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Na, K, Rb, and Cs exchange in heulandite single crystals: Diffusion kinetics
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ABSTRACT
Diffusion-exchange kinetics were determined at temperatures between 320 and 425 K
for Na1 in single crystals of natural heulandite, Na0.96Ca3.54K0.09 (Al8.62Si27.51O72)·nH2O, and
K1, Rb1, and Cs1 for Na1 in Na-exchanged heulandite. Cation diffusion was measured on
(010) cleavage plates with the aid of a polarizing microscope. This is possible because the
optical properties, in particular the extinction angle, vary with the chemical composition
of the channel occupants. This optical method is restricted to platy zeolites of monoclinic
or triclinic symmetry where the channels are parallel to the crystal plate. Unlike conventional measurements, this method does not require the determination of the surface area
of the zeolite.
No indication of anisotropic diffusion was observed on (010) plates for any of the
exchanged cation pairs. Diffusion coefficients (D) show that the diffusion rate of Na1 →
Ca21 is much slower than those of K1 → Na1, Rb1 → Na1, and Cs1 → Na1, because of
the strong Coulombic interaction of Ca21 with the tetrahedral framework compared with
an exchange of monovalent species. The activation energy (Ea) and the pre-exponential
factor (D0) were calculated from the variation of D with temperature for each diffusing
cation. Comparable values of Ea for K1 → Na1 and Rb1 → Na1 suggest a similar diffusion
process, while the lower value of Ea, combined with relatively low diffusion rates for Cs1
→ Na1 implies a different diffusion mechanism for Cs1.

INTRODUCTION
The cation-exchange properties of zeolite minerals
were first observed almost 100 years ago (Breck 1974).
Since then, there have been many investigations of cation-diffusion mechanisms in natural and synthetic zeolites. Barrer and Hinds (1953), Barrer et al. (1963, 1967),
Barrer and Munday (1971a, 1971b), Ames (1960, 1962),
and Sherry (1966) have studied the cation-exchange properties of many natural zeolites (e.g., analcime, leucite,
chabazite, and clinoptilolite) and many synthetic zeolites
(e.g., X, Na-P, K-F). However, in most of these studies
the determination of kinetic parameters mainly depended
on monitoring the variation of solution concentrations accompanied by a determination of the zeolite surface area.
The latter measurement is the crucial step in this technique, and surface area measurements may result to errors
in D by three orders of magnitude (Rees and Rao 1966).
The krypton adsorption method, which is frequently used
to measure the surface area of a zeolite powder, may lead
to incorrect results if during the measurement zeolites release H2O or if krypton enters the structural pores (Barrer
et al. 1963). In addition, experiments using powdered
samples do not provide any direct information on the anisotropy of exchange kinetics. A simple effective method
for the direct observation of cation diffusion in zeolite
single crystals has not been reported to date.
Minerals of the heulandite structure type, heulandite
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(Na,K)Ca4 (Al9Si27O72)·24 H2O and clinoptilolite (Na,K)6
(Al6Si30O72)·20 H2O, have been used for the removal of
radioactive Cs1 and Sr21 from low-level waste streams of
nuclear power stations and for the extraction of ammonium in sewage because of their excellent selectivity of
cation-exchange and absorption (Mumpton 1988; Smyth
et al. 1990).
Heulandite belongs to the family of platy zeolites. Its
framework is composed of dense (010) layers formed by
four- and five-membered rings of (Si,Al) tetrahedra.
These layers are connected by relatively sparse (Si,Al)O-(Si,Al) columns. The crystal structure is characterized
by three kinds of channels (Fig. 1) defined by tetrahedral
rings (unit-cell setting: a 5 17.7, b 5 17.9, c 5 7.4 Å, b
5 1168). Channels A and B extend parallel to the c axis
and are defined by ten- and eight-membered rings of tetrahedra, respectively (Fig. 1). Channel C, formed by another eight-membered ring, runs parallel to the a axis
(Koyama and Takéuchi 1977) and parallel to the [102]
direction (Merkle and Slaughter 1968). All channels lie
parallel to (010) (Fig. 1). The channels, in turn, produce
the perfect (010) cleavage found in this family of zeolites.
Thus at low temperature (, 500 K), significant cation
diffusion in heulandite occurs only parallel to the (010)
plane. Diffusion perpendicular to (010) would force cations to penetrate five-membered rings of tetrahedra,
which seems unlikely for Na1, K1, Rb1, and Cs1.
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