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Abstract

In earlier studies we investigated the sorption behaviour of cesi-
um, barium and strontium on size fractions of glaciofluvial ma-
terials and on the clay minerals montmorillonite, illite and chlo-
rite. Here, we report on sorption and desorption experiments
with nickel and cobalt in synthetic groundwater on the <32 um
size-fraction of a glaciofluvial deposit, on the clay minerals
montmorillonite and illite, and on synthetic SiO, and CaCO;. In
general, sorption and desorption equilibrium is not reached for
nickel and cobalt, which is in striking contrast to the behaviour
observed for strontium and barium. A significant increase in the
distribution ratios was observed for nickel and cobalt up to sorp-
tion times of 182 and 56 days, respectively. In most cases, the
sorption process was largely irreversible. The sorptive power of
the < 32 pm materials with artificially changed mineralogies is
considerably reduced as compared to that of the <32 pm materi-
al with the original mineralogical composition, i. e., during the
removal of the carbonates a significant decrease in the sorptive
power occurred. A comparison of the sorption behaviour of
nickel and cobalt with that of cesium, strontium and barium is
also shown.

1. Introduction

The radiation hazard of the activation product *Ni
(half life: 75 000 years) is taken into account in esti-
mates for nuclear waste repositories [e. g. 1]. The en-
vironmental behaviour of nickel ions is only poorly
known and no data are available about its migration in
glaciofluvial deposits. Quaternary glaciofluvial materi-
als were selected for the present investigation, since
such deposits abound in pre-alpine countries and act
as the final barrier before radionuclides released from
an underground storage facility enter the biosphere.
The glaciofluvial deposits consist of gravel, sand, silt
and clay. The clay minerals montmorillonite and illite,
and synthetic SiO, and CaCQ; are included in our
studies for comparative purposes. Clay minerals are
constituents of glaciofluvial materials, are powerful
sorbents and will be used as back-fill materials in nu-
clear waste repositories.

Cobalt was investigated mainly because unexpect-
ed effects were observed for the sorption of nickel.
Under our experimental conditions, cobalt and nickel
form stable solutions of soluble compounds up to con-
centrations of 100 pmol/l.

In the literature sorption isotherms are presented in
Refs. [2, 3] for nickel and in Refs. [2—6] for cobalt.
The results were obtained on widely varying solid ma-
terials and under very different conditions and do not
allow to draw conclusions of general validity even
with respect to the shape of the isotherms: nearly lin-
ear isotherms are reported in [2, 3], whereas isotherms
of the Freundlich type are shown in [6] and composite
ones in [4, 5].

2, Experimental
Materials

The glaciofluvial materials were obtained from the
water-saturated part of a percussion drilled core at
Glattfelden (20 km north of Ziirich). This material had
been deposited by the Rhine glacier during the ice ages
and was subsequently rearranged by rivers. The
<32 pm size fraction was isolated by wet-sieving
from the section of the core which was situated 22 to
24 m below the surface. Its mineralogical composition
was: 31% quartz, 36% calcite, 7% dolomite, 11% al-
bite, 9% illite, 5% chlorite and 1% montmorillonite
(Tj. Peters, private communication). Experiments were
performed with <32 pm material treated

— with 1 M NaCl solutions in order to reduce the
amounts of interfering cations present at low concen-
trations.

— to remove carbonates, then free iron and
manganese (hydr)oxides, and finally organic com-
pounds.

For details concerning these treatments see Ref.
[71.

Experiments were also conducted with a montmo-
rillonite from Crook County, Wyoming, USA and an
illite from Puy-en-Velay, France. In addition, the sorp-
tion of nickel was also investigated on two synthetic
SiO, powders (Johnson Matthey Alpha Products
400251 crystalline 99.999 % and 88316: <325 mesh,
99.9 %), and the sorption of nickel and cobalt on
CaCO; (Merck product No. 2066). These materials
were used as obtained from the suppliers.

The cation-exchange capacities C were determined
by sodium saturation in 1 M sodium acetate (pro-
cedure of Chapman [8], adapted for small samples us-
ing Na-22). The results were summarized in Table 1
of Ref. [7].
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Synthetic groundwater

All experiments were performed with synthetic
groundwater (SGW) of the following composition (in
megq/l): Ca**, 4.50; Mg**, 1.69; Na*, 0.67; K*, 0.084;
Cl-, 6.52; alkalinity, 0.42; pH, 7.9. This composition
is typical for groundwaters of calcite-rich aquifers, ex-
cept for HCO; which was largely replaced by the
chloride ion to allow investigations at ambient CO,
pressure. This synthetic groundwater is slightly un-
dersaturated with respect to calcite.

Procedure and calculations

In a batch method 200 mg of solid material were con-
tacted with 30 ml of synthetic groundwater in a closed
40-ml centrifuge tube. The tubes were turned head-
over-end at 1 rpm. The solid material remained within
this tube throughout the sequence: (1) equilibration
with synthetic groundwater, (2) sorption, (3) desorp-
tion and (4) treatment with 1 M HCIl. For the sorption
experiment, either $°Ni- or *Co-tracer was added to
the synthetic groundwater. The tracers were obtained
from Amersham (England). Concentrations up to
100 pmol/1 were achieved by adding appropriate
amounts of nickel or cobalt chloride. The procedure is
described in more detail in Ref. [7]. The duration of
the sorption and desorption experiment was 56 days
for cobalt and in most cases 182 days for nickel. To
follow the time dependence of sorption and desorp-
tion, one of the parallel samples was centrifuged from
time to time. After each interval, a sample of 5 ml was
withdrawn in the experiments with cobalt, counted on
a Ge-detector and returned to the centrifuge tube. In
the case of nickel, a sample of 1 ml was withdrawn,
mixed with 10 ml of Insta-Gel cocktail and counted on
a liquid scintillation spectrometer. The centrifuge
tubes were weighed to determine the losses of liquid
during these operations.

If we denote the concentration of the element un-
der consideration in the solid material by [Me"*],
(mmol/g) and that in solution by [Me"*] (mmol/ml),
then the distribution ratio is defined by R, = [Me™*]/
[Me™*] (ml/g) and the loading of the solid material by
[Me™]*n/C. C is the cation exchange capacity in meq/g.
The distribution ratios were calculated using equations
(1) to (5) in Ref. [9]. Two different approaches were
used to evaluate the concentrations of nickel and co-
balt in the solutions:

(1) It was assumed that the specific activity, i. e.,
Bq/g of *Ni or *’Co, remained unchanged during the
experiment and the concentrations were calculated
from the measured radioactivities of *Ni and *Co;
this yields the lowest possible concentrations, since
contributions of inactive nickel or cobalt originating
from the solid are not taken into account.

(2) At the end of the sorption and desorption
experiment the concentrations of nickel and cobalt
were determined in the solutions using ICP-AES.
However, the lowest concentrations were below the

Table 1. Speciation of nickel and cobalt ions in solution.
The first value in the given range refers to synthetic groundwater
and a nickel or cobalt concentration of 100 pmol/l, the second,
which is independent of concentration, to synthetic groundwater
saturated with calcite.

The following pK-values were used in the calculations:

NiHCO3: 13.41 NiCO;: 5.78
CoHCO7: 12.87*% CoCO;: 5.08 *
Nickel Cobalt

pH 7.5-8.1 7.7-8.1
Me?** 66% —44% 86%—78%
MeHCO7 19%—-14% 8%~ T%
MeCO, 14%~-38% 6%—13%
others 1%— 4% 1%— 2%

* extrapolated value, see text

detection limit of 0.01 pmol/l. In these cases the con-
centrations were calculated using the specific activities
of ®Ni or *’Co determined in extracts obtained by
treating the solid materials with 1 M HCI at the end of
the experiments. The amount of tracer desorbed during
this treatment amounted to =94 % for nickel and co-
balt. The concentrations of nickel or cobalt based on
the specific activities in the HCl-extracts represent up-
per limits, since nickel and cobalt initially present in
the solid materials, but not involved in the sorption
process, may have been dissolved by HCL

The geochemical computer code PHREEQUE [10]
was used to calculate the formation of complexes of
nickel and cobalt ions in the synthetic groundwater.
The results are presented in Table 1. The formation
constants for the carbonato-complexes are also given.
Since no values were available for cobalt, the means
of the pK-values for iron and nickel, the two elements
adjacent to cobalt in the periodic table, were used as a
rough and possibly somewhat errancous approxi-
mation.

3. Results and discussion

Time dependence of sorption and
desorption

The evolution of the distribution ratios (R,) for nickel
and cobalt with time is shown in Fig. 1 for the clay
minerals montmorillonite and illite and in Fig. 2 for
two of the <32 pm materials, namely the NaCl-treated
material and the material “free” of carbonates, oxides
and organics. The time dependence of the two <32 um
materials not shown in Fig. 2, i. e., that free of carbon-
ates, and that free of carbonates and oxides, resembled
the behaviour of the <32 um material free of carbon-
ates, oxides and organics. The counting rates for the
samples with initial concentrations of 100 pmol/l of
nickel and 1 pmol/] of cobalt were too low in the case
of the NaCl-treated <32 pm material to yield mean-
ingful results in the desorption experiments. The vari-
ations in the data for the desorption of nickel from
the NaCl-treated <<32 pm material are also due to low
counting rates.
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Fig. 1. Time dependence of sorption and desorption of nickel and cobalt at different concentrations on the clay minerals montmorillon-
ite and illite. The samples are characterized by the initial nickel or cobalt concentration in the sorption solution.
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Fig. 2. Time dependence of sorption and desorption of nickel and cobalt at different concentrations on <32 pm glacioftuvial materials.
The samples are characterized by the initial nickel or cobalt concentration in the sorption solution.

From Figs. 1 and 2 it is evident, that equilibrium
was not reached during the sorption experiment (182
days duration for nickel and 56 days for cobalt). At
initial nickel concentrations of 100 umol/l unexpected
high sorption rates were observed for the montmoril-
lonite, the illite and the NaCl-treated <32 pum materi-

al. Such an effect was neither observed for the sorption
of nickel on the <32 pum materials with changed min-
eralogy nor for the sorption of cobalt on any of the
materials investigated.

During the desorption experiment the distribution
ratios continue to increase, sometimes after an initial
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Fig. 3. Time dependence of sorption and desorption of nickel at

different concentrations on two synthetic SiO, powders of differ-

ent grain-size. The samples are characterized by the initial nickel
concentration in the sorption solution.

decrease, 1. e. the tracer continues to be sorbed. Devi-
ations from this behaviour were only detected in the
experiments with cobalt on montmorillonite and illite
at the lowest concentration. By far the largest increase
in the distribution ratios was observed at an initial
nickel concentration of 100 pmol/l for all materials,
even for the <32 um materials with changed miner-
alogy. The desorption data, extrapolated to the begin-
ning of the desorption experiments, are in most cases
distinctly higher than the distribution ratios at the end
of the sorption experiments. This indicates that con-
siderable amounts of sorbed tracer do not particpate in
the processes occuring during the desorption experi-
ments, i. e., are irreversibly sorbed.

Experiments with nickel were also performed on
two synthetic SiO, powders. The results are shown in
Fig. 3. For the fine grained SiO, a behaviour similar
to the other materials is observed: the R,-values for
sorption continue to increase up to 182 days. The R,’s
for desorption are much higher than those for sorption
(notice different scales for sorption and desorption)
demonstrating considerable irreversibilities; moreover
at the initial Ni concentration of 100 umol/l an en-
hanced sorption is observed.

For the coarse grained (crystalline) SiO, the R,-
values for sorption are almost constant after 30 days.
At the end of desorption the R-values are of the same
magnitude as at the end of sorption indicating that irre-
versibilities are small and are practically independent
of the Ni concentrations; the scatter in the desorption
data is due to the experimental uncertainties.

Since the decrease in grain-size between the coarse
and fine SiO, leads not only to increased R,-values,

but also to a very different sorption behaviour, ad-
ditional factors must play a role, presumably structural
and morphological irregularities. The results with the
fine grained SiO,, furthermore, suggest that similar
factors may also govern the sorption behaviour on the
other materials investigated in this paper.

Sorption and desorption curves

In Figs. 4—7 the distribution ratios are presented in
log-log plots as a function of the loadings of the solid
materials with nickel or cobalt. We call the resulting
curves “sorption and desorption curves”. Since equi-
librium was not reached, the positions and shapes of
the sorption and desorption curves depend on the time
interval chosen. In Figs. 4—7 two sets of data are pre-
sented for nickel and cobalt (curves and symbols; for
details see ‘“‘Procedure and calculations”). Non-equi-
librium conditions and irreversibilities cause ad-
ditional uncertainties at low loadings, since it cannot
be excluded that the specific activities of the tracers in
the solid material differ from those in solution.

The sorption and desorption curves for the clay
minerals are presented in Fig. 4 and for two of the
<32 pm materials in Fig. 5. Only the curves based on
unchanged specific activities are presented for the
sorption of nickel at an intermediate time interval of
approximately 60 days and for the data on the <32 pm
material free of carbonates, oxides and organics, since
no experimentally determined concentrations are
available.

The sorption and desorption curves for nickel bend
upwards at high concentrations; the only exceptions
are the sorption curves for the <32 pm materials with
changed mineralogy. As already mentioned in the
chapter “Time dependence”, this strange behaviour of
nickel is most likely caused by structural and morpho-
logical irregularities. On the other hand, the distri-
bution ratios for cobalt often show a marked decrease
at high concentrations. Approaching saturation of the
sorption sites could have caused this decrease. The
sorption and desorption curves for cobalt on the mont-
morillonite show an unexpected, pronounced depend-
ence of the distribution ratios on concentration. This
contrasts with the behaviour observed in our experi-
ments for all other elements on the montmorillonite
(see Fig. 7). The differences between sorption and de-
sorption curves are especially large for the sorption
of cobalt at low concentrations on the NaCl-treated
<32 pm material. They are lowest for the data of
nickel and cobalt on the montmorillonite. The sorption
curves for of all <32 pm materials valid at a time in-
terval of approximately 60 days are presented in
Fig. 6. To give an idea of the uncertainties at low con-
centrations of nickel, values based on the specific ac-
tivities of ®°Ni in the HCl-extracts are also shown. The
following conclusions can be drawn:

— The NaCl-treated <32 um material, which has
the same mineralogical composition as the original
material, shows the highest distribution ratios for
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nickel and cobalt. This suggests that the contribution
of the carbonates might be significant. However, ex-
periments investigating the sorption of nickel and co-
balt on a synthetic calcium carbonate did yield very

and morphological irregularities with a high affinity to
sorb nickel and cobalt disappeared during the removal
of the carbonates.

— For both nickel and cobalt the sorption curves

low distribution ratios (for nickel: 20 ml/g at [Ni] =
0.095 mol/l, 4.8 ml/g at [Ni] = 100 pmol/l; for cobalt:
28 ml/g at [Co] = 0.0087 mol/l, 4.7 ml/g at [Co] =

95 mol/l). Therefore, it is more likely, that structural

for the <32 pm materials with changed mineralogy
are similar, as well with respect to the magnitude of
the distribution ratios as to the shape of the curves.
However, at low concentrations, the curve for the sorp-
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7

tion of cobalt on the <32 pm material free of carbon-
ates is steeper than those for the other <32 pm materi-
als with changed mineralogy. Probably a small fraction
of the sorption sites causing the high distribution ratios
for the NaCl-treated material are still present in the
material free of carbonates. Since this effect is not ob-
served for the data of nickel, these sites have a higher
affinity for cobalt than for nickel.

Comparision of the sorption of nickel
and cobalt with that of cesium, strontium
and barium

In Fig. 7 the sorption data of the present work for
nickel and cobalt are compared with those for cesium
[9], strontium [11] and barium [7]. The data for cesium
are included for the sake of completeness.

The sorption of the divalent ions strontium and ba-
rium can be characterized in the following way: equi-
librium was reached within 14 days and the sorption
process was reversible on all solid materials. The dis-
tribution ratios of both elements on the montmorillon-
ite are almost constant with concentration (linear iso-
therm) and the distribution ratios are of similar magni-
tude. For the other materials the isotherms for stron-
tium are also nearly linear, those for barium on the
other hand are strongly non-linear with considerably
higher distribution ratios than those of strontium.
Changes in the mineralogy of the <32 pm materials
(removal of the carbonates, oxides or organic sub-
stances) affected the sorption curves only slightly. The
main process governing the sorption of strontium and
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Fig. 7. Data for the sorption of cesium, strontium, barium, cobalt

and nickel on montmorillonite, illite and <32 pm glaciofluvial

materials. For cobalt and nickel the <32 ym materials with

changed mineralogical compositions are represented by the ma-

terial free of carbonate and oxides (see Fig. 6). The sorption time

is approximately 60 days. Curves and symbols: for explanation
see Fig. 4.

barium was ion exchange on the clay minerals [12, 13,
14].

The sorption curves for nickel and cobalt depend
on the time interval chosen (in Fig. 7: approximately
60 days), since equilibrium was not reached. The sorp-
tion process seems to be largely irreversible. The dis-
tribution ratios for nickel and cobalt are distinctly
higher than those for strontium and barium. Consider-
able differences between the sorption curves of nickel

"and cobalt are only observed for the montmorillonite

and the NaCl-treated <32 pm material. Processes
other than ion exchange, probably reactions on struc-
tural and morphological irregularities of the solid ma-
terials, are dominant in the sorption of nickel and co-
balt.

The comparison of the isotherms and sorption
curves in Fig. 7 for different solid materials evidences
very drastic differences for the sorption behaviour of
these predominantly divalent (i. e. not sensitive to re-
dox processes) elements. It demonstrates in an im-
pressive way that meaningful predictions for the sorp-
tive and desorptive behaviour and retardation of ele-
ments with a relevance for radioactive wastes can only
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be made by careful measurements of isotherms (or
sorption curves) with the real host rocks. Therefore
big care should be taken to make such predictions as
conservative as possible.
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