensure a uniform distribution of moisture and Pu (if present).

After the 14-d equilibration period, the two soils were compacted. A small

amount of a paste of the Pembina bentonite was placed at the interface to

ensure a good contact at the interface between the plugs. As the two

plugs, one tagged and one untagged, were pressed together outside the dif-

fusion cells, most of the clay paste oozed out and was immediately wiped

off, leaving only a small amount of paste at the interface. The plugs were

then inserted into a diffusion cell.

The cells were covered with several layers of parafilm and placed in a

water bath at 25 ± 0.2°C. Diffusion of 239Pu from the tagged to the

untagged soil plug was allowed to proceed for periods ranging from 110 to

325 d. After the allotted diffusion time, the cells were disassembled and

the soil plugs were sectioned into slices 2 to 4 mm thick, starting at the

end of the initially untagged plug. The slices were placed in pre-weighed

vials containing 3 mL of 3 mol/L HNO,, shaken for 48 h, centrifuged at

2000 x g for 15 min, and an aliquot of the supernatant solution was plated

and counted for 239Pu in the alpha-counter described above.

The dry mass of each soil slice from every run was determined, and from the

sum of the masses of all slices from a diffusion cell and the volume of the

cell, both pc and the soil dry density, pfc, were calculated.

2 . 6 DIFFUSION COEFFICIENTS

If coupled processes are neglected and transport is assumed to occur only

in one direction, say the x direction, the transient diffusion=al transport

of a reactive solute (a solute that interacts with the solid phase) thi-.igh

a homogeneous and isotropic porous media under isothermal conditions is

given by Fick's second law for diffusion

3c/3t = D(82c/3x2) (1)

where c is the concentration of the diffusant, t is time, x is the space

coordinate and D is the apparent diffusion coefficient of the solute in the

porous medium and is given by

D = D T/R (2)
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where D,, is the free-solution diffusion coefficient, T is a tortuosity

factor that accounts for a tortuous path around the solid particles in the

porous medium, and R is a retardation factor that accounts for the interac-

tion of the solute with the solid and is given by

R = 1 + pbKd/9 (3)

where 9 is the porosity and Kd is the distribution coefficient, defined

as the amount of solute associated with the solid divided by the concentra-

tion of the solute in solution at equilibrium. Plutonium species are

strongly sorbed on clay (Sharma and Oscarson 1989) and therefore R is

included in Equation (2). The assumptions inherent in the development of

Equations (1), (2), and (3) are discussed by Gillham and Cherry (1982).

D values for Pu were obtained by fitting a solution to Equation (1) to the

data by the method of least squares. For the experimental conditions, the

appropriate solution is (Crank 1975)

c/co = 1/2 erfc[x/2(Dt)
1/2] (4)

subject to the following initial and boundary conditions,

c(x,0) = co for x < 0, and c(x,0) = 0 for x > 0

and

c(-m,t) = cn and c(°\t) = 0

where c0 is the initial concentration of the diffusant in the tagged soil

plug.

3. RESULTS

A typical concentration profile for 239Pu in the soil is shown in Figure 1.

In all runs, there was significantly more variability in the Pu concentra-

tion in the soil plug that was tagged with 239Pu than there was in the

initially untagged plug. Similar results have been observed in other dif-

fusion studies of this type (Robin et al. 1987, Gillham et al. 1984,

Barraclough and Nye 1979).

At pc > 0.7 Mg/m
3, D is relatively constant regardless of clay content, and

ranges from 2 x iO'13 to 7 x 10~13 m2/s (Figure 2). These values are

similar to those reported by Idemitsu et al. (1989) for Pu diffusion in
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ll hentonite at about pH 3.5. A "least-squares" line for the data in

Figure 2 for pc > 0.7 Mg/m
3 has a slope of -2.25. A statistical analysis

of these data indicates that the null hypothesis (slope = 0) cannot be

rejected at the 0.05 level. Therefore, within the range of 0.7 to

1.6 Mg/m3, pc has no significint effect on D.

A practical implication ot this result is that no advantage is gained,

vis-a-vis a decrease in the migration rate of Pu, by increasing pc of a

bentonitic barrier above 0.7 Mg/m3. Likewise, little is achieved by

increasing the clay content of a bentonite-based barrier above 25%, provi-

ded p^ is > 0.7 Mg/m3. A similar conclusion regarding the clay content was

reached by Gillham et al. (1984) for the diffusion of Sr in mixtures of

bentonite and sand. There may be other reasons, however, for having a

bentonite-based barrier with a greater density and/or clay content; for

example, a greater swelling capability may be desirable.

The reference buffer material (RBM) in the Canadian disposal concept is a

1:1 mixture (by dry mass) of bentonite and sand compacted to a

ph = 1.6 Mg/m
3 (p = 1.2 Mg/m3). Therefore, even a relatively large

decrease in pc of the bentonite-based barrier will not cause a significant

increase in the migration rate of Pu, provided that diffusion remains the

principal transport mechanism. In a disposal vault, the density of a

bentonite-based barrier could decrease if, for example, the material

extrudes into cracks or fissures in the surrounding host rock as the

material takes up water and swells.

At pc < 0.7 Mg/m
3, D is greater for some soils, particularly those with a

clay content of 10% (Figure 2). This is likely largely the result of a

lower R value (Equation (2)): the lower the mass of clay per unit volume,

the lower is Kd. Moreover, a decrease in p^ means 6 is greater and thus R

is lower (Equation (3)). In addition, x is higher at lower densities

(Sawatsky and Oscarson 1991, Robin et al. 1987) and this will also contri-

bute to higher D values (Equation (2)).

The bulk of the Pu diffused less than one centimetre into the untagged soil

plug within the allotted diffusion time (Figure 1). A small fraction of

the Pu, however, migrated at a greater rate, as indicated by the "tail" on

the concentration profile shown in Figure 1 (the same phenomenon was

observed for all runs). It is estimated that <10% of the Pu is diffusing

at the higher rate. This phenomenon can be attributed to a species of Pu

that has a significantly greater mobility than the bulk of the Pu. D for

the "fast-moving" fraction is estimated to be 10~;: m:-'s, about an order of

magnitude greater than that of the bulk of the Pu. A "fast-moving" phase
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was not reported in dense bentonite by Albinsson et al. (1990), Sharma and

Oscarson (1989), Nowak (1985), or Shreiner et al. (1982) at near neutral

pH, nor by Idemitsu et al. (1989) at pH 3. On the other hand, Torstenfelt

(1986) found that a small fraction of Pu moved at a much higher rate, about

three orders of magnitude greater or ~10~12 m2/s, through dense bentonite

than did the bulk of the Pu under near neutral pH conditions. D for the

"fast-moving" phase reported by Torstenfelt is of the same magnitude as

that observed here.

4. DISCUSSION

The chemistry of Pu in aqueous solution is relatively complex inasmuch as

it can exist in one or more oxidation states from III to VII, with each

state having different properties of hydrolysis and complexation. In acid,

oxidizing systems with a relatively high concentration of SO2," such as the

pore solution of the soils used in this study (Table 1), Pu is likely to be

present as Pu(III), and PuSO^ may be the predominant solution specie?

(Lemire and Garisto 1989, Choppin 1983). On the other hand, at near

neutral pH and oxidizing conditions, Pu is likely in the IV oxidation state

and Pu(OH)^ is thought to be an important solution species (Lemire and

Garisto 1989). Organic materials, such as humic and fulvic acids, also

form strong complexes with both Pu(III) and Pu(IV) (Bondietti et al. 1976),

and this phenomenon may be important in the migration of Pu in both the

Pembina bentonite examined here and the Avonlea bentonite used by Sharma

and Oscarson (1989). The organic matter content of these clays is typical-

ly about 0.3 to 0.5 wt% (Oscarson et al. 1986).

The D values for Pu in the soils at clay contents >25Z and pc > 0.7 Mg/m
3

(Figure 2) are about an order of magnitude greater than those measured in

bentonite at similar densities at near neutral pH (Sharma and Oscarson

1989). The Kd values for Pu are 30% to 50% lower for bentonite at pH 3

than they are at neutral pH (Sharma and Oscarson 1989; Gillham and Sharma

1989). Consequently, R is less at low pH (Equation (3)), which, in turn,

means D is greater (Equation (2)).

The differences in D and R for Pu in bentonite under acidic and neutral pH

environments can also be attributed, at least partially, to the presence of

different Pu species in solution. These species most likely migrate at

different rates through dense clay because of charge, size, and stereochem-

ical effects.



In some cases, the charge is important in that it defines the nature and
extent of interaction uith the negatively charged bentonite particles; this
is particularly important for species that are sorbed via ion exchange.
The nature of the interaction between the Pu species present in this study
and bentonite is not known. Uith charge effects being equal, however, the
larger the diffusing species, the slower its migration through dense
bentonitic materials (Barraclough and Nye 1979) where the average pore size
is very small.

The fact that bentonite itself is affected by pH could also partially
explain the effect of pH on D for Pu. Hydrogen clays, such as the one used
in this study, rapidly decompose to Al- and Fe-saturated materials (Bohn
et al. 1985). This markedly influences the surface properties of the clay,
which, in turn, affects the nature and extent of interaction of Pu with the
clay surface. The migration rate of most solutes through bentonite will,
therefore, be different in acidic and neutral environments.

The time required for Pu to move through a bentonite-based barrier by dif-
fusional transport can be calculated from the measured D values. Consider
a barrier 0.25 m thick (the thickness of the RBM in the Canadian concept
for the disposal of nuclear fael waste) in contact with a solution contain-
ing a constant concentration of Pu on one side and a Pu-free solution on
the other. For these conditions, the appropriate solution to Equation (1)
is (Crank 1975)

c/co = erfc[x/2(Dt)
1/2]. (5)

For representative D values of 4 x 10~13 m2/s in an acid environment
(Figure 2) and 2 x 10"14 m2/s under neutral pH conditions (Sharma and
Oscarson 1989), the time required for Pu to reach a relative concentration,
c/co, of 0.1, for example, on the initially Pu-free side of the barrier is
about 940 and 18 700 years respectively.

5. CONCLUSIONS

1. The D values for Pu in bentonite and sand mixtures at pH 3 range from
2 x 10~13 to 7 x 10~13 m7/s within the pc range froa 0.7 to 1.6 Mg/m

3.
At pc values between 0.5 and 0.7 Mg/m

3, D is as much as an order of
magnitude greater.
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2. The D values for Pu are not significantly affected by the composition

of the soil, provided that the bentonite content is >25% and pc is

>0.7 Mg/m3.

3. A small fraction (<10%) of Pu migrates at a greater rate than does the

bulk of the Pu. This is attributed to the presence of a second

species of Pu.

4. The diffusion of Pu through bentonite-based barrier materials will be

very slow over a broad range of pH conditions (at least 3 to 9). This

will mitigate the hazard associated with Pu in the long-term disposal

of nuclear fuel waste.
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TABLE 1

SELECTED PROPERTIES OF THE PEMBINA BENTONITE

pH (1:1.5 clay:water) 3.0

Specific surface area* (m2/g) 740

Cation-exchange capacity** (mEq/100 g) 100

Exchangeable cations** (mEq/100 g)

Ca2+ 27

Mg2 + 16

Na+ 12

K+ 1

Pore solution composition*** (mg/L)

SO2" 4700

Cl- 130

F" 9.3

CO2" <2

Ca2+ 500

Mg2+ 220

Na+ 690

K+ 26

* Based on retention of ethylene glycol (Mortland and Kemper 1965).
** Na+ exchange by Ag-thiourea (Chhabra et al. 1975); the predominant

exchangeable cations are H+ and/or Al 3 +.
*** The pore solution was extracted from a 1:1.5 mixture of clay and water

by ultracentrifugation.
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