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RÉSUMÉ

On a étudié 1'adsorption du Cu(II) sur la bentonlte à Na dans des condi-
tions qui simulent celles qu'on prévoit dans une installation souterraine
de stockage permanent de déchets de combustible nucléaire située à grande
profondeur dans le sol du Bouclier canadien. On a déterminé les courbes
isothermes d'adsorption de l'argile non tassée et tassée (densité à sec
d'argile tassée de 1,2 g-cm"3) dans une large gamme de concentrations de
cuivre (de 1 x 10~e mol-dm*3 à 1,0 mol-dm"3), à des températures de 25 °C,
50 °C et 95 °C. On a effectué des études dans une solution de chlorure à
base de Na+-/Ca2+ ([Cl-] = 0,97 mol.dnr*), le rapport de l'argile à la
solution étant de 1,6 g:360 cm3.

Dans le cas des argiles non tassées, le comportement sous adsorption suit
une courbe isotherme de Langmuir. Le taux maximal de recouvrement de la
surface par l'adsorbant augmente en fonction de la température et est supé-
rieur à la capacité d'échange de cations du Cu2+, à des températures de
50 °C et 95 "°C. Dans le cas des argiles tassées, le comportement suit une
courbe isotherme du type Freundlich et ne présente aucune dépendance appa-
rente vis-à-vis de la température. À une concentration donnée de cuivre
dans l'eau de pores, le degré d'adsorption sur l'argile tassée est moindre
que sur l'argile non tassée. On explique la différence entre le comporte-
ment des argiles non tassées et tassées sous l'angle de l'inaccessibilité
de certains des points d'adsorption des milieux tassés.

On examine l'importance des résultats pour le calcul de la vitesse de cor-
rosion de conteneurs en cuivre à déchets de combustible nucléaire. On se
sert des résultats d'adsorption pour analyser la dépendance, vis-à-vis de
la forme et de la température, des profils de concentration du cuivre
observés au cours des essais de diffusion et corrosion.
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THE ADSORPTION OF Cu(II) OH SODIUM BENTONITE

IN À SYNTHETIC SALINE GROUNDVATER

by

S.R. Ryan and F. King

ABSTRACT

The adsorption of Cu(II) on Na-bentonite has been studied under conditions
that simulate those expected in a nuclear fuel vaste disposal vault located
deep underground in the Canadian Shield. Adsorption isotherms have been
determined for loose and compacted clay (compacted clay dry density
1.2 g.cnr3) over a vide range of copper concentrations (1 x 10-6 mol.dm-3 to
1.0 mol-dm"3) at temperatures of 25°C, 50°C and 95°C. Studies vere carried
out in a Na+-/Ca2+-based chloride solution ([Cl'] = 0.97 mol-dnr3), vith a
clay-to-solution ratio of 1.6 g:36O cm3.

For loose clays, the adsorption behaviour follows a Langmuir isotherm. The
maximum adsorbate surface coverage increases vith temperature, and exceeds
the cation exchange capacity for Cu2+ at temperatures of 50°C and 95°C.
For compacted clays, the data follow a Freundlich-type isotherm, and
exhibit no apparent temperature dependence. At a given pore-vater copper
concentration, the extent of adsorption on compacted clay is less than on
loose clay. The difference betveen the behaviour of loose and compacted
clays is explained in terms of the inaccessibility of some of the adsorp-
tion sites in compacted media.

The significance of the results for calculating the corrosion rate of
copper nuclear fuel vaste containers is discussed. The adsorption results
are used to analyze the shape and temperature dependence of copper concent-
ration profiles observed in diffusion and corrosion experiments.
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LIST OF SYMBOLS

c equilibrium copper solution concentration

ct initial copper solution concentration

k equilibrium adsorption constant of Langmuir isotherm

1 diffusion length

m equilibrium total copper concentration in clay

oc mass dry clay

no initial total copper concentration in diffusion experiment

n total porosity

na accessible porosity

n, effective porosity for diffusive transport

n, storage porosity

p exponential parameter of Freundlich isotherm

r capacity factor, defined by r « n, + 7d(3s/9c)

s equilibrium sorbed copper concentration

sc equilibrium sorbed copper concentration on compacted clay

sL equilibrium sorbed copper concentration on loose clay

(s/c)c equilibrium copper concentration ratio for compacted clay

(s/c)L equilibrium copper concentration ratio for loose clay

so maximum surface coverage of Langmuir isotherm

t time

v moisture content

x distance

B parameter of Freundlich isotherm

D, apparent diffusion coefficient, defined by Da = Dt/r

Di intrinsic diffusion coefficient
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Kd distribution coefficient for a linear, equilibrium isotherm,
defined by Kd » s/c

Qf final quantity of copper in equilibrated clay

Qi initial quantity of copper in solution

R gas constant

T temperature

Vf final solution volume

7C clay dry density

7d dry density

ds/dc slope of adsorption isotherm

(ds/dc)j, slope of Langmuir adsorption isotherm

(ds/dc)p slope of Freundlich adsorption isotherm

AG°di free energy of adsorption

pw density of vater



1. INTRODUCTION

The properties of the clay-based sealing materials in a nuclear fuel vaste
disposal vault will influence the corrosion behaviour of copper containers.
One of the most significant of these properties is the ability of the clay
fraction of the buffer material immediately surrounding the container to
adsorb dissolved Cu(II). Retardation of Cu(II) directly affects the rate
of corrosion under oxidizing conditions (Litke et al. 1992, King et al.
1992a,b). Since the lifetimes of copper containers have been predicted on
the assumption that Cu(II) transport avay from the corroding surface is the
rate-limiting step for uniform corrosion (King and LeNeveu 1992, King et
al. 1994), it is necessary to determine the adsorption behaviour, and in
particular the distribution coefficients, of Cu(II) in Na-bentonite.

The distribution of a solute between the solution and solid phase of a
porous medium is often assumed to be described by a linear, equilibrium
adsorption process - the Kd approach (Cook 1988). Two experimental
observations, however, have lead us to question whether such a description
is appropriate for the case of copper corroding in contact with compacted
Na-bentonite or compacted Na-bentonite/sand buffer material. First,
analysis of the shapes of copper concentration profiles from corrosion
experiments in compacted clay suggests that no single value of the apparent
diffusion coefficient Da can be used to fit a theoretical curve to the
experimental profiles (Litke et al. 1992). Instead, a minimum of two
values of D, are required to reasonably fit the experimental data. Since
Da is equal to the Intrinsic diffusion coefficient (D±) divided by the
capacity factor r (for dense clays, r is proportional to the distribution
of copper between the clay and pore-vater phases), the experimental data
could be fitted by a single value of Di and a concentration-dependent
capacity factor, i.e., a non-linear adsorption Isotherm. Second, in Cu(II)
diffusion experiments using the half-cell technique described by Savatsky
and Oscarson (1991), non-Fickian diffusion profiles are observed (S.R. Ryan
and F. King, unpublished data). Furthermore, the values of Da estimated
from these experiments exhibit a large temperature dependence, increasing
by approximately three orders of magnitude in the temperature range from
25°C to 95°C. The shapes of the observed diffusion profiles can be
explained by a non-linear, S-shaped adsorption isotherm. The large
temperature dependence of Da is unlikely to be due to the variation of D1

with temperature but could result from a temperature-dependent adsorption
isotherm.

Various workers have studied the adsorption of Cu(II) by montmorillonite
(the major clay mineral in Na-bentonite). The adsorption process has been
described in terms of ion-exchange models (El-Sayed et al. 1970, 1971;
Kishk and Hassan 1973; Maes et al. 1975; Farrah and Pickering 1976, 1977;
Sposito and Nattigod 1979; Sposito et al. 1981; Dudley et al. 1991),
isotherm models (El-Sayed et al. 1971; Steger 1973) and specific
adsorption/surface complexation models (Du Plessis and Burger 1971; Stadler
and Schindler 1993). Spectroscopic techniques, such as electron spin
resonance (Clementz et al. 1974) and X-ray photoelectron spectroscopy
(Koppelman and Dillard 1977; Mosser et al. 1992), yield detailed
information about the interaction between adsorbate and adsorbent. None of
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these studies, however, provide data of direct use in predicting the rate
of diffusive mass transport of Cu(II) in compacted buffer material.

The aims of this study vere to determine distribution coefficients for
Cu(II) under conditions that closely simulate those expected in a nuclear
fuel vaste disposal vault. Of particular interest vere the nature of the
adsorption isotherm (linear or non-linear) and its dependence on
temperature. In addition, the effect of clay consolidation on the extent
of copper adsorption vas investigated by performing experiments on loose
and compacted Na-bentonite.

2. EXPERIMENTAL

2.1 MATERIALS

A single, homogenized batch (40 kg) of Avonlea bentonite from the Bearpav
Formation in southern Saskatchewan vas used for all of the studies reported
here. This clay has been veil characterized by Oscarson and Dixon (1989).
The clay vas used in the as-received condition. Mineralogically, the clay
consists of montmorillonite, illite (-5 wt.%), kaolinite (<5 vt.Jf), quartz
(5 to 10 vt.Z) and minor amounts (<5 vt.Z) of feldspar, gypsum and calcite
(Oscarson and Dixon 1989). Small amounts of iron (as magnetite, hematite
and goethite) and organic material are also present. The cation exchange
capacity vas determined to be 65 ± 5 meq/100 g (determined by analysis of
Ca2+ removed from Ca-bentonite by exchange vith Mg 2 +). The exchangeable
cations, determined by extraction of the clay vith ammonium acetate
solution, are listed in Table 1. The background copper content of the clay
vas -1 x 10-10 mol.kg-1 (-6 Pg-g"1).

Synthetic standard Canadian Shield saline solution (SCSSS, Table 2) vas
prepared from AR-grade chemicals and distilled vater. Copper vas added as
AR CuCl2.2H20 dissolved in SCSSS to give 16 initial copper concentrations
(ci) betveen 10'

6 mol*dm*3 and 1.0 mol*dm'3. As a result of the hydrolysis
of Cu2+, the pH of the CuCl2/SCSSS starting solutions ranged from pH «7.0
(10-« mol«dm*3 Cu2+) to pH -2.4 (1.0 mol.dm"3 Cu 2 +). No attempt was made
to alter or buffer the pH before or during the experiments. Solutions vere
not degassed prior to the experiments.

Experiments vith loose and compacted clay samples vere performed at
temperatures of 25°C and 50°C in screw-top glass bottles and at 95°C in
sealed glass vials.

Solution copper concentrations vere measured by inductively coupled plasma
(ICP) spectrometry before and after each experiment. Post-test clay
analyses vere carried out by microwave-assisted HN03-digestion of the oven-
dried clay, followed by ICP analysis for copper on the dissolved sample.
Moisture contents were determined by oven-drying overnight at 110°C.

2.2 COMPACTED CLAY EXPERIMENTS

Samples of compacted sodium bentonite (clay dry density, yc = 1.2 g-cnr
3;

moisture content, w = 0.47; mass dry clay, mc = 1.6 ± 0.4 g) were
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constrained in polysulphone11 (Union Carbide) cells between tvo porous
carborundum discs (Figure 1). A sufficient quantity of SCSSS was added to
air-dried loose clay (average moisture content of air-dried clay -0.05) to
produce a water content close to saturation (v = 0.47) after compaction.
The assembled polysulphone cell was immersed in 360 cm3 CuCl2/SCSSS and
allowed to equilibrate at the appropriate temperature. No steel components
were used in the cell or containment vessels to avoid the reduction of Cu2+

to copper metal and accompanying corrosion of the steel.

At the end of each experiment, a solution sample was taken for copper
analysis and the clay sample was cut into three slices. The total copper
concentration and moisture content of each slice were determined. The clay
samples were deemed to have equilibrated with the solution if the copper
concentrations in each of the slices differed by no more than 10% from the
arithmetic mean value. Within a period of up to 517 d, however, only 8 of
49 experiments met this equilibration criterion. In general, higher copper
concentrations and higher temperatures resulted In faster equilibration, as
might be expected, since these factors lead to faster diffusion of copper
into the compacted clay plug. Although the results of blank experiments
without clay suggested there was no appreciable adsorption of copper on the
glass, polysulphone and carborundum components, copper did precipitate in
solution or was adsorbed on the cell or glass walls in some of the
experiments. Precipitation was found to occur at intermediate values of
ci, between 1 x 10~

s and 1 x 10'3 mol«dm*3. In extreme cases, only -5X of
the initial copper was recovered. At lower ct , the recovery varied from 50
to 100Z. For cA > -10° mol«dm-

3, recovery approached 100Z, suggesting
that the lower pH at the higher copper concentrations prevented
precipitation.

The failure of most of the experiments to attain equilibrium, and the
precipitation of copper from solution in some of the experiments,
complicates the analysis of the results. The procedure used to calculate
the sorbed (s) and solution (c) equilibrium copper concentrations is given
in Appendix A.

2.3 LOOSE CLAY EXPERIMENTS

Loose clay (1.6 g) and CuCl2/SCSSS (360 cm
3) were equilibrated for a period

of -90 d, with occasional manual agitation. Solution and wet clay samples
(v = 1.0) were taken by filtering the slurry using a mild vacuum (Whatman,
#1 filter paper), a process that took approximately 5 min. Little re-
equilibration of the 50°C and 95°C samples is expected during this period,
since equilibration in batch sorption experiments takes several days
(Oscarson et al. 1994). The glass vials used for the 95°C experiments were
allowed to cool for 30 min prior to sampling, to allow safe handling. Re-
equilibration of the adsorbed and solution copper was minimized during this
period by separating the clay fraction into a thimble formed in one end of
the glass vial. This arrangement minimized the clay slurry:solution
contact area.

As in the compacted clay experiments, some precipitation of copper in
solution or adsorption on the glass vessels occurred for cL values between
-10"5 and -10'3 mol-dnr3. For this reason, and for consistency with the
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compacted experiments, c and s vere estimated for the loose clay
experiments using the same method and equations given in Appendix A.

3. RESULTS

3.1 LOOSE CLAY ADSORPTION EXPERIMENTS

The results of the loose clay studies are illustrated in Figures 2 to 4 in
the form of adsorption isotherms for temperatures of 25°C, 50°C and 95°C
respectively. Over the range of c values studied, the isotherms show a
Langmuir form vith a steeply rising curve at lov c and a limiting adsorbed
copper concentration at high c. Also shown in the figures are the fitted
lines for the Langmuir isotherm (see Appendix B)

(1)

vhere so is the maximum surface coverage by adsorbed copper and k is the
equilibrium adsorption constant (Stumm 1992). The calculated values of so
and k at each temperature are given In Table 3. There is reasonable
agreement between the fitted lines and the individual data points
(Figures 2 to 4).

Data marked by an asterisk in Figures 2 to 4 have been excluded from the
regression analysis. At high values of c (10.8 mol«dnr3), the calculated s
values are subject to significant errors because the correction for the
pore-water copper contained in the vet sample is large (Appendix A,
Equation (A.3)). At temperatures of 25°C and 50°C (Figures 2 and 3), there
are a pair of points at lover values of c that also deviate from the fitted
curve. The cause of the deviation for these points is uncertain.

From Table 3» it can be seen that so appears to increase vith temperature,
and that for temperatures of 50°C and 95°C, s0 exceeds the cation exchange
capacity of the clay for Cu2+. The temperature dependence of k can be
related to the free energy of adsorption AG°d( by (Stumm 1992)

exp . (2)
I J

The data in Table 3 give a AG°d, value of -8.5 kJ.mol"
1.

Data at lov values of c (ilO 3 mol-dm3) can be better displayed in the
log s-log c form. Figure 5 shows such a plot for the loose clay data
obtained at 25°C. Regression analysis parameters for the slopes of the
log-log plots for c s 10-3 mol-dm-3 are given in Table 4 for loose and
compacted clays at temperatures of 25°C, 50°C and 95°C. For the loose clay
experiments, the slope dlogs/dlogc is close to one at all temperatures
indicative of a Langmuir isotherm, although the value of the correlation
coefficients shows that the data are quite scattered.
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3.2 COMPACTED CLAY ADSORPTION EXPERIMENTS

Fever compacted clay experiments were performed, and the data for all three
temperatures are plotted on the same adsorption isotherm in Figure 6. The
data are scattered, vith no apparent trend vith temperature. There are
several points shoving lov values of s (£0.03 mol«kg*1) at large values of
c (10.1 mol-dnr3), possibly because of large analytical errors associated
vith the correction of the total copper concentration for the pore-vater
copper (Appendix A). An expanded form of the isotherm over the c range 0
to 1 x 10-2 mol.dm*3 is shovn in Figure 7. Again, there is no apparent
variation vith temperature. Figure 8 shovs the compacted clay data at 25°C
plotted in the log s-log c form and Table 4 gives the results of the
regression analyses for c i 10-3 mol-dm-3 at all three temperatures. The
slopes of the log-log plots are significantly less than one, suggesting
that the compacted clay adsorption data are best described by a Freundlich
isotherm (Stumm 1992)

(3)

vhere B and p are parameters defining the shape of the Freundlich isotherm.

Comparison of the data from the loose and compacted clay experiments shovs
that the extent of adsorption is lover on the compacted clay. Figure 9
shovs the fitted line representing the adsorption isotherm for the loose
clay tests at 25°C and individual points for the corresponding compacted
clay experiments. The ratio of the sorbed-to-solution copper
concentrations vas calculated from the rav data for compacted and loose
clays, (s/c)c and (s/c)L respectively, and the values compared for similar
values of c. The mean value of the ratio (s/c)c/(s/c)Ii vas 0.54 (a • 0.43,
n = 10) at 25°C and 0.70 (a * 0.29, n = 8) at 95°C, indicating less
adsorption on the compacted clay than on the loose clay for a given value
of c. A second comparison vas carried out for the rising parts of the
Langmuir and Freundlich isotherms at c i 10*3 mol-dur3 using the fitted
slopes given in Table 4. Table 5 gives the ratio of adsorbed copper
concentrations on compacted (sc) and loose (sL) clay as a function of c and
temperature. From these data, (sc/sL) appears to increase vith temperature
and decrease vith increasing c.

Changes in the composition of the pore vater during the equilibration
period vere determined by analyzing the final solution for various cations
and anions. The results of the analyses for six experiments at 95°C vith
loose and compacted clays are given in Table 6. The mean equilibration
period vas 107 d for the loose-clay experiments and 448 d for the
compacted-clay tests. Because of the length of the equilibration period,
it is reasonable to assume that the composition of the bulk solution from
the compacted-clay experiment represents the composition of the pore vater
in the compacted clay.

The mean concentration of all of the cations increased over the course of
the experiments, presumably as a result of cation exchange and the
dissolution of soluble impurities. There is no significant difference
(± one standard deviation), however, betveen the final cation compositions
of the solutions from the compacted- and loose-clay experiments. The two
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anions studied, Cl* and SOj", shov no appreciable change in concentration
over the course of the experiments.

4. DISCUSSION

The present results suggest that the nature of the adsorption isotherm is
different for loose and compacted clay systems. For loose days, the data
fit a Langmuir isotherm. A Langmuir isotherm has also been reported to fit
the adsorption data for Cu(II) on loose montmorillonite clay by Steger
(1973), El-Sayed et al. (1971), Farrah and Pickering (1976), De and Prasad
(1962) and Heydemann (1959). (Since hydrolysis and coraplexation may be
important, ve are careful here to distinguish between copper in the +2
oxidation state (Cu(II)) and aquated, uncomplexed cupric ions (Cu2+)<)
Steger (1973), studying the adsorption of Cu(II) on Ca-bentonite from
calcium acetate solutions, used a multlcomponent Langmuir isotherm
expression to fit his data to a model involving four adsorbing species
(Cu2+, Cu(0H)+, Cu(OAc)+ and H+) and two types of adsorption sites (i) edge
and crystal defect hydroxyls on the octahedral aluminate layer, and
(il) carboxylic and phenolic groups of organic matter adsorbed on the clay
particles. In the pH range from 4.3 to 5.9 and (Cu(II)] range from 3.9 x
10"6 mol«dm-3 to 3.0 x 10*4 mol-dm-3, Cu2+ and H+ adsorbed on the clay
hydroxyl sites and Cu2+, Cu(OH)4 and H+ adsorbed on the organic sites. The
maximum surface coverage of the clay sites was calculated to be
1.6 meq/100 g, which is lower than the typical cation exchange capacity of
montmorillonite clays (50 to 100 meq/100 g), and lover than the
63 meq/100 g found in this study for loose clays at 25°C (Table 3).
El-Sayed et al. (1971) also fitted their data to a two-component Langmuir
isotherm for the adsorption of Cu(II) tetrammine on Ca-bentonite. These
authors suggested the existence of at least two adsorption processes: a
temperature-independent process at low c and a second, endothermic, process
at higher c, possibly involving the precipitation of a Cu(II) species on
the clay particles. The present data were not deemed sufficiently accurate
to attempt to fit them to a multicomponent Langmuir isotherm.

The extent of adsorption of Cu(II) by montmorillonite is dependent on the
speciation of Cu(II) in the solution (Sposito et al. 1981). Detailed
calculations of the speciation of Cu(II) in SCSSS as a function of
temperature have not been carried out, but Long and Angino (1977) have
performed such an analysis for Cu(II) in mixtures of freshwater, seawater
and brine at 25°C. In a 1:1 freshwater:brine mixture (see Table 2), the
predicted speciation at pH 7 is 54Z Cu2+, 25Z Cu(0H)a, 10Z CuCl*,
AX Cu(0H)+, 22 Cu(HCO3)+, IX CuC03 and minor amounts of CuCl2 and CuS04
(percentages are expressed as a percentage of the total Cu(II)). At lover
pH, the fraction of Cu2+, CuCl+, Cu(HC03)

+, CuCl2 and CuSO4 increases,
whereas that of Cu(0H)2, Cu(0H)+ and CvC03 decreases. Belov ~pH 6, the
speciation is relatively insensitive to further decreases in pH and the
approximate speciation of Cu(II) is 78Z Cu2+, 17% CuCl+, 4Z Cu(HC03)

+, and
IX CuCl2.

The calculated maximum surface coverages (so) for loose clays are found to
equal or exceed the measured cation exchange capacity for Cu2+ (Table 3).
The sorbed copper concentration approaches so at solution concentrations at
which the bulk pH < 6. Since precipitation of Cu(0H)2 or CuC03 is
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insignificant for pH < 6, the most likely cause of these large values of s0

is the adsorption of monovalent Cu(II) complexes such as CuCl*. Sposlto et
al. (1981) have interpreted the differences between their ion exchange
results in perchlorate solution and those of Maes et al. (1975) in chloride
solution in terms of the presence of CuCl* species In the latter study.
The increase of s, with temperature may then be explained by a temperature
dependence of the Cu(II) speciation. Alternatively, Cu(II) may incorporate
into the clay structure by isomorphic substitution of Cu(II) at higher
temperatures (X-ray diffraction analyses of the exchanged clays vas not
performed, so there is no evidence for this latter suggestion).

In compacted clay, the adsorption of Cu(II) on bentonite can be described
by a Freundlich isotherm. De and Frasad (1962) were able to fit their data
to both Freundlich and Langmuir isotherms. Furthermore, since Freundlich
isotherms are composites of a number of Langmuir isotherms (Stumm 1992,
Sposito 1984, Walker and LeNeveu 1987), the multicomponent Langmuir
expressions of Steger (1973) and El-Sayed et al. (1971) can also be
expressed as Freundlich isotherms. Freundlich isotherms describe
adsorption on solids with heterogeneous surface properties.

The adsorption isotherm for compacted clay may differ from that for loose
clay because compaction results in a change in the distribution of
different adsorption sites. In loose clays, adsorption occurs at both
crystal-edge OH sites and at sites on the crystal faces formed by
isomorphic substitution. Maes et al. (1975) estimate the crystal face
sites comprise 80-852 of the total available sites. Upon compaction,
however, it is possible that the proportion of edge sites as a fraction of
the total available sites increases as the crystal face sites become
inaccessible to Cu(II). Compacted clay would then be a more heterogeneous
adsorbent than loose clay.

As well as producing a more heterogeneous adsorbent, compaction also leads
to a lover overall sorbed concentration s, possibly as a result of the
Inaccessibility of many of the exchange sites. Oscarson et al. (1994) have
suggested that the amount of a species adsorbed by compacted clay is
related to the accessible porosity, na. The accessible porosity is defined
as the sum of the effective porosity for diffusive transport (n#) and the
storage porosity (n(), which is a measure of the porosity associated with
interconnected dead-end pores. The total porosity (n) of a compacted clay
is the sum of n, and the porosity associated with isolated, non-connected
pores. The ratio (s/c)c/(s/c)L (or sc/sL at constant c) equals the ratio
na/n, since the amount adsorbed on the loose clay is a measure of the total
porosity. For the adsorption of Cs+ on compacted bentonite at 25°C, na is
found to be inversely related to 7 C. At yc = 1.2 g-cnr

3, na/n is equal to
0.37 (Oscarson et al. 1994). This value is similar to that for Cu(II) at
25°C from this study ((s/c)c/(s/c)L « 0.54), suggesting that the lower
adsorption of Cu(II) on compacted clay can similarly be described by the
ratio of accessible and total porosities.

The data in Table 5 suggest that na in compacted clay increases with
temperature and decreasing adsorbate concentration. It is unclear why na/n
should vary with T and c, since both na and n should be largely determined
by the soil structure, i.e., the bulk density, rather than by concentration
or temperature effects. Increasing temperature could lead to an increase
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in nâ because of the decrease in viscosity of the structured solution layer
next to the clay particles. Because of the scatter in the present data,
however, the significance of the variation of sc/sL with c and T is
uncertain, especially since the value of sc/sL = 1.74 at c « 10'

6 mol»dm"3

at 95°C suggests that the accessible porosity exceeds the total porosity.

Neither the change in the form of the isotherm nor the decreased adsorption
on compacted clay can be explained by differences in the pore-water
composition betveen loose- and compacted-clay experiments. The data in
Table 6 show that, although the composition of the bulk solution changes
over the course of the experiment, the final solution composition (assumed
to be equal to the pore-vater composition in the compacted-clay
experiments) is the same in the two types of experiment. Therefore, there
are no differences in the ionic strength of the solution phase or in the
concentration of exchangeable cations, such as Na+ and Ca2+, that could
explain the change in the type of isotherm or the lover overall adsorption
on compacted clay.

Alternative methods for describing adsorption processes are provided by
Ion-exchange and surface-complexation models (Stumm 1992, Havorth 1990).
In both types of model, adsorbate species compete with other cations for
adsorption sites - in surface-complexation models the adsorption sites are
veil-defined surface functional groups, vhereas in ion-exchange models the
adsorption sites are non-specific. It would be difficult to interpret the
adsorption of Cu(II) on naturally occurring bentonite in complex
groundvaters using such models because of the number of different competing
cations. In the present study, the as-received clay has mostly sodium and
calcium on its exchange sites, although it also contains small amounts of
Mg2+ and K+, either adsorbed on the clay or as soluble impurities (Oscarson
and Dixon 1989). The SCSSS also contains Ca2+, Na+, Mg2 + and K+.
Potentially, the most important competing cation is H+, produced from the
hydrolysis of Cu2+. The effect of pH on these results is not significant,
however, since in loose clays the rising part of the isotherm corresponds
to a narrow range of solution pB between pH 6 and pH 8. Extensive
hydrolysis does not appear to affect the amount of copper adsorbed, since
the clay is nearly saturated with copper for c I 10"* mol«dm'3

corresponding to pH i 6.

One of the aims of this study was to provide adsorption data for use in
Cu(II) mass-transport calculations. Diffusive mass transport in porous
materials is governed by the equation (Stumm 1992, Cook 1988)

3c Di 32c
(4)

at r ax2

where x and t are the distance and time variables and the capacity factor r
is given by

* - n. • yA §f (5)

where yA is the dry density of the porous material.
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From Equation (1), the ds/dc term for a Langmuir adsorption Isotherm is

(as) sok

Lacjj, (l + kc)2

which reduces to (9s/dc)L > s/c = Kd for small values of c. For a
Preundlich isotherm, the same parameter is given by

(6)

(7)

Both (ds/dc)L and (9s/3c)F are functions of c and are plotted in Figure 10
for loose and compacted clays respectively, using the data in this study
for a temperature of 25°C. Also shown in Figure 10 are the values of (s/c)
derived from the raw data for loose and compacted clays, which would
represent the values of Kd if a linear adsorption isotherm were assumed.
In this instance, the assumption of a linear isotherm would lead to larger
values of the capacity factor (Equation (5)) than those derived from either
the Langmuir or Freundlich isotherms. Since, for both types of isotherm,
(8s/dc) increases with decreasing c, the effect of a non-linear isotherm of
either of these forms is to sharpen the copper concentration profile by
retarding the diffusing species at low c.

It is apparent from the discussion above that the present results cannot
explain the shape or temperature dependence of the copper concentration
profiles observed in diffusion (F. King and S.R. Ryan, unpublished results)
and copper corrosion experiments (Litke et al. 1992; King and LeNeveu 1992;
King et al. 1992a,b, 1994). Figure 11 shows a diffusion profile typical of
that observed for Cu(II) in compacted bentonite saturated with SCSSS after
-20 d at 95°C. The profile is characterized by (i) relatively weak
adsorption at high total copper concentrations (m/m0), resulting in the
loss of copper by diffusion from the initially Cu-containing clay plug
(-0.8 < x/1 < 0); (ii) strong adsorption at intermediate values of m/me,
resulting in a steep profile near the interface of the two clay plugs; and
(iii) weak adsorption at small values of m/m0, leading to "tailing

11 of the
diffusion profile. These results could be explained by an S-shaped
adsorption Isotherm, for which (ds/dc) would be highest at intermediate
concentrations and lower at small and large values of m/mo. Less tailing
in the diffusion profiles was observed at 25°C and 50°C. Although the
present adsorption results suggest a non-linear isotherm, there is no
evidence for weak adsorption at low values of c to explain the tailing of
the diffusion profile.

Furthermore, the mean value of Dt/r calculated from such diffusion profiles
is strongly dependent on temperature, increasing from ~10*10 cm2«s*1 at
25°C to ~10~7 cn^-s"1 at 95°C. The temperature dependence of DL should be
similar to that of diffusion coefficients in bulk solution. Bulk solution
diffusion coefficients increase with temperature in proportion to the
decrease in solution viscosity, and would be expected to increase by about
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a factor of three between 25°C and 95°C. Therefore, the observed
temperature dependence of Dt/r is largely the result of the variation of r
with temperature. Hovever, in the present study, no great variation of
(ds/dc) vith temperature vas observed for either loose or compacted clay
systems.

The most likely cause of the tailing in the diffusion profile and the large
temperature dependence of D1/r is the presence of a mobile Cu-containing
species. Speciation calculations for Cu(II) in a freshvater/brine mixture
suggest that there are no weakly adsorbed copper-containing anionic species
in solution at pH 7 at 25°C (Long and Angino 1977). Copper does form
anionic complexes in the Cu(I) form, such as the mobile species CuCl:.
Cuprous species could be formed by reduction of Cu(II) on metallic iron
particles or Fe(II)-containing minerals, the coupled redox reaction being
the oxidation of Fe(0) to Fe(II)/Fe(III) or Fe(II) to Fe(III) respectively.
A significant temperature dependence of these redox reactions would then
explain the temperature dependence of D.. Although the reduction of Cu(II)
would also be expected to occur during the loose and compacted clay
adsorption experiments at 95°C, these studies were performed in closed
vessels containing a greater volume of air and dissolved 02 than that
present in the diffusion cells. Consequently, the rate of reoxldation of
Cu(I) to Cu(II) would be greater in the adsorption experiments.

Similarly, the shape of the copper concentration profiles from corrosion
experiments can be explained by the diffusion of copper in the form of both
Cu(II) and CuClj. Figure 12 shows a comparison between theoretical
profiles for various values of DA/r and a normalized experimental
concentration profile from a corrosion experiment in a compacted 1:1
Na-bentonite/silica sand mixture (Td = 1-65 g«cnr

3) at 100°C (Litke et al.
1992). At short distances/high copper concentrations a theoretical value
of Di/v = 10-

9 cn^.s'1 fits the experimental profile. At long
distances/low copper concentrations, the theoretical Dt/r s 10"

7 cm2«s-1.
If we assume Di = 10*

7 cm2-s-1 for all species, the theoretical values of
Di/r suggest a variation in r from -100 at high copper concentrations to -1
at low concentrations. For both Langmuir and Freundlich isotherms,
however, ds/dc, which is proportional to r for compacted clays, increases
vith increasing copper concentration. Non-linear isotherms for Cu(II) of
the form observed here, therefore, cannot explain the observed shape of the
experimental profile, since both Langmuir and Freundlich isotherms would
tend to sharpen, rather than extend, the profile.

In oxygen-containing chloride solutions, copper dissolves as Cu(I) in the
form CuCl; (King and Litke 1989, and references therein). Cupric species
are produced by the subsequent oxidation of Cu(I) by dissolved 02, the rate
of oxidation being favoured by higher [Cu(I)] and [02], higher temperatures
and more restrictive mass-transport conditions. In aerated compacted clay
(or buffer material) at 95°C, therefore, a significant fraction of the
dissolved copper exists as Cu(II) (F. King, M. Kolar and D.M. LeNeveu,
unpublished work). Consequently, copper exists at the copper/clay inter-
face and in the clay itself as both strongly adsorbed Cu(II) and weakly
adsorbed CuClj- The value of r = 1, inferred from Dt/r = 10"

1 cm2.s"1

(Figure 12), is consistent with the presence of weakly adsorbed CuClj in
these experiments.
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5. CONCLUSIONS

The adsorption behaviour of Cu(II) on Na-bentonite in a chloride-based
saline solution can be described by a non-linear adsorption isotherm. For
loose, unconsolidated clays, the experimental data can be fitted to a
temperature-dependent Langmuir isotherm. For compacted clay, the
adsorption data follow a Freundlich isotherm, and there is no apparent
effect of temperature in the range from 25°C to 95°C. In addition, the
extent of adsorption of Cu(II) on compacted clay is less than on loose clay
at an equivalent copper solution concentration. Spatial restrictions
introduced by compacting the clay probably account for the change in the
adsorption isotherm and the lover adsorption capacity for the compacted
clay.

For mass-transport calculations in compacted clay or buffer material, it is
important to take into account the non-linearity of the adsorption
isotherm. Capacity (or retardation) factors calculated on the basis of
Langmuir or Freundlich isotherms are lover than those calculated on the
assumption of a linear isotherm.

The observed adsorption behaviour does not explain the shapes or
temperature dependence of copper concentration profiles from diffusion and
corrosion experiments. The temperature dependence of the apparent
diffusion coefficient and the tailing observed in copper concentration
profiles can be explained by the presence of both strongly adsorbed Cu(II)
and veakly adsorbed CuClj.
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TABLE 1

EXCHANGEABLE CATIONS IN AVONLEA BENTONITE»

Cation Concentration/meq.(100g)'1

Na+ 45 ± lb

K+ 1.4 ± 0.1
Ca2+ 43 ± 2
Mg2+ 5.5 ± 0.2

* Determined by extraction of clay samples
using excess ammonium acetate solution,
followed by analyses of solution for
exchangeable cations.

b Error quoted as ± two standard deviations.

TABLE 2

COMPOSITIONS OF STANDARD CANADIAN SHIELD SALINE SOLUTION

AND OF A MODELLED FRESHWATER:BRINE MIXTURE

Composition

Na+

K+
Mg2+

Ca2+

HCOj
ci-
S02-

SCSSS
(mol«dm*3)

0.22
0.0013
0.0082
0.37
0.00016
0.97
0.0082

Freshwater:Brine*
(mol.kg-1)

0.84
0.004
0.01
0.05
0.0005b

1.0
0.002

pH 7.0

* Composition of 1:1 freshwater:brine mixture
used in modelling studies of Long and
Angino (1977).

b Referred to as "total alkalinity" by Long
and Angino (1977).
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TABLE 3

PITTED LANGMUIR ISOTHERM PARAMETERS POR THE ADSORPTION

OF C u ( m ON LOOSE Na-BENTONITE CLAY

T/8C 8,,/Biol.kg-1 k/dmî.mol-1 n

25
50

95

0.32b

0.41

0.53

101
31

47

54
44
38

* number of points in fitted isotherm
b the cation exchange capacity of 65 meq/100 g

is equivalent to 0.33 mol

TABLE 4

LINEAR REGRESSION ANALYSIS OF LOG-LOG ADSORPTION

ISOTHERMS FOR LOOSE AND COMPACTED CLAY

T/°C d
d
log
log

s"
c A*

Loose Clay

nc R* d
d

log
log

Compacted

i *
Clay

n R

25 0.84 1.56 35 0.9

50 0.72 0.92 20 0.7

95 0.82 1.26 16 0.7

0.
0.

0.

53
42

52

-0
-0

-0

.44

.94

.30

11
5

11

0.
0.

0.

8
7

7

* calculated for c i 10° mol-dm-3
b intercept of line log s = log c + A

with s in mol.kg"1 and c in Dol>dm~3
c number of points
d correlation coefficient
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TABLE 5

RATIO OF ADSORBED Cufin CONCENTRATIONS

COMPACTED AND LOOSE CLAY AS

TEMPERATURE AND

T/°C

25
50
95

1

10"6

0.72
0.87
1.74

SOLUTION 1

lsc'si.)*

c/mol

10"s

0.35
0.44
0.87

i A FUNCTION
ON
OF

CONCENTRATION

• dm-'

10-«

0.17
0.22
0.44

10"i

0.09
0.11
0.22

• Calculated from fitted parameters in Table 4.

TABLE 6

Species

Na
K
Mg
Ca
Sr
Si
Fe
Al
ci-
soj-

COMPARISON OF

FROM LOOSE

Loose

Initial

4 900 (100)
51 (3)
187 (7)

14 200 (700)
21.2 (0.4)

15 (2)
<0.02
<0.10
35 500 (600)

780 (10)

INITIAL AND FINAL

AND COMPACTED CLAY

SOLUTION COMPOSITIONS

EXPERIMENTS AT 95°C

Concent rat ion* /fig • g*1

Final

5 700 (200)
59 (2)
229 (9)

17 000 (700)
26 (1)
90 (20)
0.2 (0.1)
0.6 (0.1)

40 000 (6000)
900 (60)

Compacted

Initial

4 900 (90) 5
49.6 (0.4)
190 (10)

14 100 (10) 16
21.9 (0.6)
12.2 (0.3)

<0.02 (
<0.10
36 700 (800) 36

803 (8)

Final

600 (200)
70 (10)
236 (4)
400 (600)
27 (1)
90 (20)

).O8 (0.08)
0.5 (0.2)
000 (3000)
840 (90)

* Concentrations given as the mean of six separate experiments (five for Al)
vith the standard deviation given in parentheses.
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5.1 cm

Porous Carborundum Disk

Clay Plug
(0.5 cm high x 2.1 cm diameter)

Porous Carborundum Disk

Polysulphone Cell

5.1 cm

FIGURE 1: Schematic Illustrating the Components cf the Cell for the
Compacted Clay Adsorption Experiments.
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APPENDIX A

CALCULATION OP EQUILIBRIUM SORBED AND SOLUTION COPPER CONCENTRATIONS

Because analysis of the total copper concentration in the three slices of
compacted clay showed that equilibrium had not been established throughout
the clay plug in the time period of the experiments, the equilibrium total
copper concentration (m) vas taken as the arithmetic mean of the values of
the outer two slices of clay. Since the eventual attainment of equilibrium
would result in an equilibrium solution copper concentration (c) lover than
the measured concentration at the end of the experiment, c vas estimated
from

" Of
(A.I)

where Qt is the initial quantity of copper added to the experiment (i.e.,
360 cm3 x the initial solution concentration c i), Vf is the final solution
volume (occasionally 0 to 5 cm3 of solution vas lost by evaporation during
the experiment) and Q£ is the final quantity of copper adsorbed on the clay
at equilibrium and is given by

(A.2)

where mc is the mass of dry clay.

The equilibrium sorbed concentration of copper (s) differs from the
equilibrium total copper concentration (m), because it contains a
contribution from the dissolved copper in the pores of the compacted clay.
Therefore, s vas calculated from

s = m - (vc/pw) (A.3)

vhere v is the moisture content and pw is the density of vater (taken as
1 kg-dnr3).
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APPENDIX B

FITTING EXPERIMENTAL ADSORPTION DATA TO A LANGMUIR ISOTHERM

The Langmuir isotherm for adsorption of an adsorbate from solution is given
by

(B.I)
1 + kc

where s is the adsorbed concentration (mol»kg-1), c the solution
concentration (mol* dor3), s0 the maximum adsorbate surface coverage
(mol-kg-1), and k the equilibrium adsorption constant (dm3«mol*1) (Stumm
1992). In Equation (B.I), s is non-linearly related to c, and is not in a
suitable form for regression analysis. Equation (B.I) can be rearranged to
give a linear relationship between (c/s) and c

i*à*fc • <B-2)

Linear regression analysis of Equation (B.2) gives expressions for the
"best" values of s0 and k

(2c)2 - n2c2

s0 (B.3)
2c2(c/s) - n2(c2/s)

and

2c2(c/s) - nZ(c2/s)

2c2(c2/s) - 2c22(c/s)
(B.4)

where n is the number of data points and the summations are performed from
n=l to n=n. Equations (B.3) and (B.4) were used to fit the experimental
adsorption data for loose clays, and the fitted values of s0 and k are
reported in Table 3 for all three experimental temperatures.

An alternative linearized version of the Langmuir isotherm is

s sokc so
 N '

Linear regression analysis of Equation (B.5) produces a different set of
expressions for so and k:

Zs2csfn(2c)2 - Zc2l ,R ,.
S° = 2c[2cs2c - 2c22sJ k '
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ZcsSc - 2c2Ss ,_
2c2(n2c2s - 2cs) ' Ç
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