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ABSTRACT: Assessing the suitability of Yucca Mtn., NV as a potential repository tor high-level nuclear
waste requires the means to simulate ion-exchange behavior of zeolites. Vanselowand Gapon convention
cation-exchange models have been added to geochemical modeling codes EQ3NR/EQS, allowing ex-
change to be modeled for up to three exchangers or a single exchanger with three independent sites. So-
lid-solution models that are numerically equivalent to the ion-exchange models were derived and also
implemented in the code. The Gapon model is inconsistent with experimental adsorption isotherms of
trace components in clinoptilolite. A one-site Vanselow model can describe adsorption of Cs and Sron
clinoptilolite. but a two-site Vanselow exchange model is necessary to describe K contents of natural

clinoptlolites.

1 INTRODUCTION

Assessing the suitability of Yucca Mtn.. Nevada as
2 potental repository for high-level nuclear waste
requires the means to simulate ion-exchange be-
havior of clays and zeolites. Clinoptilolite is the
most abundant cation exchanger at Yucca Mtn. Its
cation-exchange properties will affect the parti-
tioning of radionuclides between tluid and solid
phases. The distribution of cations occupying the
exchange site of an ion-exchanger may be de-
scribed and simulated using either solid-solution
or cation-exchange models.

Solid-solution models simulate compositional
changes in clinoptilolite during dissolution/precip-
itation and are necessary to compute changes in
clinoptilolite compositions during reaction path
modeling simulations. Cation-exchange models
allow ion exchange to be simulated independently
of dissolution/precipitation. and are necessary for
simulating ion exchange for phases that are not in
overall equilibrium with the tluid. for phases tor
which thermodynamic stability data is lacking. and
for multi-phase exchangers such as soils.

Additional solid-solution models and a new ca-
tion-exchange option have been implemented in
geochemical modeling codes EQ3/6 (Wolery et al.
1990) to simulate the interrelated processes ot dis-
solution/precipitation and ion exchange. respec-

tively. The newly implemented Vanselow and Ga-
pon exchange models and an ideal site-mixing
solid-solution model were compared to each other
and examined with respect to their ability to match
field and experimental data for Yucca Mtn. tuffs.

2 CATION-EXCHANGE MODELS

The cation-exchange option implemented in
EQ3/6 allows exchange to be modeled for up to
three exchangers or a single exchanger with three
independent sites according to either the Vanse-
low or Gapon exchange conventions. The ex-
changer is treated as an aqueous ligand: thus. only
instantaneous ion exchange is considered.

The Vanselow and Gapon models differ in the
stoichiometry of the exchanger components used
to define the exchange reaction. Only ideal ex-
change is considered. and thus for both models.
the acnvity of the exchanger compenent is equal to
its mole fraction in the exchanger.

The Vanselow exchange component is M-Z,,,
where M is a cation of valence m and Z represents
one equivalent of exchanger. For heterovalent ex-
change (e.g. Na -Ca) involving z equivalents of ex-
changer. the Vanselow model exchange reaction is

:Na-Z + —'_";-Ca*' Y= E-Ca-Zz + zNa* . (1)



For ideal exchange, the activity of the exchange
companent, M~Z,, is equal to

Ay.z. = Xyoz, = Xy (2)

where Xjy.z, is the mole fraction ot component
M-Z,, in the exchanger and xys is the mole fraction
of cation M on the exchange site. Thus, the activity
of the exchange component in the ideal Vanselow
model is equal to the mole fraction of the cation
on the exchange site.

The Gapon exchange component is M y,,-Z. For
Na-Ca exchange, the reaction is

:Na-Z + =Ca** = 2Cay;p-Z + zNa* .| (3)

and for ideal exchange, the activity of the exchange
compenent is equal to

Oy, .7 = Xw,v,,,.z = FEy . (4)

where Xiym-z is the mole fraction ot component
My=Z in the exchanger and Fay is the equivalent
fraction of cation M on the exchange site. Thus, the
activity of the exchange component in the ideal
Gapon model is equal to the equivalent fraction of
the cation on the exchange site.

Activity coetticients for Vanselow and Gapon
aquecus exchanger complexes, consistent with
Eqgs. (2)and (4). are equated in EQ3/6 to the terms

n
1/ S_C-\h—z »and /Ty, respectively. where Cay.,
k
is the molal concentration of the kth Vanselow
complexand Tz is the total equivalents of exchang-
erin the simulation. The activity coetficient tor the
exchanger ligand is set to unity. The association
constants for the exchanger/cation complexare set
so that the concentration of uncomplexed ex-
changer ligand is small.

The EQ3/6 input files were moditied to allow
the user to specity the amount ot exchanger orsite,
its initial composition, and the logK,'s or the free
energies of the binary exchange reactions.

3 SOLID-SOLUTION MODELS

The activity ot a component end-member ina solid
solution can be described in terms of the occupan-
¢y ot atoms and vacancies that mix on the crvstal-
lographic sites in the solution. [n the simplest case,
ideal site-mixing (ISM). the mixing of atoms on the
site is ideal (Helgeson & Aagaard 1985),

If the entity that mixes on the site is a coupled ca-

m~o

tion-vacancy, MyVi1-1my where M is a cation of
valence m and Vis a vacancy, then ihe activity of
a component in the solid solution can be shown to
be (Viani & Bruton 1992)

a = X[, {5)

where N is the number of energetically equivalent
positions in the site on which mixing of cations can
occur and Xy is the mole fraction of the kih compo-
nentin the solid solution. We equate N to the nega-
tive charge on the clinoptilolite framework. This
modification of the ISM model is numerically
equivalent to the Gapon exchange model. Imple-
mentation of the model into EQ3/6 followed the
method outlined by Bourcier (1985).

If the entity thai mixes on the site is MV}, the
activity of a component is (Viani & Bruton 1992)

N/ny.

L. . 6
Z(‘Xk/m;\-) ( ‘)

k

ak::[_ =

where X represents the mole fraction of compo-
nent k= L in the solid solution and 1 is the va-
lence of the cation occupying the exchange site in
that component. This modification of the ISM
model is equivalent to the banselow exchange mod-
el and is currently being implemented in EQ3/6.

4 EFFECT OF A THIRD CATION ON BINARY
EXCHANGE

Assuming o single exchange site and ideal ex-
change, normalized non-preference (K= 1)
binary isotherms were computed for Na-Ca ex-
change at 1.0 N total normality according to the
Gapon, Vanselow, and 1SM models in the absence
of any other cation (solid lines), and in the pres-
ence of a constant equivalent traction (dashed
lines) of a third catien (M*+ Y {(FFig. 1.

lsotherms caleulated according to the Gapon
model are independent of the presence of a third
cation on the exchanger. In contrast. the ISM and
Vansetow models predict that binary isotherms de-
pend on the cancentration af other cations in the
exchanger. This dependency arises because the ac-
tvity of a given component in these models is a
tunction of the mole fractions of all other compo-
nents in the exchanger/solid solution. Ternary ex-
change data are not available to distinguish be-
tween these maodels for clinoptilolite.
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Fig. 1. Non-preference isotherms for Gapon, Van-
selowand ISM models. Eny ¢ = equivalent frac-
tion ot second divalent cation on the exchanger,

5 EXCHANGE AT TRACE LEVELS

lon-exchange models mu st be able to predict ad-
sorptionattrace levels of exchange in order to pre-
dict radionuclide adsorption. Adsorption iso-
therms for a divalent cation(e.g. Sr) that have been
calculated from normalized non-preterence binary
exchange isotherms (0.001N) are shown in Fig. 2.
In the absence of a second divalent cation, the Ga-
ponand ISM models predict that the adsorption of
trace quantities of Sr is non-linear (parabolic;
slope of (1.5 on a log-log plot). This cantrasts with
the observation that (race quantities ot Sr or other
divalent cations display linear (unit slope) adsorp-
tion on clinoptilolite and clinoptilolite-bearing
materials (Thomas 1987). When a second dival-
entcation is present on the exchanger. the adsorp-
tionisotherm predicted using the 1ISM model is lin-
ear, while that predicted using the Gapon model
(not shown) remains parabolic. Adsorption iso-
therms predicted using the Vanselow model are al-
wayvs linear.

In Fig. 3, experimental adsorption isotherms
{symbols) for Sr and Cs on clinoptilolite-bearing
tuff from Yucca Min. (sample YM=38) in contact
with groundwater (well J-13) (Thomas 1987) are
compared to isotherms simulated using the cation
exchange option of EQ3 (lines) assuming a
one-site Vanselow exchange model. Exchange en-
ergies, quantity and initial composition of c¢lino-
ptilolite, and total concentration of Cs and Sr used
in the simuiations were tiken from Ames (19064a.
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Fig. 2. Adsorption isotherms calculated using Ga-
pon, Vanselow, and ISM models. Enp 4+ = equiv-
alent fraction of second divalent cation.
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Fig. 3. Cs and Sradsorption on clinoptilolite-bear-
ing tutf (symbols) simulated using EQ3 and one-
site Vanselow model (lines).

1964b) and Thomas (1987) (details reported in
Viani & Bruton 1992). No attempt was made to
"7 the experimental data by varying the ex-
change energies or the quantity and composition
of the clinoprilolite exchanger used in the simula-
tions. The simulated adsorption isotherms closely
match the experimental data. Simulated adsorp-
tion isotherms tor Sr computed using the Gapon
madel (not shown) are non-linear and hence. can
not match the Sr adsorption data.



6 TWO-SITE EXCHANGE MODEL FOR
CLINOPTILOLITE

Although Fig. 3 suggests that a simple one-site ex-
change model is adequate to describe adsorption
of Cs and Sr on clinoptilolite, structure refine-
ments have shown that three crystallographically
distinct sites are present in clinoptilolite (Smyth et
al. 1990). In natural samples, K appears to be re-
stricted to one of those sites with Na and Ca dis-
tributed over the remaining sites. This observation
explains why Bruton and Viani (1990) found that
a one-site exchange model under-predicted K con-
tents in clinoptilolites from Yucca Mtn. A two-site
ideal exchange model was develaped to explicitly
account for the site that has high specificity tor K.
Because the remaining crystallographic sites do
natappear to be occupied by a specific cation, they
are represented as a single site in the exchange
model. The observation that Cs adsorption can be
accurately modeled by a one-site model but K can-
not is consistent with the finding that Cs is distrib-
uted over five low-occupancy sites and shows a
large amount of positional disorder (Smyth et al.
1990).

6.1 Ma-Ca and Na-K exchange at 25 °C

Binary exchange isotherms and equilibrium con-
stants were reported by Pabalan (1991) tor Na-Ca
and Na-K exchange at 0.0 and 0.5 N. For two in-
dependent exchange sites

log Koy = fllog K| + falog Kz (7)

where K is the equilibrium exchange constant for
the overall exchange as reported by Pabalan
(1991), f; and f> are the fractions of the total ex-
changer charge associated with sites 1 and 2, and
K; and K; are the exchange constanis for each site.
Assuming ideal Vanselow exchange. expressing
the mass action equation for reaction (1) in terms
of equivalent fractions in solution and on the ex-
changer (e.g. Sposito 1981, pg. 135), and combin-
ing with Eq1. (7). an expression is obtained that was
fitto Pabalan’s data by varying K, and f;. Estimates
of the site-specific exchange parameters that best
fitthe isotherm data at both normalities are shown
in Table 1. A comparison of the model isotherm
(solid lines) and experimental data (symbols) for
Na-Ca exchange is shown in Fig, 4.

The fit between model and data appears to be
as good as that obtained when the data is fit to a
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Fig. 4. Na-Ca isotherm. Data (symbols) from Pa-
balan 1991: two-site Vanselow model (lines) calcu-
lated with parameters in Table 1.

one-site non-ideal model (Pabalan 1991). Thus.
exchange on individual sites is closc to ideal,
thereby greatly simplifying calculations required
to simulate clinoptilolite/fluid interaction.

Table 1. Parameters used in two-site model

Exchange constant, Ky

Site fD Na ->K'@)  Na->'4Ca
Site 1 0.58 4.811 1.667

Site 2 .45 81.62 0.086

Total 1.0 17.20) (1 4393)

(1) Fraction of charge associated with site.

f1 and f> were obtained by fitting the Na-Ca ex-
change data, and were fixed at those values when
fitting the Na-K ~.xchange data. -

(2) Na—clinop. + K+ = K-clinop. + Na*

(3) Overall K,'s from Pabalan (1991)

6.2 Predictect vs. observed clinoptilolite
compositio ns at Yucca Min.,, NV

Cation occupincies of the two exchange sites were
computed using the two-site model for a clino-
ptilolite in equilibrium with groundwaters (J-13
and USWH-3) from Yucca Min. As expected from
the difference in the site-specific K., 's (Table 1),
over 987 of the K is predicted to be insite 2. over
90% of the Cais insite I, and Na is distributed be-
tween the sites.

One- and wwo-site Vanselow exchange models
were used to predict clinoptilolite compositions in
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Fig. 5. Measured (see text for references) and pre-
dicted (using one- and two-site Vanselow models
in EQ3) clinoptilolite compositions.

sitions from Yucca Mtn. (Benson & McKinley
1985, Ogard & Kerrisk 1984) and compared with
observed clinoptilolite compositions (Broxton et
al. 1986, Levy 1984; Levy, unpub. data) (Fig. 5).
Measured clinoptilolite compositions are analyses
of clinoptilolites fromdrill-hole samples collected
from the saturated zone at Yucca Mtn. The under-
estimation of K by the one-site model is evident.
Although predictions with the two-site model do
not match observed data trends, it is clear that a
multisite model is necessary to capture the com-
positional variability of clinoptilolites at Yucca
Mtn. Some of the discrepancy between prediction
and observation may be due to poor spatial corre-
spondence between fluid and clinoptilolite sam-
ples. and because compositions of tluids sampled
from water wells may notreflect the true variability
of the in-situ groundwater composition.

7 CONCLUSIONS

Cation-exchange and solid-solution models are re-
(quired to model the compositional variability of
clinoptilolite. Based on limited experimental data,
the Vanselow and ISM models appear to be the
most appropriate ideal models to use for modeling
clinoptilolite/fluid interactions. A two-site ideal
Vanselow model. derived from experimental iso-
therms. appears promising for modeling the varia-
tion of Na, K and Ca in clinoptilolite.
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