American Mineralogist, Volume 82, pages 517-525, 1997

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 Na* in single crystals of natural heulandite, N&,,Cay 5K 0o(Alge,Si,5,05,)-NH,O, and
K+, Rb+, and Cs* for Na 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 conven-
tional 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 Na+ -
Ca* is much dower than those of K+ - Na*, Rb* - Na*, and Cs* - Na*, because of
the strong Coulombic interaction of Ca2+ with the tetrahedral framework compared with
an exchange of monovalent species. The activation energy (E,) and the pre-exponential
factor (D,) were calculated from the variation of D with temperature for each diffusing
cation. Comparable values of E, for K+ - Na* and Rb* - Na* suggest a similar diffusion
process, while the lower value of E,, combined with relatively low diffusion rates for Cs*
- Na* implies a different diffusion mechanism for Cs*.

I NTRODUCTION

The cation-exchange properties of zeolite minerals
were first observed almost 100 years ago (Breck 1974).
Since then, there have been many investigations of cat-
ion-diffusion mechanisms in natural and synthetic zeo-
lites. 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 prop-
erties of many natural zeolites (e.g., analcime, leucite,
chabazite, and clinoptilolite) and many synthetic zeolites
(eg., X, NaP, K-F). However, in most of these studies
the determination of kinetic parameters mainly depended
on monitoring the variation of solution concentrations ac-
companied by a determination of the zeolite surface area.
The latter measurement is the crucia step in this tech-
nigue, 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 re-
lease H,O 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 an-
isotropy 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)Ca,(AlSi,;0,,)-24 H,0O and clinoptilolite (Na,K),
(AlsSi;0,,)-20 H,O, have been used for the removal of
radioactive Cs+ and Srz+ from low-level waste streams of
nuclear power stations and for the extraction of ammo-
nium in sewage because of their excellent selectivity of
cation-exchange and absorption (Mumpton 1988; Smyth
et a. 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 = 17.7,b = 17.9,c =74 A, B
= 116°). Channels A and B extend parallel to the c axis
and are defined by ten- and eight-membered rings of tet-
rahedra, respectively (Fig. 1). Channel C, formed by an-
other eight-membered ring, runs paralel to the a axis
(Koyama and Takéuchi 1977) and parallel to the [102]
direction (Merkle and Slaughter 1968). All channels lie
paralld 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 cat-
ions to penetrate five-membered rings of tetrahedra,
which seems unlikely for Na*, K+, Rb*, and Cs*.
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Ficure 1. A schematic representation of the cation sites and
alignment of channels in heulandite viewed down the b axis. The
A and B channels are shown parallel to c and contain the A2
and B4 cation sites (normally called M1 and M2) and the new
cations site 11-1. The C channel is parallel to a and contains the
C3 cation (normally caled M3).

axis

In a recent paper Yang and Armbruster (1996) deter-
mined the crystal structures of Na-, K-, Rb-, and Cs-ex-
changed varieties of heulandite studied by single-crystal
X-ray diffraction data at 100 K. Three genera cation po-
sitions, 11-1, C3, and B4 (Fig. 1), were found in all alkali-
cation-exchanged heulandite samples. For Rb- and Cs-ex-
changed crystals, the additional cation site A2 also occurs
(Fig. 1). The letter of the cation position represents the
channel (defined above) where the cations were located,
and the Roman numera represents a cage. |1-1 indicates
a site close to the wall of cage Il, which is formed by
two ten-membered A-rings and two eight-membered
C-rings (Yang and Armbruster 1996). For all exchanged
samples, the highest cation concentration was located at
C3, near the center of an eight-membered ring formed by
(Si,AQ, tetrahedra. This cation site nomenclature was
developed by Yang and Armbruster (1996) to correlate a
cation’s location to a channel (i.e., A, B, or C) or a cage
type. Past cation site designation (Gunter et al. 1994)
would relate Nal (= M1) to A2, Ca2 (= M2) to B4, K3
(= M3) to C3, while the 1I-1 site would be in a similar
location to that of Pb5 (Gunter et al. 1994).

Tiselius (1934) showed that the rate of hydration and
dehydration of heulandite single crystals under conditions
of controlled vapor-pressure and temperature can be
guantitatively measured by the change of optical birefrin-
gence and extinction angle on (010) crystal plates. Gunter
et a. (1994) reported that the birefringence, 3 (010), is
0.0010 for a natural Carrich heulandite, 0.0026 for a
Na-exchanged heulandite, and 0.0145 for a Pb-exchanged
heulandite. With b = Z, the extinction angle (X : ¢)
changes from 7° (non-exchanged) to 19° (Na-exchanged)
to 11° (Pb-exchanged). Thus the birefringence and optical
orientation of the samples before and after exchange var-
ied dramatically. These experiments indicate that cation-
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Ficure 2. Photomicrograph taken with crossed polarizers
showing Rb* exchange into a Na-exchanged heulandite at 330
K after 24 h. The diameter of the crysta is approximately 350
pwm. The light rim of the crystal shows the Rb-exchanged zone,
approximately 96 pm, and the dark boundary indicating that the
exchange process had not yet been completed. Note also that the
center of the crystal is not at perfect extinction but is a few
degrees off. This slightly off-extinction position induces no error
in the measurement of t but allows for better visua distinction
of the dark boundary.

diffusion kinetics in heulandite can also be monitored
with a polarizing microscope, provided that the ex-
changed cations lead to a variation of birefringence or
extinction angle on (010).

Relative differences in the extinction angles were used
herein to perform a systematic quantitative study of alkali
group ions exchanged into heulandite single crystals.
Thus diffusion in heulandite could be directly observed
with a polarizing microscope by placing the non-ex-
changed core at extinction and measuring the non-extinct
exchanged rim to determine the depth of cation diffusion

(Fig. 2).
EXPERIMENTAL M ETHODS

As starting material, coarse-grained heulandite from
Nasik, India (Sukheswala et a. 1974) with the composi-
tion Nao.%cas.stho.og(Als.ezsi27.51072)'nH20 was used. The
large single crystals were ground and sieved to an ap-
proximate grain size of 0.1-0.5 mm. The exchange-dif-
fusion experiment of Na+ with natural Carich heulandite
was carried out by heating heulandite samples in 2M
NaCl solution. A teflon-coated autoclave was used for
high temperature exchange experiments (> 373 K). The
other exchange-diffusion experiments were performed by
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Ficure 3. Schematic variation of the concentration profile
of ingoing diffusing cations between crystal rim and crystal core
for different diffusion times: (I) after short diffusion time and
(I1) after long diffusion time.

heating Na'-exchanged heulandite crystals in 2M potas-
sium-, rubiaium-, and cesium-chloride solutions. The so-
lutions contained about a twenty-fold excess of the ex-
changeable cations. Under these conditions, the
concentrations of cations were assumed to be constant on
the surface of the exchanger, and film resistance can be
ignored. During the exchange process, about 100 grains
were taken from the solution at set intervals, washed with
cold, distilled water, and dried in air at room temperature.
The crystals were placed in a an immersion liquid with
a refractive index close to that of the crystals and all
required measurements made within a few minutes.
During the exchange process, the chemical composi-
tion of the crystal rims changed because of cation diffu-
sion. Consequently, the refractive indices and the optical
orientation of the rims changed. Thus, in cross-polarized
light, exchanged and non-exchanged areas of the crystal
were distinguished by the variation of the extinction angle
because the non- and cation-exchanged portions of the
crystal went extinct at different settings of the microscope
stage. In genera, ten to fifteen grains with well-defined
crystal edges and without cracks were selected for mea-
surement of extinction angle differences. In this way, the
dimension of the diffusion zone was measured directly
with a calibrated, adjustable cross-hair by setting the non-
exchanged crystal core at extinction (Fig. 2). Originally
it was planned to determine the anisotropy of diffusion
within the (010). We abandoned this idea because the
diffusion zones appeared to be isotropic for al exchange
experiments. Standard deviations for the length measure-
ments were obtained from measurements in various plate
directions and on various plates. It should be stressed that
this method is only possible for crystals in the monoclinic
or triclinic crystal system, because a variation in extinc-
tion angle with composition is possible. In addition, this
technique is only applicable to crystals with a one- or
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two-dimensional channel system where the channels are
parallel to the crystal plates.

Exchanged Na, K, Rb, and Cs end-member heulandite
samples used for measurement of optical properties and
composition were prepared as described above (Yang and
Armbruster 1996) but exchange times were lengthened
and higher temperatures were used in the corresponding
alkali-chloride solution. The composition of the natural
heulandite and the exchanged samples were determined
with a CAMECA SX50 electron microprobe operating at
20kV and 20 nA beam current and defocused beam di-
ameter of about 20 wm to prevent sample destruction and
loss of channel cations. Amelia abite was used as the
standard for Na*, Al3+, and Si+; orthoclase for K+; and
anorthite for Ca2+. Synthetic RbVO, and CsVO, with a
pyroxene structure (Hawthorne and Cavo 1977) were
used as standards for Rb+ and Cs-.

It might be assumed that a cation diffusion zone in a
single crystal could be measured directly by electron mi-
croprobe analyses as is done with other minerals. How-
ever, this technique has severa shortcomings: (1) cation
exchange occurs at relatively low temperature, thus zeo-
lite samples must be transferred immediately to the elec-
tron microprobe, avoiding any time-consuming prepara-
tion techniques; (2) in the vacuum chamber and under
electron bombardment, zeolites release H,0, and cation
diffusion occurs (Armbruster and Gunter 1991). For these
reasons, we found electron microprobe analyses insuffi-
cient for a quantitative determination of diffusion zones.

Optical properties, 2V and indicatrix orientation, of ex-
changed ‘end-member’ heulandites were measured using
spindle-stage extinction data and EXCALIBR (Bloss
1981; Gunter et al. 1988), and refractive indices were
determined by the double-variation method (Bloss 1981,
Su et al. 1987).

The exchange kinetics of the cation pairs 2 Na* -
Ca*, K+ - Na*, Rb* - Na*, and Cs* - Nar, where
the arrow head of a diffusion pair points to the cationic
species replaced in the structural pores of heulandite,
were studied at different temperatures. The exchange-dif-
fusion coefficients (D) were calculated by the same meth-
od used by Tiselius (1934). First, given:

x = 28V Dt @)

where, x is the diffusion distance of a cation at time t.
Next, the parameter B is determined by:

Cp—Cx_ 2 [*
CpCo_\/EL e dp

where, C, is the concentration of the diffusion cation in
a zeolite at the beginning of the exchange; C, is the con-
centration of the cation in the completely exchanged ze-
olite; C, is the concentration of the cation at the boundary
of the exchange zone. The integral of Equation 2 has the
characteristics of an error function (erf x) and was deter-
mined with a standard mathematical computer program
or could be solved by use of Table 2.1 in Crank (1992).

The relation of cation concentration and diffusion zone

@)
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TaBLE 1. Optical properties for natural and exchanged heulandite
Natural Na K Rb Cs

a 1.4969 1.4865 1.4810 1.4854 1.5005
B 1.4992 1.4880 1.4835 1.4882 1.5007
v 1.5046 1.4897 1.4878 1.4886 1.5104
mean n 1.5002 1.4881 1.4841 1.4874 1.5039
2V, () 63.5(7) 88.3(7) 69.0(2) 149.1(6) 18.2(2)
bl Z(AB) Z(AB) Y(ON) Z(OB) Z(AB)
X/\c () +11 -6 -1 +54 +100

is shown schematically in Figure 3. After a short reaction
time a sharp diffusion zone forms that spreads out and
becomes more diffuse after long diffusion times. Given a
2 um error, which occurs as the diffusion zone spreads
out, in the measurement of t in Equation 1, a resulting
ca 10% error would occur for D. The concentration of
the ingoing cation at the boundary of the optically visible
zone was assumed to be C, = (C, — Cy)/2. Given this
assumption, g in Equation 2 equals 0.468984.

Although other diffusion models have been developed
since the smple model of Tiselius (1934) that may better
define diffusion in heulandite, these models are more
complicated mathematically and may yield similar re-
sults. Many types of diffusion models exist in an attempt
to account for the different variables that can occur in the
system. For instance, some of the variables to consider
are the different diffusion paths in a material (i.e., wheth-
er the diffusion is in a cylinder, a plane, or a sphere),
infinite vs. semi-infinite diffusion, concentration-depen-
dent diffusion, and the time dependence of diffusion
(Crank 1992).

The validity of Tiselius's simple model (our Eq. 2) was
tested by comparison with diffusion models given in
Crank (1992) describing nonsteady radial diffusion in a
cylinder. We tested two separate models, Equation 5.22
and 5.33 (Crank 1992), which describe cylindrical dif-
fusion for longer and shorter periods of time, respectively.
One problem with these equations is they require a size
of the cylinder of diffusion and the diffusion depth to be
given. For our case this would be the radius of the crys-
tals, which varied dlightly, thus average observed crystal
size and diffusion depth were used. The K+ - Na* ex-
change data set was used to test these two models against
that of Tiselius (1934). These models yield values of D
approximately 70% higher and 35% lower, respectively,
than Equation 2 (i.e., less than an order of magnitude
difference). These differences are much lower than errors
associated with other methods used to determine diffusion
rates because of uncertainties in surface area measure-
ments discussed earlier.

While selection of the an appropriate diffusion model
is important to compare heulandite group zeolites with
other materials, the main purpose of this project was to
compare diffusion rates for different cations in this par-
ticular sample. Thus, we were more interested in diffu-
sion rates in heulandite to gain a better understanding of
the mechanism of cation diffusion and exchange rates

with this sample, than to determine absolute diffusion
rates for comparison with other materials.

The activation energy (E,) and thus the pre-exponential
constant (D,) can be calculated from the Arrhenius equa
tion, D = D, exp(—E/RT) because a linear relationship
exists between In D and UT. The entropy of activation
AS* was evaluated by:

2.72KTd? (AS‘*)
D, = expl—-

where, k and h are the Boltzmann and Planck constants,
respectively; Ris the universal gas constant; d, the mean
jump distance assigned a value of 5 A (the approximate
metal-metal distance in the channel); and T was assigned
the standard value of 298 K (Barrer and Rees 1960).

ResuLTs

The refractive indices, 2V, and extinction angles of the
natural sample and Na-, K-, Rb-, Cs-exchanged heuland-
ite show distinct differences, particularly in the extinction
angles (Table 1). Corresponding chemical analyses are
given in Table 2. Thus, the exchange diffusion process of
natural heulandite with Na+- and Na-exchanged heulandite
with K+, Rb,* and Cs+ can be well-resolved with a po-
larizing microscope. A photomicrograph of Rb+ diffusion
into a Na-exchanged heulandite at 330 K after 24 h shows
a light Rb+-exchanged rim and a dark core (Narich)
where diffusion did not occur (Fig. 2). The diffusion front
is about 96 pum.

Measurements of diffusion distances for exchange
pairs as a function of time and temperature are summa-
rized in Table 3. The exchange rates observed in heu-
landite single crystals are reasonably consistent with the
Vi law (Fig. 4) in agreement with previous diffusion
studies on analcime (Barrer and Rees 1960), chabazite
(Barrer et a. 1963), and mordenite (Rees and Rao 1966).
Calculated diffusion parameters are listed in Table 4.

TaBLE 2. Compositions of natural and exchanged samples

Sample Composition

Natural heulandite
Na-exchanged heulandite
K-exchanged heulandite
Rb-exchanged heulandite
Cs-exchanged heulandite

Na0.960a3.54 KO.OQ (Als 628i27.51072) n HZO
N 55Ca1.15Ko 01 (Alg 65S127.47072) NH,O
KB 54N aU.03caU.01 (Ala 555i27,34o72) n HZO
R b5.54 N ao.olcao.ls (AIB.SOSi27 17072) n H 20
C85.36N80,05C 80 20 (Alg 80S127.16072) NH,O
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Ficure 4. Average diffusion distance measurements with the polarizing microscope vs. the square root of diffusion time at
various temperatures. Solid lines result from a linear regression forced through the origin: (a) 2Na* - Ca*, (b) K+ - Nat, (c) Rb*
- Nat, (d) Cs* -~ Na*. Error bars are the standard deviation for the ten to fifteen heulandite crystals measured for each condition.
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TaBLE 3. The location of the diffusion front for the different
experimental conditions

YANG ET AL.: ALKALI EXCHANGE IN HEULANDITE

Reaction T(K) t(h) Distance (um)
2Na* - Ca?* 336.2 264.0 5.2(6)
480.0 9.4(15)
760.5 10.1(15)
1001.0 11.8(9)
1219.5 12.9(5)
356.2 67.0 5.0(4)
144.5 9.4(16)
184.0 16.1(11)
232.0 19.8(3)
328.0 23.8(25)
360.0 26.9(28)
376.2 53.0 20.8(7)
97.5 22.0(12)
1225 24.4(10)
1425 32.2(12)
166.5 35.2(13)
194.5 40.0(11)
221.0 43.0(16)
264.5 47.5(24)
425.2 3.0 7.4(5)
5.0 9.7(8)
15.0 31.3(2)
25.0 34.7(31)
37.0 41.0(14)
K* - Na* 329.7 1.8 25.8(11)
4.0 33.4(16)
5.6 37.9(11)
6.8 47.7(34)
8.6 53.1(14)
338.7 1.9 36.7(43)
2.8 42.1(18)
4.6 51.6(19)
5.8 54.8(18)
6.8 60.7(31)
348.2 0.5 30.3(17)
1.0 35.8(26)
15 40.2(12)
2.0 48.6(15)
2.6 56.3(31)
Rb* - Na* 320.2 3.0 30.3(31)
6.0 39.3(29)
9.0 47.2(32)
14.0 53.8(30)
17.0 65.3(80)
23.0 79.2(82)
329.2 2.0 36.6(25)
4.2 43.2(17)
5.8 48.9(42)
7.1 54.8(31)
8.7 63.2(12)
336.2 15 34.0(23)
2.8 45.0(41)
4.7 54.8(38)
6.6 59.3(27)
8.7 75.1(49)
348.2 0.5 38.7(15)
1.0 44.5(10)
15 51.8(5)
2.0 55.8(40)
2.6 66.5(70)
Cs* —» Na* 327.6 15 20.2(7)
3.0 24.5(13)
4.8 30.9(14)
6.3 35.8(11)
7.8 41.9(24)
336.2 15 29.4(28)
3.0 35.1(18)
5.3 41.8(17)
6.9 46.9(13)
8.7 49.7(12)
358.7 0.7 26.6(23)
14 35.1(30)
2.2 40.4(31)
2.9 49.3(24)
3.6 54.9(42)

TaBLE 4. Calculated rates for exchange diffusion

T D E, D, AS
Reaction (K) (cm?/s) (kd/mol) (cm?s)  (I/mol-K)

2Na* - Ca?* 336.2 2.0Xx 10
356.2 2.0 X 1072 78.5 0.507 20.66
3762 l11x10n
4252 80Xx10 %

K* - Na* 329.7 9.6 X 10
338.7 17X10° 69.6  98.57 64.47
348.2 3.7 X10°°

Rb* - Na* 320.2 7.8 X107
329.2 14X10° 61.7 8.66 44.25

336.2 1.9X10°
348.2 52X10°
Cs* - Na* 3276 6.6 X101
336.2 9.6 X 10 42.1 0.0034  —20.98
358.7 25X10°

DiscussioN

Comparing mean refractive indices (n) of exchanged
heulandites (Table 1), one may be surprised at the lack
of alinear trend between the atomic number of channel
cations and n. The mean refractive index of K- and
Rb-exchanged heulandite is smaller than that for Na-ex-
changed heulandite. The key to understanding this sup-
posed discrepancy is the increasing ionic radius from Na*
to Cs*. The larger the channel cation is, the less H,0 is
incorporated into the structural pores, resulting in lower
n values. An estimate of the H,O content can be derived
fromthe 100 K crystal structure data of the corresponding
samples (Yang and Armbruster 1996) where 21.5, 19.0,
17.5, and 12.5 H,O p.f.u. were refined for Na-, K-, Rb-,
and Cs-exchanged heulandite, respectively. A natural
Carich heulandite from Poona (India) with a similar
chemical composition as the Nasik sample used in this
study has 21.4 H,O p.f.u. (Gunter et a. 1994). This re-
lation between cation size and degree of hydration has a
direct bearing on the exchange experiment (e.g., the ex-
change of Na+ by Cs* isnot asimple Cs* - Na* reaction
but may be written more accurately as Cs* - Na" +
H,0); thus the diffusion of H,O also playsarolein cation
diffusion.

The diffusion of H,O in heulandite is strongly aniso-
tropic. The (001) face described by Tiselius (1934) cor-
responds to (100) in the cell setting used here with a =
177, b = 179, c = 74 A, B = 116°. This crystal face
gives no access to the A or B channels which are paralel
to this face, while the other faces studied by Tiselius
(1934) do give access to A and B channels. Below 300
K the diffusion coefficients inclined to the (100) face are
approximately one order of magnitude higher than per-
pendicular to (100). At higher temperature (but < 350 K)
the diffusion coefficients become more similar. The acti-
vation energies for H,O diffusion into heulandite are 21.3
kJ/mol [inclined to (100)] and 38.3 kJ/mol [perpendicular
to (100)]. On the basis of the crystal structure (not known
a the time of the Tisglius study), the anisotropy of H,O
diffusion indicates that H,O prefers the A channels for
diffusion. The A channels are not as strongly blocked by
cations as the B and C channels (e.g., Gunter et a. 1994,
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Yang and Armbruster 1996). In contrast to the strongly
anisotropic H,O diffusion, we find no significant aniso-
tropy for the cation exchange diffusion.

Tarasevich et al. (1988) measured thermodynamic pa-
rameters for Li+, NH;, K+, Rb*, and Cs+ diffusing into
previously Na-exchanged, microcrystalline clinoptilolite.
Clinoptilolites, although structurally identical to heuland-
ite, have less Al substituted in the tetrahedral framework.
Thus fewer exchangeable cations obstruct the channels,
increasing the diffusion rates. These authors argue that
the exchange enthal pies control the observed equilibrium
constant. AH,,, decreases from K+ - Naj,., (—17.6 k-
Jmoal), Rb* - Na‘y,, (—21.8 kJmol), to Cs* - Naj,
(—23.7 kdmal). As areason for the low energy of a Cs*
- Na* exchange, they suggest that the large cations (Cs,
Rb*) interact with more O atoms on the channel surface.

A simple model for cation selectivity was introduced
by Eisenman (1962) for glass electrodes and extended to
zeolites by Sherry (1969): the preference of the exchang-
er for one cation over another depends on whether the
difference in their hydration free energies or their Cou-
lombic energies of interaction with the fixed anionic ex-
change sites predominates. On the basis of this theory, a
diagram of free energy of exchange of alkali metal ions
for Na* as a function of anionic field strength can be
calculated. A certain field strength corresponds to a cer-
tain selectivity series. Heulandite and clinoptilolite are
low field strength zeolites (the SI/Al ratio is relatively
high) for which the theory predicts a selectivity series of
type | (Cs* > Rb* > K+ > Na* > Li*) which has been
confirmed experimentally (Ames 1960) for clinoptilolite.
The selectivity of a zeolite structure under equilibrium is
not simply related to the diffusion rate (e.g., in mordenite
the selectivity seriesis Cs* > Rb* > K+ > Na*) but the
diffusion constants of akali ions diffusing into Na mor-
denite show the sequence D, > D, > D, (Rao and Rees
1966). Diffusion rates are mainly governed by dispersion-
repulsion, Coulombic forces, and the pathways available
to specific ions.

On the basis of our own findings and literature data, a
preferred exchange mechanism, though highly simplified,
can be suggested for K+ and Rb+ exchange with Na-rich
heulandite. The ingoing cations will preferentialy ap-
proach the channel system through the eight-membered
rings (both B and C). This is supported by: (1) crystal
structure analyses (Yang and Armbruster 1996) showing
that these ring sites have the highest population of chan-
nel cations, (2) the isotropy of exchange diffusion in
(010) heulandite plates, and (3) the experiments by Tar-
asevich et a. (1988). All channels limited by eight-mem-
bered tetrahedral rings (B, C) have eight-membered ring
connections allowing access to the neighboring ten-mem-
bered tetrahedral ring A channel. If the ingoing cations
seem to avoid the A channels, then this channel may be
the preferred path of the outgoing ions to leave the struc-
ture. Tiselius (1934) showed with his single-crystal dif-
fusion experiments that H,O preferentialy diffuses par-
alel to the A channel. This is in agreement with
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Ficure 5.  The relationship of diffusion coefficients and tem-
perature for the exchange experiments.

Tarasevich et a. (1988) who propose that Na+ will diffuse
as a water complex (Na [H,QO],)* to avoid Coulomb in-
teractions with the channel surface. Thisis also supported
by the higher degree of hydration of the Na-exchanged
sample compared with the K-, Rb-, and Cs-exchanged
samples. Tarasevich et a. (1988) assumed that Cs* in
clinoptilolite also diffuses through the ten-membered
rings, while K+ and Rb* enter the structural pores pref-
erentialy through eight-membered rings.

The relation of diffusion coefficients to temperature for
exchange experiments show the diffusion rate for Na*
into natural, Ca-rich heulandite is sluggish in comparison
with the rates of K+, Rb*, and Cs* diffusion into Na-rich
heulandite (Fig. 5). At 336 K, the diffusion coefficient for
Na* into natural heulandite is almost 10¢ times smaller
than for the exchanges K+ - Na+* and Rb* - Na*, and
amost 5 x 10° times smaller than the one of Cs* - Na*
(Table 4). Barrer and Rees (1960) and Barrer et a. (1963)
pointed out that diffusion exchange depends on two fac-
tors: (1) the size of the cation relative to the free diameter
of the channels of zeolite and (2) the charge of the cation.
For the exchange process of K+, Rb*, and Cs* with
Na-exchanged heulandite, the exchanged Na* can more
easily diffuse away because the interactive force (Cou-
lombic attraction) between monovalent Na+ and the
framework is relatively weak. However, there is a rela
tively stronger Coulombic attraction between the divalent
Ca+ and the framework of the zeolite, and thus the dif-
fusion coefficient of Na* - Ce* is much smaller than
that of akali group cations exchanging with Nafilled
heulandite.
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Within the experimental temperature range (320-425
K), the diffusion coefficients for alkali cationsinto Na-ex-
changed heulandite show the sequence Dy, > D, > D,
(Table 4). This is the same sequence of diffusion rates as
for Rb*, K+, and Cs* in Nafilled mordenite (Rao and
Rees 1966), though the diffusion in heulandite is consid-
erably faster because of the higher number of intersecting
channels. However Barrer and Rees (1960) found D, >
Dr, > D, for analcime, and Barrer et a. (1963) found
D¢, > Dy > Dg, for chabazite. These differences in the
D between the different zeolites can be attributed to chan-
nel dimensions. The channels in chabazite have a free
diameter of approximately of 3.8 A (Meier and Olson
1992), which permits Cs* diffusion.

Although the main purpose of our experiments was to
determine the relative rates of cation exchange within
heulandite, it is interesting to compare our heulandite dif-
fusion results with those performed on analcime (Barrer
and Rees 1960), chabazite (Barrer et a. 1963), and mor-
denite (Rao and Rees 1966). The overall diffusion values
for al cations are Dy, > Deu > Do > Danae [N general
these results are not surprising. Heulandite has the largest,
most open channels, and analcime has the smallest. The
channel size in mordenite is larger than in both heulandite
and chabazite, but the channels are offset, and thus their
free aperture is reduced by one half (Rao and Rees 1966).
However, it should be noted that even another heulandite,
with say different Si-Al ordering or a different Si/Al ratio,
would have different values of D. For instance, the higher
the Si/Al ratio, the lower the Coulombic force, and larger
values of D would be expected. This is one reason why
clinoptilolite, which as a higher Si/Al ratio than heuland-
ite, has better cation exchange properties.

The free diameters of channel A, B, and C for heu-
landite are about 7.6 X 3.0 A, 4.6 x 3.3 A, and 2.9 X
4.7 A, respectively (Meler and Olson 1992), whereas the
diameters of alkali cations are 1.90, 2.66, 2.96, and 3.38
A, increasing from Na+ to K+ to Rb* to Cs*. It seems
that the large radius of Cs+ and its associated hydration
sphere prevent rapid diffusion through the heulandite
channels. A structural refinement reveaed that there are
four main cation sites in Cs-exchanged heulandite (Yang
and Armbruster 1996). In order to occupy these sites, Cs*
can diffuse through any of the three channel types (Fig.
1). If Cs* cannot pass through the small aperture of the
eight-member rings forming the C channels, which is the
smallest open diameter in the structure, the diffusion of
Cs* in heulandite should be strongly anisotropic because
the larger, and thus more favorable, A and B channels
extend parallel to the ¢ axis. However, no obvious indi-
cation of anisotropic diffusion was observed. In our ex-
perimental conditions this indicates that the diameters of
heulandite channels, and also the diameters of exchanging
cations, can distort to allow Cs* diffusion. The C channel
is the narrowest parallel to b. Cell dimensions of ex-
changed heulandites measured at 100 K (Yang and Arm-
bruster 1996) reveal that the b axis increases from 17.93
A (Na-exchanged heulandite) to 18.10 A (Cs-exchanged
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heulandite), supporting the assumed flexibility of the tet-
rahedral framework. Thus the C channel may retard the
diffusion of Cs* in Na-exchanged heulandite but does not
prevent Cs+ from diffusing into the crystals.

The activation energies for the exchange diffusion are
69.6, 61.7, and 42.1 kJmol for K+ - Na*, Rb* - Na,
and Cs* - Na, respectively. Following the arguments
by Rees and Rao (1966) for alkali self-diffusion in mor-
denite, comparable figures for K+ and Rb* suggest that
the interaction is mainly Coulombic because these cations
are smaller than the channel diametersin heulandite. Rees
and Rao (1966) suggest Coulombic forces predominate
when the cations are smaller than the channel free-di-
ameter, while dispersive-repulsion forces predominate
when the cations are larger than the channel-free diame-
ter. The low value of 42.1 kJmol implies a different
mechanism for Cs* diffusion in Na-exchanged
heulandite.

The activation entropy (Table 4) describes the entropy
difference between a ground state (roughly known by
crystal structure analyses) and the transition complex (un-
known). In our case the transition complex may have dif-
ferent properties because it involves the incoming and
outgoing cations including their coordination sphere, H,O
molecules in the structural channels and the rings, and
the channel surface built by (Si,Al)QO, tetrahedra. We may
assume that the transition complex has either more or less
degrees of freedom than the ground state. If the transition
state has more degrees of freedom than the ground state,
the activation entropy becomes positive and vice versa

The activation entropies calculated for 2Na- - Caz+,
K+ - Na* and Rb+ - Na* are positive. Positive entro-
pies have been interpreted as *‘window effects’ by Rees
and Rao (1966). The vibrational freedom of the O atoms
making up tetrahedral rings is reduced because the ex-
changed cations sit in the rings confining the channels. If
the exchanged cation moves from the center of the tet-
rahedral ring, the entropy is increased because the elec-
trons of the O atoms can move into the open ring (Rees
and Rao 1966). Structural refinements prove that Ca* in
natural heulandite and Na+ in Na-exchanged heulandite
prefer ring sites (Gunter et a. 1994). However, the entro-
py of activation calculated for Cs* - Na* is negative.
This has been ascribed to a cooperative movement of O
atoms of the framework and H,O molecules to facilitate
the diffusion- jump process (Barrer et a. 1963).
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