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Cationic motion in dehydrated zeolites 

R. A. Schoonheydt 

Centrum voor Oppervlaktescheikunde en Colloidale Scheikunde, K.U. Leuven 
De Croylaan, 42,3030 Heverlee, Belgium 

RCsumC. - Les ions Bchangeables dans les ~Colithes X et Y dCshydratCes, sont localisCs sur plusieurs sites, dif- 
ferent~ entre eux du point de vue coordination et Cnergie potentielle. Le nombre ile sites vides est du meme ordre 
de grandeur que le nombre de sites occupes. I1 en suit que la migration des cations est corrCl&e. La relaxation die- 
lectrique est dkcrite par un moment dipolaire par cubo-octahbdre. La grandeur de ce moment dCpend de la compo- 
sition cationique des cubo-octahkdres. La conductivitk ionique est due au mouvement des cations dans les super- 
cages. Le mouvement corrClC demande un facteur de corrklation de conductivik5 ionique dans l'iquation de 
Nernst-Einstein a part du facteur de correlation gkometrique. 

Abstract. - The exchangeable cations in dehydrated zeolites, types X and Y, are located on several energeti- 
cally and coordinatively different sites. The number of vacant sites is of the same orde; of magnitude as the number 
of occupied sites. As a result, the motions of the cations as evidenced by the dielectric relaxation and electrical 
conductivity, are highly correlated. The dielectric relaxation can be described in terms of a dipole moment per 
cubooctahedron, the magnitude of which depends on the number of cations in the cubooctahedron. The ionic 
conduction due to the movement of the cations in the supercages, requires the introdaction of an ionic conducti- 
vity correlation factor besides the classical geometrical correlation factor in the Nernst-Einstein equation. 

1 .  Introduction. - In dehydrated, synthetic zeo- 
lites, types X and Y, the exchangeable cations occupy 
well-defined sites. These sites are distinguished in' 
two aspects : the coordination offered by the lattice 
oxygens and their place in the cavities [I]. 

Table I gives a survey and figure 1 shows a general 
view of the structure. The numljer of exchangeable 
cations depends on the Si : A1 ratio and is typically 86 
for X-type and 56 for Y-type zeolites. This is less 
than the number of available sites. Consequently, 
specific cationic distribution patterns exist, depend- 
ing on the properties of the exchangeable cations and 
the site characteristics [2]. 

The mobility of the exchangeable cations was 
measured with the electrical conductivity technique 
in the frequency range 200-3 x lo6 Hz and up to 
750 K. Ionic relaxations and ionic' conduction are 
revealed and assigned to specific cationic motions. 
The ionic relaxations around room temperature are 

Table I. - Description of exchangeable cation sites 
for zeolites X and Y .  

Number of 
coordinating Number of sites 

Site oxygens per unit cell Cavity 
- - - 
I 6 16 hexagonal prism 
I' 3 32 cubooctahedron 
11' 3 32 cubooctahedron 
I1 3 32 supercage 
111 4 48 supercage 

Flg. 1. - Schemat~c drawlng of the structure of ieolites X and Y. 

due to local motion of-cations in the vicinity of sites 
I11 between two occupied sites 11. 1on.k relaxations 
above - 400 K are ascribed to @tionic'jumps inside 
the cubooctahedra, while ionic conduction was due 
to migration of exchangeable cations in the super- 
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cages. The arguments for these assignments are given 
in the original papers [3-51. 

  ow ever when it comes to an analysis of these 
movements in terms of elementarry jump processes, 
the nature of the system imposes a physically impor- 
tant boundary condition : the inumber of available 
vacant sites is of the same ord~er of magnitude as 
the number of diffusing cations. As a consequence, 
every cationic jump disturbs the equilibrium confi- 
guration of exchangeable cations in its surroundings 
and highly correlated motions result. The situation 
is similar to that of such superionic conductors as 
b-alumina. In the following paragraphs these corre- 
lations are taken into account to explain the cationic 
mobility in these systems. 

2. Ionic relaxation. - In one cubooctahedron 4 
sites I' and 4 sites 11' are available, but in dehydrated 
zeolites only sites I' are oocupied. Correlations bet- 
ween site occupancies arc: derived from the fact 
that because of electrostatic repulsions sites I and I' 
on one hand and sites 11' and I1 on the other hand 
cannot be occupied simultaneously 161. The potential 
energy of cations on the sites I' depends on the occu- 
pancy of seighbouring sites but also on the Si4+ 
and AI3+ distributions in the lattice and the coordi- 
nating properties of the exchangeable cation under 
investigation. 

On the atomic scale every cation in the cuboocta- 
hedron faces an energetically heterogeneous surface. 
Consequently, the e1eme;ritary ionic diffusion or local 
electrical conductivity .varies from site to site. The 
resulting relaxation prcxess will be characterized by 
a distribution d relaxa.ti'on times [7, 81. 

The elementary dipole is formed between- the cation 
on site I' and the negatively charged lattice. The dipole 
moment length is, not the cation-oxygen distance or the 
jump distance, But the statistical average of the pro- 
jections of all the possible cationic orientations on 
the electric, hJd axis [9]. Thus, the experimentally 
measured dipole m.oment is not the dipole moment 
per c a t i ~ n  in the cubooctahedron, but the average 
dipole moment pe.r cubooctahedron. Only with one 
exchangeable cation per cubooctahedron the two 
dipole moments are equal. When there is more than 
one cation in the cubooctahedron, the dipole moment 
of the cubooctal~edron is the vectorial sum of the 
dipole moments associated with the individual cations. 
When one catiojn jumps to a neighbouring site, the 
other adapts itself to the new situation and the indi- 
vidual dipole moments cannot be resolved. 

Clearly, when there are no exchangeable cations 
in the cuboocta'hedron, or when all the sites are occupi- 
ed, there is no net dipole moment and no ionic relaxa- 
tion. 

To substanti.ate these ideas the dipole moment per 
cubooctahedron was czstimated from the experimental 
intensities of thie ionic relaxations [3-51 and the cation 
occupancies [2, 10, 111 with neglect of the distribution 

of relaxation times. Thle Onsager-Kirkwood rela- 
tion [12] was used : 

The experimental data are summarized in table I1 
together with the calculated dipole moments, peff. 
When they are plotted as a function of the number 
of elementary positive charges per cubooctahedron 
a plot is obtained which satisfies the theoretical deduc- 
tions (Fig. 2). At zero and full occupancies of site I' 
the dipole moment per cubooctahedron approaches 
zero. 

Table 11. - Dipole monventsper cubooctahedron. 

Cations per T Perf 
Sample cubooctahed~:on K 8, E ,  cm x lo2' 
- - - - -  - 

*NaF5 2.37 519 5.3 29.0 2.87 
NaHFS(1) 1.40 640 3.0 37.0 4.12 
NaHFS(2) 0.50 631 4.7 10.0 0.79 
CaF5 0.325 627 2.9 21.9 1.52 
CuF5 1.40 625 5.6 18.6 1.76 
LaF2.5 1 .OO 800 3.0 23.0 1.06 

* The chemical symbol clenotes the exchangeable cation in the 
cubooctahedron, F the zeolites and the number following this 
sample symbol is the SiO, :. A1203 ratio. 

C;harges/ Sodalite Cage 

Fig. 2. - The dipole moment per cubooctahedron as a functlon 
of the number of cha.rges (in terms of number of monovalent 
cations) per cubooctahedron. 

It is maximum when 2 out of the 4 sites I' are occupi- 
ed by monovalent cations. Divalent and trivalent 
cations fit the cun7e of figure 2 when they are taken 
equivalent to 2 atla' 3 monovalent cations respecti- 
vely. Thus, the idea of a dipole moment per cuboocta- 
hedron has a physi.cal meaning. 
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The following picture emerges when a large tempe- 
rature domain is investigated. Below 400 K the catio- 
nic jump frequency is too low to obtain a measurable 
relaxation intensity. 

As the temperature raises and thus the jump fre- 
quency, the relaxational intensity increases. Above 
a fixed temperature, characteristic for the zeolite and 
the type of exchangeable cation, the migration is no 
longer restricted to the cubooctahedra but jumps 
between cubooctahedra and supercages become pos- 
sible. They do not contribute to the relaxation process. 
A dynamic equilibrium is established between cubo- 
octahedra and supercages. The relaxational intensity 
is at maximum intensity or decreases slightly. This 
behavior was experimentally verified [4, 51. 

In conclusion, it is clear that this picture of a catio- 
nic relaxation, restricted inside a cubooctahedron 
can be generalized to any cation moving between 2 
closely spaced boundaries. This is the case, for ins- 
tance, for Naf on sites I11 in the supercages, around 
room temperature [3]. These Na+ ions move between 
2 sites I1 occupied by Na+. 

As the mobility of Naf on I1 is low with respect to 
Naf on 111, the occupied sites I1 constitute at room 
temperature unsurmountable barriers and Na+ on 
I11 oscillates around site 111, giving rise to an ionic 
relaxation. The corresponding average dipole moment 
was calculated to be 3.32 x cm. 

3. Ionic conduction. - The ionic conduction in 
dehydrated zeolites X and Y is governed by the cations 
on sites I1 in the supercages. The elementary jump 
processes can be envisaged as I1 -t I11 + I1 [3-51. 
This system of sites in the supercages constitutes a 
superlattice structure. Every cationic jump in the 
superlattice disturbs the equilibrium distribution of 
the exchangeable cations. It necessitates the introduc- 
tion in the Nernst-Einstein relation of a supplementary 
correlation factor f , ,  besides the structural correlation 
factor [13-151 : 

The room temperature cation distribution of a 
homogeneous series of K+-saturated zeolites has 

Table 111. - Correlation coeflcients for ionic conduc- 
tivity in K + -zeolites. 

F48.2 F54.7 F69.8 F86.5 
- - - - 

P o 0.816 0.838 0.903 0.800 
40 0.033 0.092 0.310 0.796 
f (300 K) 0.366 8 0.422 6 0.526 9 0.921 5 
A (300 K) 0.391 3 0.489 9 0.765 0 1 
W (kJmol-') 9.66 7.22 4.38 1.74 

po, occupancy of sites I1 ; go, occupancy of sites I11 ; W, the poten- 
txal energy difference of Kf  on sites I1 and I11 ; f;, is the ionic conduc- 
tivity correlation factor and A the geometrical correlation factor. 
The number after the sample F is the number of kT per unit cell. 

been published [6] together with an analysis of the 
potential energy difference between the exchange 
sites [16]. This allows a calculation of the correlation 
factors with the path probability method [13-151. 
Table I shows the ionic conductivity correlation 
factor A and the geometrical correlation factor f. 
FI increases monotonically with site occupation 
p[=  1/2Cpo + q,)] to reach the value 1 for nearly 
equal occupancies of the 2 sites i.e. no potential energy 
difference between sites I1 and 111'. Such a behavior 
satisfies the theoretical predictions [13-151. F is 
composed of the individual correlation coefficients 
of the 2 migration processes : 

Its value depends on the diffusion mechanism. In the 
limit of p -+ 1 this mechanism is an interstitialcy 
mechanism for which f + 1 (17) as shown by our 
results. It should be interesting to investigate the 
behavior of the correlation factors for isostructural 
zeolites with p < 0.4 but they do not exist. 
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DISCUSSION 

Question. - K .  FUNKE. Reply. - R. A. SCHOONHEYDT. 
Which were your experimental relaxation times The relaxation times were in the MHz range. 

obtained from your Cole-Cole plots ? 
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