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ABSTRACT DE90 017760

Sorption and desorption measurements were made of strontium and cesium onto
clinoptilolite and Calico Hills tuff. The object was to see whether there was a correlation between
sorption of strontium and cesium onto Calico Hills Tuff and the clinoptilolite based on the content
of clinoptilolite in the Calico Hills Tuff. If sorption onto Calico Hills Tuff is solely due to the
presence of clinoptilolite, then the ratios of the sorption ratios on tuff to those on clinoptilolite at
similar conditions should be the weight fraction of the clinoptilolite in the tuff. Since the tuff
contained about 50% clinoptilolite, the ratios would be expected to be about 0.5 if sorption was
due solely to clinoptilolite. The experimental evidence showed that the ratios were generally near
0.5 for both cesium and strontium sorption and that ion-exchange processes were operative for
both the clinoptilolite and the tuff. However, the ratios differed to a small extent for different
conditions, and there were indications that other sorption processes were also involved.

INTRODUCTION

The sorption properties of tuff formations at the proposed site for the high-level nuclear
waste repository at Yucca Mountain, Nevada, have been extensively studied by DOE. The
composition of the tuffs at the Yucca Mountain site varies widely, and comparison of sorption
properties of tuffs is therefore difficult. In an attempt to compare sorption data for various tuffs,
correlations of the sorption ratios of some of the tuffs with their clinoptilolite content were studied
[1 ]. For cesium, strontium, and barium, the correlation with the amount of clinoptilolite in the tuffs
was fairly good; for technetium, cerium, europium, and americium there were no obvious trends
with zeolite abundance. For uranium, neptunium, and plutonium, there were no trends with
increased zeolitization; however sorption ratios were somewhat higher for zeolitized tuffs then for
non-zeolitized tuffs. A correlation is also presented in Daniels et al. [1] for cesium sorption wiih
total sorptive mineral content; this correlation is also fairly good.

Most of the reported data were taken from batch sorption experiments in air using well water
from drill hole J-13. This wellwater is a dilute solution of NaHCO3 that contains silicon in some
form and moderate concentrations of other cations (sodium, magnesium, and calcium) and
anions (sulfate, chloride, nitrate, and phosphate) [1]. Sorption ratios from this solution tend to
be very high because of the small concentrations of cations. It is difficult to determine soiption
ratios over about 3000 L/kg with precision because almost all of the tracer is removed from the
solution, and precision is poor with count rates that are only slightly above background. Unless
the solution/solid ratio is increased, which is not the case for the DOE data, there wiil always be
a problem with precise determinations of large sorption ratios. Therefore, to compare sorption
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data it would be better to use solutions of higher concentrations of competing ions (assuming
that ion exchange is the sorption mechanism); for these solutions, sorption ratios will be much
lower and thus easier to determine with precision.

Sorption is here reported as the sorption ratio (Rs), which is defined as the concentration of
a sorbed substance on the sorbent divided by its concentration in the liquid after the sorption
experiment. Similarly, the desorption ratio (Rd) is defined the same as the sorption ratio except
that it is determined in a desorption experiment. If Rs = Rd for the same experiment, the sorption-
desorption reaction is at equilibrium, and the equilibrium distribution coefficient (Kd) is often
used. Under th^se equilibrium conditions Rs = Rd = Kd.

MIXTURES OF MINERALS

Since rocks are mixtures of minerals, the relationship between sorption on mixtures and
sorption on the individual minerals is of interest. For a mineral mixture, sorption and desorption
ratios can be defined in the same way as for pure substances. The total amount of sorbed
substance on all of the minerals divided by the total weight of the minerals (concentration) is
divided by the concentration in the solution as shown by Eq. 1.

Kd = [Sn/ZwJ/C = SWiKd/W = E f ^ (1)

Here, n, are the amounts of the sorbed substance on the individual minerals, \N, are the weights
of the minerals, Kd, are the equilibrium distribution coefficients of the individual minerals, f, are
the weight fractions of the minerals, and C is the concentration of the sorbing material in the
solution. Thus, the overall distribution coefficient is the sum of the weight fractions of the
minerals times their respective distribution coefficients, and is effectively the weighted average
of the distribution coefficients. Eq. 1 also applies to sorption ratios (RJ and desorption ratios
(Rd). One of the problems in using Eq. 1 is the determination of the sorption ratios of the
individual sorbents in the mixture. Using sorption ratios determined with the individual minerals
in Eq. 1 implies the assumption that sorption ratios measured with individual minerals are
identical to those for a mixture. As discussed below, this may not necessarily be so because
various types of interactions could occur among the components of a mixture while in contact
with the solution.

Sorption on binary mixtures has been studied by Palmer et al. [2] for a number of mixtures
of well characterized minerals. In some cases, Eq. 1 adequately accounted for the overall
distribution coefficient of the mixtures, and in other cases positive and negative deviations were
observed. Because Eq. 1 follows directly from the definition of the sorption ratio (or distribution
coefficient), it must be valid for cases where there are no interactions among the minerals and
where experimental conditions are identical for measurements with the individual minerals and
with the mixtures or rock. Since deviations were observed by Palmer et al., either there were
interactions among the tested minerals or there were experimental difficulties. Some of the
deviations from Eq. 1 given in Palmer et al. [2] suggest interactions between the components of
the binary mixtures. Experiments to compare results between individual minerals and mixtures
must be done under identical conditions. If there is a dependence of sorption ratio on the
concentration of the nuclide in the solid, i. e., a non-linear sorption isotherm, then comparison
must be made at the same point on the isotherm for the individual mineral and the mixture.
Further, if sorption is dependent on surface area rather than weight, then the individual sorption
ratios must be weighted by the surface area of the sorbents.

Although a rock is composed of a number of mineral phases, it is possible that there are
interactions among the phases. Analysis by X-ray diffraction, which is sensitive to bulk
composition, would not normally show differences in the surfaces, and it is quite possible that
the surfaces may be altered. However, if sorption is sensitive to the total weight of the sorbent,
it should not matter greatiy, except perhaps for kinetics, if the surfaces are altered. Thus, to test
Eq. 1 for tuffs it is best to begin with relatively "simple" sorbents such as minerals that are known
to sorb ions in the bulk of the mineral. For that reason we selected Calico Hills Tuff, a friable tuff
that contains approximately 50% clinoptilolite, a zeolite. The principal sorbing mineral is expected



to be clinoptilolite. None of the other components of Calico Hills Tuff are expected to sorb Cs+

and Sr2* significantly, i.e., the values of Kd| for the other components are expected to be
essentially zero. Under these conditions, Kd(Calico Hills Tuff) = fjKdfclinoptilolite), and the ratio
of Kd (or Rs) for the tuff to that of clincptilolite should simply be equal to the weight fraction of
clinoptilolite.

ION EXCHANGE RELATIONSHIPS

If ion exchange is the dominant sorption mechanism on a mineral or rock, then equilibrium
relations among the various reactants should be observed. Assuming equilibrium and neglecting
effects of activity coefficients, the following relations describe an ion exchange reaction:

mMn+
aq + nAm+

ad8 = mMn+
ads + nAm+

aq (2)

[MnT a d s [AmT a q
= (3)

l M J aq[A J ads

where M and A are ions of charge n-i- and m+ respectively. The subscript "aq" indicates the
aqueous phase and "ads" indicates the sorbent. The term «„,„ is the equilibrium constant for ion
exchange. For the case of trace quantities of Mn+ and an exchanger of capacity C, the amount
of Am+ adsorbed (in equivalents) is virtually equal to C. Thus, Eq. 3 can be rewritten.

KdM
m = Kma(C/m)n/[Am+]n

aq (4)

Eq. 4 can be differentiated to give

(d log KdM)/(d log [Am+]aq) = -n/m (5)

Thus under the assumed conditions, a plot of log KdM vs log of the concentration of the ion
present in large quantities should be linear with a slope equal to -n/m. For the cases described
in this report, the exchange of trace Si2* with Na+ should have a slope of -2 and the exchange
of Cs+ with Na+ should have a slope of - 1 . Experiments of this type are tests of whether an ion-
exchange mechanism is operative in the sorption reaction. For concentrated solutions, activity
coefficient corrections may be substantial and deviations might be observed from Eq. 5 if a large
range of ionic strengths is investigated.

EXPERIMENTAL

In the experiments described here, strontium and cesium sorption and desorption were
determined on Calico Hills Tuff and clinoptilolite. NaCI solutions of various concentrations that
contained a small amount of NaHCO3 were used. An overpressure of CO2 was maintained above
the samples, which were kept in an atmosphere box during the determinations. To determine
the mechanism of sorption, these experiments were done as a function of NaCI concentration,
and one desorption experiment was done after each sorption experiment with clinoptilolite and
two successive desorption experiments were done after each sorption experiment with tuff.

The tuff used in this work was a core section of Calico Hills Tuff from well USW-G1,1474.8-
1476.0 ft [1]. It is a pumice-rich, non-welded, devitrified tuff. This core sample was ground to
<200 urn by techniques described previously [3,4]. A chip section of this tuff was characterized
by semi-quantitative X-ray diffraction and petrographic analyses at the University of Utah
Research Institute (UURI). The analyses gave the following composition: 4% quartz, 7%
cristobalite, 17% alkali feldspar, 57% clinoptilolite, 2(?)% mordenite, 3% illite and mica, and 10%
amorphous or below detection limit. The analytic techniques employed and the results of the
characterization are described in UURI report ESL-85026-RTR entitled "Petrographic Evaluation



of Five Felsic Tuff Samples from Yucca Mountain Nevada Test Site." The full text of this report
appears ss the Appendix to Meyer et al. [3]. A qualitative X-ray diffraction analysis of the ground
material ;jsed in the sorption tests showed the presence of clinoptilolite, quartz, cristobalite, and
feldspars, with the major mineral present being clinoptilolite as was observed with the chip
section. However, since only a chip section was analyzed semi-quantitatively, it is possible that
the ground sample that we used varied somewhat from this analysis.

The clinoptilolite was a sample of Hector Clinoptilolite which was ground and sieved to a
range of 45-150 \im and then submitted for X-ray diffraction analysis. It is difficult to determine
the exact purity of this sample but only a few lines of low intensity were found in the spectrum
that did not coincide with lines for clinoptilolite. Thus, it is possible that it is in the range of 90
to 95% pure. A loss of about 5% by weight, presumably water, was found upon heating at
110°C for three days. Sorption ratios presented in this report are corrected for this 5% loss of
water.

The NaCI solutions were 2-mol/L, 1 -mol/L, and 0.2-mol/L, each also containing 0.0035-mol/L
NaHC03. These concentrations were selected to test whether or not an ion-exchange
mechanism was applicable to sorption on the tuff and the clinoptilolite. The solutions were
stored and the experiments were performed in an atmosphere box containing air and enough
CO2 (1.5%) to maintain the pH at approximately 7. These conditions were found in initial
experiments to yield sorption ratios that could be determined with reasonable precision.

The tracers used were MSr (half-life 64.84 d, 514.0-kev gamma ray) and 137Cs (half-life 30.17
y, 661.6 kev gamma ray). The initial concentration of the strontium was approximately 10'12 mol/L
and that of cesium was 5 x 10"9 mol/L. The latter was attained by adding dead cesium to the
solution along with the tracer; this was done because in our experience, results with very small
concentrations of cesium often are unreliable.

All sorption experiments were done by the batch method. Details of the procedures have
been described previously [4]. Experiments were done at contact times of 0.25,1, 4, 7, and 14
days. Each desorption experiment was also equilibrated for 14 days. For the tuff, a second 14-
day desorption experiment was carried out after the first.

RESULTS

The results of strontium sorption onto clinoptilolite and Calico Hills tuff are shown in Fig. 1
and Table 1. Desorption ratios are shown in Fig. 1 only for the second desorption from tuff; for
other cases, the differences between sorption and desorption ratios are small. For all of the
systems studied, relatively constant sorption ratios were achieved within a few days [4]. The
differences in sorption and desorption ratios were slightly higher for tuff than for clinoptilolite, and
there may be a non-equiiibrium component to the sorption reaction. To study this further,
second 14-day desorption experiments were made. As shown in Fig. 1 and Table 1, the
desorption ratios for 2.00- and 1.00-mol/L NaCI solutions are approximately the same, 50.12 and
52 56 L/kg respectively, but most importantly they are significantly larger than the first 14-day
desorption ratios. For the 0.20-mol/L solution, there appears to be no significant difference
between the first and second desorption ratios; however, the standard deviations are much
larger, and therefore it is difficult to determine whether there is a trend.

For cesium sorption onto clinoptilolite (Fig. 2 and Table 2), the desorption ratios are slightly
larger than the corresponding sorption ratios for the 2.00- and 1.00-mol/L solutions. The
precision of the data for the 0.2-mol/L solution, is too low to determine a trend. In contrast to
the strontium data, the cesium sorption ratios and first 14-day desorption ratios for Calico Hills
Tuff appear to be about the same, and the second desorption ratios are not significantly larger
than the corresponding first desorption ratios.

DISCUSSION

The sorption of simple ions on clinoptilolite has been reported and studied as an ion-
exchange process [5,6,7]. In these papers, exchange experiments were described to obtain the



thermodynamic equilibrium constants of a number of ion-exchange reactions including those
studied here. However, to do this, sorption was not studied at trace loadings as we have done
here but at loadings significant with respect to the capacity. Activity coefficient calculations were
applied to the equilibrium quotients to obtain the thermodynamic equilibrium constants. If
sorption obeys a perfectly linear isotherm from trace loadings to capacity then there should be
no difference in the equilibrium constant; however, it remains to be determined whether the
isotherms for Sr2"1" and Cs+ sorption onto our sample of clinoptilolite are linear.

Table 1 Sorption of Strontium onto clinoptilolite and Calico Hills Tuff

Rs or Rd at NaCI concentation (mol/L)

2.00 Std. dev 1.00 Std. dev 0.20 Std. dev

R, Clinoptilolite 18.52 0.36 60.33 0.40 1271.1 23.0
Rd Clinoptiloiite 20.22 1.04 64.29 1.57 1142.8 132.5

RsTuff 8.44 0.16 28.16 0.14 595.4 29.3
Rd Tuff (1st desorption) 9.94 0.20 32.36 0.57 531.2 9.9
Rd Tuff (2nd desorption) 50.12 0.45 52.56 1.26 588.7 11.6

Table 2 Sorption of Cesium onto clinoptilolite and Calico Hiils Tuff

R8 or Rd at NaCI concentation (mol/L)

2.00 Std. dev 1.00 Std. dev 0.20 Std. dev

Rs Clinoptilolite
Rd Clinoptilolite

RsTuff
RdTuff (1st desorption)
Rd Tuff (2nd desorption)

To determine the ideality of the sorption reaction onto clinoptifolite at trace loadings, the data
are plotted in Figs. 1 and 2 as the logarithms of the sorption ratios vs the logarithms of the Na+

concentrations. According to Eq. 5, under ideal conditions, plots of this kind should have a
slope of -2 for sorption of trace strontium onto the sodium form of clinoptilolite and -1 for the
sorption of cesium onto the sodium form of clinoptilolite. Similarly, if the same mechanism is
operative with the Calico Hills Tuff, the same slopes should be observed. For strontium the
slopes for these plots are -1.86 for clinoptilolite and -1.87 for tuff. For Cs, they are -1.11 for
clinoptilolite and -0.97 for tuff.

The virtually identical slopes for strontium sorption onto both clinoptilolite and tuff suggest
identical ion-exchange reactions on both the tuff and the clinoptilolite. Furthermore, they suggest
that any sorption on other minerals in the tuff also obeys ion-exchange equilibrium equations.
For cesium sorption, the slopes for both clinoptilolite and tuff are close to one but differ by about
14%. Nevertheless, they are close enough to one to show that ion exchange is the probable
sorption mecnanism.
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For the 14-day sorption experiments, the ratios Rs(tuff)/Rs(clinopisiolite) are as follows:

[NaCI] mol/L
Cs
Sr

2.0
0.63
0.46

1.0
0.58
0.47

0.2
0.45
0.47

Thus, for four of the six cases, the ratio of the sorption ratio of tuff to than of clinoptilolite is
about 0.46. If Eq. 1 is valid and if ion exchange on clinoptilolite is the only sorption mechanism
operating, then this suggests that the effective clinoptilolite composition of Calico Hills tuff is
about 46%. The higher ratios of the slopes for Cs in 2.0 and 1.0 mol/L NaCI suggest another
mechanism for sorption of Cs in the fcjff; the values for Rs are moderate for Cs in 2.0 and 1.0
mol/L NaCI ( ca. 104 L/kg and 219.3 L/kg respectively), but Rs is 846 L/kg for 0.2 mol/L NaCI.
If another mechanism were present that was not dependent on salt concentration, then the lower
values at 2.0 and 1.0 mol/L would be affected most on a percentage basis. This would lead to
an increase in the ratios of the sorption ratios of tuff/clinoptilolite,

The relatively large strontium desorption ratios measured in the second desorption
experiment with Calico Hills Tuff shown in Fig. 1 and Table 1 suggest a strontium fixation process
that is not simple ion exchange. Further study would be needed to characterize this reaction.

We conclude therefore that for Calico Hills tuff, there is a very good correlation between
sorption raio and composition when experiments are done in such a way as to make the
experimental conditions for the determinations on tuff and clinoptilolite as similar as possible.
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