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ADSORPTION OF CADMIUM AND COBALT ON
MONTMORILLONITE AS A FUNCTION OF
SOLUTION COMPOSITION!
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Abstract—Adsorption of Co?* and Cd?* on Wyoming montmorillonite was studied by the batch equilibra-
tion technique, as a function of salt concentration (0.01-4 M NaCl and NaNO,), pH (5.0-6.5), adsorbate
concentration (trace—102 moles/liter), and presence of complexing ions. Comparison was made with the
adsorbability of Sr®+, known to follow simple ion-exchange equations. The distribution coefficients for Co
and Cd in noncomplexing media varied with salt concentration (from ~ 500 liters/kg in 0.01 M Na* to ~10
liters/kg in 1 M Na*; pH = 5), but to a lesser extent than that of Sr. Adsorbability varied also with pH (~1
order of magnitude/pH unit), especially at high ionic strength, compared to a negligible pH effect on Sr.
The distribution coefficients of Cd and Co decreased with increasing loading on the clay at a very low
percentage (0.2%) of the ion-exchange capacity compared to Sr (20%). These data suggest two classes of
sites participating in the adsorption of Cd and Co.

The adsorbability of Cd in highly concentrated chloride solution (>1 M) was less than 1 liter/kg, pre-
sumably because of the chloride complex formation. This effect increased with increasing pH. The low
adsorbability of Cd on montmorillonite from concentrated NaCl solution is promising with respect to its

use as a tracer for monitoring flow through formations containing montmorillonite.

Key Words—Adsorption, Cadmium, Cation exchange, Cobalt, Montmorillonite, Strontium.

INTRODUCTION

Adsorption of ions on natural materials and the ion-
exchange properties of clay minerals have been sub-
jects of interest for years. Micellar-polymer flooding for
enhanced oil recovery, selection of geological media for
nuclear waste isolation, and migration of toxic elements
from industrial streams to groundwater and their effect
on agriculture and public health have increased the de-
gree of interest in this field (see, e.g., Doner, 1978; Far-
rah and Pickering, 1976, 1977; Ferrell and Price, 1978;
Frost and Griffin, 1977; Garcia and Page, 1976; and
Levy and Francis, 1976). The equilibria between
aqueous solutions and minerals of the host formation
greatly influence the performance of surfactants and
polymers injected to increase oil production, and tracer
ions that are not readily adsorbed by mineral materials
have been employed to monitor the movement of
groundwater through permeable formations. Such ap-
plications are not limited to enhanced oil recovery;
problems such as aquifer shifts, salinity migration into
inland areas, and utilization of geothermal energy also
call for a systematic study of the adsorbability of po-
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tential tracer ions on a variety of minerals under con-
trolled conditions. Tracer ions are needed that will be
effective in groundwaters having a wide range of salt
concentration, from a few meg/liter to brines containing
as much as 5 moles/liter. The adsorbability of tracer
ions from concentrated salt solutions is of special in-
terest to the nuclear-waste isolation program, as salt
deposits are being considered for nuclear waste burial,
and water intrusijon into such formations will result in
concentrated salt solutions.

Anions are preferred to cations as tracers because at
normal groundwater pHs most minerals are cation ex-
changers and the adsorption of anions is much lower
than that of cations. In addition to simple anions, ions
which form anionic species in the media of interest must
also be considered, such as negatively charged metal-
hydroxy complexes in basic solutions. For solutions of
low pH and high NaCl concentration, chloride com-
plexes may also be considered. For example, Nelson
et al. (1964) found that the adsorbability of cadmium
chloride complexes was much less on organic cation
exchangers from HCI than from HCIO, for acid con-
centrations greater than 0.1 M. The adsorbability of Co,
on the other hand, was similar in both solutions, up to
acid concentrations of 6 M, mainly because Co does not
form chloride complexes. Also, the mobility of Cd in
soils was found by Doner (1978) to be greater in sodium
chloride solution than in perchlorate solution, which



312

suggests that anionic cadmium chloride complexes
formed in the former solution and were not adsorbed
by the minerals of the soil.

Other studies have shown that the adsorption of Co
on montmorillonite is pH dependent in the pH range 5~
6 (Maes et al., 1975; Maes and Cremers, 1975; Peigneur
et al., 1975), a phenomenon that was interpreted in
terms of structural hydroxyl groups of the clay or hy-
droxy-aluminum compounds. The total ionic strength
of solutions used in these studies was 0.01 M, and the
Co concentration on the clay was 2.7 X 107* moles/kg
of dry clay. Hodgson (1960) found that the adsorption
of Co on Ca-montmorillonite in 0.1 M CaCl, solution
is also pH dependent and proposed that two adsorption
processes are responsible, one requiring 1~2 days to
reach a maximum, and a second, much slower, non-
exchangeable process. Farrah and Pickering (1977) re-
ported only a slight pH dependence for the adsorption
of Cd on montmorillonite in water to which no other
electrolyte has been added, while Frost and Griffin
(1977) noted a significant difference in the adsorption
of Cd from landfill leachate as compared with that from
pure sodium nitrate solution. Garcia-Miragaya and
Page (1976) found that one hour was sufficient to obtain
equilibrium for the adsorption of Cd from sodium salt
solutions at pHs between 6.5 and 7. They also found
that the adsorption from NaCl solution was lower than
that from NaClOQ, solution, at salt concentrations great-
er than 0.01 M.

From these studies, it is clear that several factors in-'

fluence the adsorbability of ions on clays, including salt
concentration, pH, and degree of loading on the adsor-
ber. This paper reports the results of a study of the ad-
sorption of Cdz+, Co?*, and Sr** on montmorillonite
from solutions of a wide range of salt concentrations
and at pHs from 5.0 to 6.5. The adsorption of Sr on
montmorillonite (see Shiao et al., 1978, and the refer-
ences contained therein) can be explained in terms of
simple ion-exchange mechanisms and therefore serves
as a reference to which the adsorbability of Cd and Co
can be compared. Cd and Co are transition metals that
differ in their ability to form chloride anionic com-
plexes. Montmorillonite is of particular interest be-
cause its relatively high ion-exchange capacity implies
a contribution to overall adsorption behavior dispro-
portionate to its weight fraction in geological media.

VARIABLES
The three variables listed above were considered as
follows.
Salt concentration

The ion-exchange equilibrium between ions A2+ and
B in the solution and the clay phases may be ex-
pressed as:

bA2* + aBP*q,, = bA* . + aBb* (1)
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The equilibrium constant may be expressed as

= (A)bclay(B)a FAB =D

A2 (A)(B)z oy S T @

(B) aclay

where I",5 is the activity coefficient quotient (see, €.g.,
Shiao et al., 1978) and D, is the distribution coefficient
of ion A between the clay and the solution, defined as
the concentration of A in the solid phase (moles/kg dry
solid) divided by its concentration in the solution
(moles/liter).

When only traces of A are present, that is, when its
concentration in the solid phase is much smaller than
the capacity of the clay, when I sz is constant, and when
electrolyte invasion is negligible, it follows from Eq.
(2) that:

d log D,/d log(B) = —a/b 3
i.e., the plot of log D, vs. log (B) will be linear with the
slope of —a/b.

pH

pH has several effects on the distribution coefficient.
At different acidities, the species present in the solution
may be different. The concentration of hydroxy com-
plexes (mentioned above) is a function of the pH. The
pH may have an effect on the solid phase too; for ex-
ample, the capacity of oxides, and selectivity of ions
towards oxides is known to be pH dependent (Kraus
et al., 1960). Precipitation may also occur, especially
in the high pH range. Precipitation of hydroxides and
carbonates that are formed above pH of 8 may be mis-
interpreted as large distribution coefficients, especially
if the batch-equilibration method is used. The pH in this
investigation was limited to less than 7 so that no pre-
cipitation would occur.

Degree of loading on the adsorber

The distribution coefficient depends on the degree of
loading (i.e., the adsorbate concentration in the solid
phase), and is less when the loading is greater. For
many adsorbers, such as organic ion exchangers, the
distribution coefficient is constant for a wide range of
concentration of the adsorbate and decreases only
when the loading is greater than 10% of capacity. For
other adsorbers the range of constant D as a function
of loading (the linear isotherm range) may be smaller.
In any case, the degree of loading is important when
comparing distribution coefficients between systems of
different salt concentration, different pH, etc. The
comparison should be made at the same loading for all
samples. Since it is difficult to adjust loading in the non-
linear isotherm range in the batch-equilibration meth-
od, it is convenient to make the comparisons in the low
loading range where the adsorption isotherm is linear
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and the distribution coefficient does not depend on
loading.

EXPERIMENTAL

A Na-montmorillonite (The Clay Minerals Society
Source Clay SWy-a) from Crook County, Wyoming
was used for this study. Radioactive tracers were used
for the adsorbability measurements. Cd''s was made by
neutron bombardment in the High Flux Isotope Reac-
tor at Oak Ridge National Laboratory. Co%” and Sr%®
were purchased from New England Nuclear Corpora-
tion (Boston, Massachusetts). A Nal well-type scintil-
lation counter was used to count the y emission of the
radioisotopes. When counting the Cd'®, energy dis-
crimination was used to eliminate counts of the indium
daughter.

Part of the clay was purified following Jackson’s pro-
cedure (Jackson, 1956) which involved removing in-
soluble carbonates by using 1 M acetate buffer (pH 5),
removing organic matter by using 30% hydrogen per-
oxide, and removing iron not incorporated in the clay
structure with sodium citrate and sodium dithionite.
Finally, the clay was converted to the sodium form by
contacting it with 1 M NaCl solutions several times.
The excess sodium salt was washed out with 60% meth-
anol-water mixtures, and the clay was dried at 60°C and
ground in a jar mill. The <325 mesh-size fraction was
collected for the following experiments. For a few ex-
periments, the clay was only partially purified; the steps
concerning removal of organic matter and iron were
eliminated. The difference in the pretreatment of the
clay samples had some effect on the observed adsorb-
abilities but not on the general behavior of the system.

Distribution coefficients were determined using a
conventional batch-equilibration technique in which a
known amount of clay (20-800 mg) was contacted with
a known volume of solution (3-10 ml) and shaken at
room temperature. The samples were centrifuged in a
du Pont Sorvall R-C Refrigerated Super Speed centri-
fuge at 5000-10,000 rpm for 15 min.

When a clay sample is contacted with the salt solu-
tion, it may change the solution’s pH. To obtain the
desired condition, the clay was prewashed three times
with a solution of the supporting electrolyte and the pH
adjusted if necessary. Only then, a solution of the tracer
in the same supporting electrolyte was added to the
clay. A final pH measurement of the supernatant was
taken after equilibration.

RESULTS
Equilibration time

To determine the time needed for equilibration, the
adsorbability on montmorillonite of Co from solutions
of various concentrations of sodium nitrate was studied
as a function of time. In this experiment the aliquots
used for analyses were recombined with the original
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Figure 1. Measured distribution coefficients of Co on mont-

morillonite from different concentrations of NaNQ, as a func-
tion of equilibration time. Acetate concentration: 0.01 M.
® = Points measured after removing- most of the activity
from the solution (see text).

solutions, and the experiment was continued. As
shown in Figure 1, the time needed to obtain the equi-
librium value was within experimental error, less than
1.5 hr at the low sodium concentration and about 20 hr
at the highest sodium concentration. The adsorbability
rate for Cd from sodium nitrate was found to be iden-
tical to that of Co. A minimum period of 24 hr was,
therefore, chosen for all equilibrations.

Reversibility of the adsorption reaction

A second set of samples, identical to that described
above, was prepared. The only difference was that
about 80% of the equilibration solution was replaced by
fresh Co-free NaNO, solution at 1.5 hr from the begin-
ning of the experiment, and the adsorbability was de-
termined after additional 1.5 hr. The solution was re-
placed again at 16 hr from the beginning of the
experiment, and the adsorbability was determined at 52
hr. The measured distribution coefficients at 3 and 52
hr are marked by ® in Figure 1. As the values obtained
fell close to the values of the adsorption test (solid cir-
cles in Figure 1), it is concluded that the adsorption is
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Figure 2. Distribution coefficients as a function of loading on
montmorillonite from 0.1 M NaCl-0.1 M NaAc adjusted to
pH S.

reversible at least in the range of time used. If the ad-
sorption was not reversible, D¢, values should have
been higher than those obtained when the Co was mov-
ing from the solution to the solid.

Loading effect on distribution coefficient

Figure 2 shows plots of the distribution coefficients
of Sr, Co, and Cd as a function of their concentration
in the clay (loading on the clay). The results for Sr were
taken from Shiao ef al. (1978). This plot shows that the
distribution coefficient of Sr at pH 5 is constant for
loading values as high as 10~2 moles/kg. Similar results
were obtained by the present author for Sr at pH 6.5.

The distribution coefficients of Cd and Co are con-
stant only as high as loadings of 1072 moles/kg and de-
crease at higher loadings. At pH 6.5 the distribution
coefficients of Co and Cd (Figure 3) decline at loadings
above 10~* moles/kg. It can be seen that the change in
the distribution coefficient as a function of pH was larg-
er in the low loading range than in the high loading
range.

To stay in the linear isotherm range in which the dis-
tribution coefficient is independent of the loading, all
adsorption measurements (other than loading iso-
therms) were carried out with adsorbate concentration
in the range of 1076-10~7 M. '

Buffering by acetate

It was found convenient to add a buffer to the solu-
tions under study in order to obtain and maintain a con-
stant pH for any set of experiments. The addition of up
to 0.1 M acetate buffer to the solution of strontium had
no effect on the distribution coefficient (Shiao et al.,
1978). The adsorbabilities of Co and Cd from 0.1 M Na
solution as a function of acetate concentration are given
in Figure 4. The distribution coefficients decreased with
increasing acetate concentrations for both ions. This
observation suggests formation of Co and Cd com-
plexes with acetate, whose adsorbability is lower than
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Figure 3. pH effect on loading isotherms of Co on mont-

morillonite from 1 M NaCl-0.1 M NaAc, and Cd from 0.1 M
NaCl-0.1 M NaAc.

that of the free ions. The decline of D with increase of
acetate concentration was stronger for Cd than for Co.
This observation is in agreement with the known sta-
bility constants for the acetate complexes (Smith and
Martell, 1976). The expected change of observed D
with change in acetate concentration for different as-
sumptions for the distribution coefficient ratio 8 of the
complexed and free ions are given in Figure 4 as solid
lines. These calculations are based on stability con-
stants of 15.8 and 6.5 for Cd and Co, respectively.
From Figure 4, it is clear that for both Cd and Co, the
change of the adsorbability that might be caused by
adding up to 0.02 M NaAc is small. Therefore, acetate
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Figure 4. Effect of acetate on the distribution coefficients of
Cd and Co on montmorillonite from 0.1 M Na* at pH 5.6. 8 is
the ratio of the adsorbability of the complexed to the free metal
ions (see text).
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Figure 5. Distribution coefficients of Cd on montmorillonite
from solutions of NaCl and NaNO; as a function of salt con-
centration for pH of 5.0 to 6.5. Acetate concentration: 0.01 M.

concentration was generally limited to 0.01 M NaAc
(with the exception of the experiments described in
Figures 2-3).

Adsorption from nitrate vs. chloride
solutions

The adsorbability of Cd from sodium chloride and
sodium nitrate solutions, as a function of salt concen-
tration at pH 5, is given in Figure 5. The adsorbability
of Cd from chloride solutions was found to be lower
than from nitrate solution, and the difference increased
as the salt concentration increased. These observations
are consistent with the effect expected for chloride
complexing of the Cd on its adsorbability on the clay.
The higher the chloride concentration was, the lower
the average charge of the Cd (Kraus and Nelson, 1959),
and the lower its adsorbability. This phenomenon is
similar to that found for the acetate complexes of Cd
and Co.

Similar measurements were carried out for Co. As
expected, the chloride and nitrate curves are almost
identical for a given clay preparation (Figure 6). A dis-
placement of the distribution coefficient at a given salt
concentration was observed for different clay prepa-
rations. The reason for this difference is not fully under-
stood. All comparisons of adsorbabilities for different
adsorbates, pH, etc., were carried out on samples from
the same preparation.

Adsorption as a function of sodium
concentration at constant pH

Figure 7 summarizes the adsorption of Co, Cd, and
Sr as a function of sodium concentration at pH = 5 for
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Figure 6. Co distribution coefficients as a function of salt
concentration for nitrate and chloride salts and two clay prep-
arations. Solutions were buffered with 0.01 M NaAc to pH =
5.0. The 0.01-M solution contained only NaAc.

noncomplexing media (chloride for Sr, taken from
Shiao et al., 1978, and nitrate for Co and for Cd). The
log D—log(Na) function for Sr is linear, and its slope is
—1.6, in comparison with —2 expected for an ideal di-
valent/monovalent ion exchange. The log D-log(Na)
functions for Co and Cd were similar. The curves are
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Figure 7. Comparison of distribution coefficients of Sr, Co,
and Cd on montmorillonite from noncomplexing salt solutions
as a function of salt concentration. Salts used: NaCl for Sr and
Co; NaNOQ; for Cd. Acetate concentration; 0.01 M.
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not linear, and the slopes are much less than —2 ex-
pected from Eq. (3) indicating that more is involved
than the simple ion-exchange equilibrium described by
Eq. (1).

Adsorbability as a function of pH

Figures 5 and 8 show the distribution coefficients of
Co and Cd in NaCl solutions, and of Cd in NaNO, so-
lutions of different pH values. All distribution coeffi-
cients are higher at the higher pH. For Cd in nitrate
solution and Co in chloride solution, where the cations
are not complexed, adsorbability increases with pH;
this increase is higher at the higher sodium concentra-
tions. For Cd in chloride solutions, the increase of ad-
sorbability with pH is, within experimental error, prac-
tically independent of sodium concentration. The
distribution coefficient of Cd at high salt concentration
at a given pH is more than 10 times lower in chloride
than in nitrate solutions. This difference increases with
pH.

DISCUSSION

Several differences in the adsorption behavior of Cd
and Co in comparison with Sr were noted:

(1) Distribution coefficients for Co and Cd decrease
rapidly at loadings that are a very small fraction of
the capacity of the clay, whereas the Sr distribution
coefficient is constant up to loadings that are higher
by at least 1 order of magnitude than the capacity
for Co and Cd.

(2) Distribution coefficients for Co and Cd are highly
pH dependent, especially at low loading and high
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salt concentration, whereas the Sr distribution
coefficient is almost pH independent.

(3) The log D-log(Na) functions for the adsorption of
Co and Cd are curved and have slopes that are much
less than those that might be predicted from simple
ion-exchange equations. The slopes decrease as pH
increases. For strontium adsorption, the log
D-log(Na) function is linear with a slope close to
the expected value of —2.

The nature of the adsorption isotherm suggests that
adsorption takes place either on two compounds or on
two sites, i.e., the clay and an impurity, or two types
of sites on the clay itself. Peigneur et al. (1975) and
Maes and Cremers (1975) studied the adsorption of Co
on montmorillonite from a 0.01 M NaCl solution and
attributed the change of adsorbability with pH to the
change in the relative contribution of adsorption at
““broken bonds’’ and edges of particles, compared to
the contribution of the cation-exchange capacity (sim-
ple ion exchange) to the total adsorbability. The pH
effect found by Maes and Cremers (1975) is smaller than
reported here, but the NaCl concentration is also lower.
If Maes and Cremers’” explanation is valid for the higher
sodium concentration range studied here, the adsorb-
ability of the Co (and Cd) on sites sensitive to pH must
also be independent of the concentration of sodium
chloride in the solution. If this is the case, the contri-
bution of pH-sensitive sites to overall adsorption would
be more significant at high sodium ion concentrations,
where the amount of adsorption predicted by ion-ex-
change equations would be relatively low. In addition,
it is necessary that the pH sensitivity for the adsorption
of Co and Cd be similar, and higher than that for the
adsorption of Sr, as shown in this study.

Recently, Kinniburgh et al. (1975, 1976) showed that
the adsorbability of trace quantities of Co, Cd, Sr, and
other cations on hydrous oxide gels of iron and alumi-
num is high even from 1.0 M NaNO,. The reported Co
and Cd isotherms are almost identical for aluminum and
iron oxides. The adsorbability of Co and Cd is highly
pH dependent between pH 5 and 7 (the same pH range
that was studied here for the clay), while for Sr the sen-
sitive pH range is between 7 and 9. Moreover, the
change in the adsorbability per pH unit is much higher
for Co and Cd than for Sr.

In view of these observations, it seems to be reason-
able to assume that the montmorillonite in the present
study adsorbed Co and Cd on two classes of sites: on
one, cation-exchange behavior is followed, and on the
other the adsorption behavior is similar to that on hy-
drous oxide gels of aluminum and iron. The latter sites
correspond to the edges and ‘‘broken bonds’’ of the
montmortillonite, in the terminology of Maes and Cre-
mers (1975). This is also in agreement with the kinetic
observations presented in Figure 1 and with the as-
sumption that the adsorption on the second type of sites
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is slower than that on the interlayer cation-exchange
sites.

Cd in chloride solution, where the average charge of
its complexes is considerably less than +2, may be less
adsorbed by the hydrous oxides in the pH range of in-
terest, and therefore, the pH effects described for the
noncomplexed Cd are much larger. As a result, ad-
sorbability of Cd at high chloride concentration is low
even for pH of 6.5. As far as soils or sediments con-
taining large proportions of montmorillonite are con-
cerned, cadmium seems to have promise as a tracer at
high chloride concentration in the pH range studied.

SUMMARY

The -adsorbability of Cd onto Wyoming montmoril-
lonite is much lower from chloride solutions than ni-
trate solutions when the total salt concentration is
greater than 0.01 M. Also, the increase in the Cd dis-
tribution coefficient on montmorillonite with increasing
pH in the range 5-6.5 is lower in chloride solution than
in nitrate solution. Cadmium seems promising as a
tracer for monitoring movements of solutions of mod-
erate to high chloride concentration.

In noncomplexing media, the adsorbability of Cd and
Coincreases with pH, especially at high (~1 M) sodium
concentration. Cd and Co distribution coefficients de-
crease with increasing salt concentration; however,
much less sharply than the Sr distribution coefficient,
especially at higher pH value.

The distribution coefficients of Cd and Co decrease
with increasing loading on the clay. This decrease is
significant at loadings as low as 10~% moles/kg. The dis-
tribution coefficients of Sr, on the other hand, are es-
sentially constant up to 0.02 moles/kg loading, and
decrease approximately as predicted by ideal ion-
exchange behavior.

ACKNOWLEDGMENTS

Many hours of discussion with J. S. Johnson, K. A.
Kraus, and R. E. Meyer are gratefully acknowledged.
Appreciation is expressed also to B. H. Ketelle for his
help with the radioisotopes.

REFERENCES

Doner, H. E. (1978) Chloride as a factor in mobilities of
Ni(ID, Cu(Il) and Cd(II): Soil Sci. Soc. Amer. J. 42, 882—
885.

Farrah, H. and Pickering, W. F. (1976) The sorption of cop-
per species by clays: Aust. J. Chem. 29, 1177-1184.

Adsorption of cadmium and cobalt on montmorillonite

317

Farrah, H. and Pickering, W. F. (1977) Influence of clay-sol-
ute interaction on aqueous heavy metal ion levels: Water
Air Soil Pollution 8, 189-197.

Ferrell, Jr., R. E. and Price, C. A. (1978) An experimental
study of cadmium ion exchangeability: Clays & Clay Min-
erals 26, 41-44,

Frost, R. R. and Griffin, R. A. (1977) Effect of pH on ad-
sorption of copper zinc and cadmium from landfill leachate
by clay minerals: J. Environ. Sci. Health A12, 139-156.

Garcia, Miragaya J. and Page, A. L. (1976) Influence of ionic
strength and inorganic complex formation on sorption of
trace amount of Cd by montmorillonite: Soil Sci. Soc.
Amer. J. 40, 658-663.

Hodgson, J. F. (1960) Cobalt reaction with montmorillonite:
Soil Sci. Soc. Proc. 24, 165-168.

Jackson, M. L. (1956) Soil chemical analysis—advanced
course: published by the author, Dept. of Soils, Univ. of
Wisconsin, Madison, Wisconsin.

Kinniburgh, D. G., Jackson, M. L., and Syers, J. K. (1976)
Adsorption of alkaline earth, transition and heavy metal cat-
ions by hydrous oxide gels of iron and aluminum: Soil Sci.
Amer. J. 40, 796-799.

Kinniburgh, D. G., Syers, J. K., and Jackson, M. L. (1975)
Specific adsorption of trace amounts of calcium and stron-
tium by hydrous oxides of iron and aluminum: Soil Sci. Soc.
Amer. Proc. 39, 464-470.

Kraus, K. A. and Nelson, F. (1959) Anion exchange studies
of metal complexes: in The Structure of Electrolytic Solu-
tions, W. J. Hamer, ed., Wiley, New York, 340-364.

Kraus, K. A., Phillips, H. O., Carlson, T. A., and Johnson,
J. S. (1960) Ion exchange properties of hydrous oxides:
Progress in Nuclear Energy, Series 1V, 28, Pergamon
Press, Oxford, 3-16.

Levy, R. and Francis, C. S. (1976) Adsorption and desorption
of cadmium by synthetic and natural organo clay com-
plexes: Geoderma 15, 361-370.

Maes, A. and Cremers, A. (1975) Cation exchange hysteresis
in montmorillonite—a pH-dependent effect: Soil Science
119, 198-202. ‘

Maes, A., Peigneur, P., and Cremers, A. (1975) Thermody-
namics of transition metal ion exchange in montmorillonite:
in Proc. Int. Clay Conf., Mexico City, 1975, S. W. Bailey,
ed., Applied Publishing, Wilmette, Illinois, 319-329.

Nelson, F., Murase, T., and Kraus, K. A. (1964) Cation ex-
change in concentrated HCl and HCIO, solutions: J. of
Chromatogr. 13, 503-535.

Peigneur, P., Maes, A., and Cremers, A. (1975) Heteroge-
neity of charge density distribution on montmorillonite as
inferred from cobalt adsorption: Clays & Clay Minerals 23,
71-75.

Shiao, S-Y., Rafferty, P., Meyer, R. E., and Rogers, W. J.
(1978) Ion exchange equilibria between montmorillonite
and solutions of moderate to high ionic strength: ACS Sym-
posium 100, 297-324.

Smith, R. M. and Martell, A. E. (1976) Critical stability con-
stants: Inorganic Complexes, vol. 4, Plenum Press, New
York, 104-112.

(Received 14 June 1979; accepted 5 December 1979)



318 Egozy Clays and Clay Minerals

Pestome—C NOMOIIBI0 METOH2 NO3MPOBAHHOTO paBHOBeCHs M3yuasach agcopbuus Co®t m Cd?* moHT-
MOPHJLUIOHMTOM U3 Balfomunra, kax ¢yHknusi kouTueHTpauuu cosm (0,01-4 M NaCl u NaNO,), pH (5,0-
6,5), koHuenTpauuu aacopbara (cnex = 1072 MOJI/JIMTP) M TPUCYTCTBHSI COCTABJISIONIMX HOHOB. Boino
NpOBENIEHO CpaBHEHNE ¢ NOTHOLAEMOCTHIO Sr*¥, KOTOpasi, KaK H3BECTHO, OMUCHIBAETCS MPOCTHIM ypaB-
HeHHeM uoHHoro o6MeHa. Kosdduuuents! pacnpenenennst g Co m Cd B HekOMIUIeKCHOH cpefie
HM3MEHSJIHCh C U3MEHEHHEM KoHueHTpauun comu (o1 ~500 murpos/kr B 0,01 M Na* go ~10 marpos/kr
B 1 M Na*; pH = 5), Ho B Menbileii cTenenu, ueM koapduupent Wit Sr. ITornomaeMocTs TakKe
H3MeHsUIach ¢ n3meHeHueM pH (~1 nopsjok Benmunabl/equnmia pH), 0COGEHHO IpH BLICOKOM HORHOI cHJIe,
10 CPABHEHHIO ¢ He3HaunTe bHBLIM BusinneM pH Ha Sr. Kosdduuments! pacnpenenenust Cd u Co ymenn-
MAJMCH ¢ NOBBLIICHWEM HAIPY3KHM Ha TJMHY NpM O4YCHb HA3KOM nponeHTte (0,2%) MOHHOH OOMeHHOH
cnocoOHOCTH Mo ¢cpaBHEHMIO ¢ St (20%). DTH JaHHBIE YKAa3bIBAIOT HA CYIIECTBOBAHHE BYX KJIACCOB MECT
yuactBytomx B agcopbuu Cd m Co. IMornomaemocts Cd B cHAbHO KOHIEHTPHPOBAHHOM XJIOPHIHOM
pactBope (>1 M) 6buIa MeHbLUe, YeM 1 MTP/KT, NPEANONOKATENLHO 13-3a HOPMUPOBAHKS XJIOPUAHOTO
KoMiuiekca. IToT 3bdekT Bo3pacrtan ¢ yennyennem pH. Huskaa nornomaemocts Cd MoHTMOpHITO-
HHTOM K3 KOHIeHTpHpoBaHHOTo pacTBopa NaCl sisnsiercs o6ewaiomei B OTHOLICHHH €TI0 HCIIOJb30BaHAA
B KayecTBe HHAKUKATOPA U1 HaGIOJeHHs 32 IOTOKOM Yepe3 opMaliu, CoaepKalliie MOHTMOPHJIJIOHHT.
IN.R.]

Resiimee—Die Adsorption von Co** und Cd** an Montmorillonit von Wyoming wurde mittels der batch
equilibration-Methode untersucht in Abhéngigkeit von der Salzkonzentration (0,01-4 M NaCl und NaNQ,),
dem pH (5,0-6,5), der Konzentration des zu adsorbierenden Ions (Spuren—10~2 Mol/Liter) und der An-
wesenheit von komplexbildenden Ionen. Ein Vergleich wurde gezogen mit der Adsorbierbarkeit von Sr**,
die bekanntlich einfachen Ionenaustauschgleichungen folgt. Die Verteilungskoeffizienten von Co und Cd
in nicht-komplexbildenden Medien variierten mit der Salzkonzentration (von ~500 Liter/kg in 0,01 M Na*
bis ~10 Liter/kg in 1 M Na*; pH = 5), aber in einem geringeren AusmaB als der Verteilungskoeffizient von
Sr. Die Adsorbierbarkeit variierte auch mit dem pH (~1 GroBenordnung/pH-Einheit), vor allem bei hoher
Ionenstirke, verglichen mit dem zu vernachlassigenden Effekt des pH im Fall von Sr. Die Verteilungs-
koeffizienten von Cd und Co nehmen mit zunehmender Beladung des Tons nur um einen sehr kleinen
Prozentsatz (0,2%) der lonenaustauschkapazitit ab, verglichen mit Sr (20%). Diese Ergebnisse deuten
darauf hin, dal es zwei Arten von Positionen gibt, die an der Adsorption von Cd und Co beteiligt sind.

Die Adsorbierbarkeit von Cd in hochkonzentrierten Chloridlésungen (>>1 M) war weniger als 1 Liter/kg,
wahrscheinlich wegen der Bildung von Chloridkomplexen. Dieser Effekt vergroBert sich mit zunehmendem
pH. Die geringe Adsorbierbarkeit von Cd an Montmorillonit aus konzentrierten NaCl-Losungen ist viel-
versprechend im Hinblick auf ihre Verwendbarkeit als Tracer fiir den Durchfluf durch Montmorillonit-
hiltige Formationen. [U.W.]

Résumé—L . adsorption de Co?* et de Cd?* sur de la montmorillonite du Wyoming a été étudiée par une
technique d’équilibration de I’entiéreté de I’échantillon en fonction de la concentration de sel (0,01—4 M
NaCl et NaNOy), du pH (5,0-6,5), de la concentration d’adsorbat (trace—10-2 moles/litre), et de la présence
d’ions complexants. Une comparaison a été faite avec ’adsorbabilité du Sr2* qui suit les équations simples
d’échange d’ions. La distribution de coefficients pour le Co et le Cd dans un milieu non complexant a varié
avec la concentration de sel (de ~500 litres/kg dans 0,01 M Na* a ~10 litre/kg dans 1 M Na*; pH = 5),
mais dans une moindre mesure que Sr. L’adsorbabilité a aussi varié avec le pH (~1 ordre de grandeur/
unité de pH), spécialementen haute force ionique, comparé i ’effet négligeable du pH sur le Sr. Les coef-
ficients de distribution de Cd et de Co ont décru avec un accroissement de la charge sur I’argile a un trés
bas pourcentage (0,2%) de la capacité d’échange d’ions, comparé & Sr (20%). Ces données suggérent 2
classes de sites participant a 1’adsorption de Cd et de Co.

L’adsorbabilité de Cd dans une solution de chlorure trés concentrée (>1 M) était moins d’un litre/kg,
sans doute a cause de la formation du complexe chlorure. Cet effet a augmenté avec I’accroissement de pH.
La basse adsorbilité de Cd sur la montmorillonite a partir d’une solution concentrée de NaCl est promet-
tante en fonction de son emploi comme traceur pour contrdler un flux a travers les formations contenant
de la montmorillonite. [D.J.]



