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Ionic conductivity of synthetic analcime, 
sodalite and offretite 
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West Germany 

The ionic conductivity of pressed pellets of dehydrated synthetic analcime, sodalite and 
offretite was determined by a.c. measurements within the range 10 Hz to 10 MHz. The ionic 
conductivity values of those zeolites exchanged with various monovalent cations were deter- 
mined by the complex impedance plane method. The conduction activation energies range 
between 63 and 1 01 kJ mo1-1 . Sodium analcime shows the best ionic conductivity, namely 
1.8 x 1 0 -4 ~') 1 cm-1 at 400 ~ C. A comparison with the conductivity of other ion-conducting 
solids was made. 

1. In t roduct ion 
There is still a great need for new solid materials that 
have a high conductivity of alkali ions. These solid 
electrolytes are used, for instance, as ion-conduction 
membranes in electrochemical batteries and as probes 
or sensors in process control and analytical chemistry. 

It is very difficult to make a priori  reliable predictions 
about the value of the ionic conductivity in a material 
with known crystal structure. In the search for new 
fast ionic conductors there are some guidelines which 
help to determine the structural characteristics that 
promote high ionic conductivity. A prerequisite for 
high ionic conductivity in solid electrolytes is a large 
number of empty sites available for the mobile ions to 
jump into. The structure should have open channels 
and cavities through which mobile ions may migrate. 
The size and charge of mobile ions play an important 
role and there must be a low activation energy barrier 
for the jumping ions between neighbouring sites. 
These structural characteristics for a high diffusion 
velocity of  ions show among others zeolites with ex- 
changeable cations. 

Several researchers have investigated the ionic 
conductivity of  zeolites [1-6]. Most of them used the 
commercially available zeolites A, X, and Y. In the 
case of the dehydrated zeolites X and Y with their 
large cavities and wide channels the mobile cations 
tend to stick at sites in the cavities and channel walls 
because of relatively high coulombic interactions. In 
the hydrated state the ionic conductivity is far from 
that of fast ionic conductors because of the relatively 
immobile large hydrated complexes in which the 
cations are usually present. Only a small proportion of 
the approximately 140 different synthetic zeolites has 
been investigated with respect to its suitability for 
solid electrolyte. 

It was thus considered worthwhile to study the 
electrical conductivity of zeolites with more compact 
structures by means of low frequency a.c. measure- 

ments. To this end we chose sodalite and analcime 
which are zeolites with narrow channel systems and 
offretite with a medium-sized free diameter in its 
channel system. Analcime possesses a one-dimensional 
channel system with non-intersecting channels. The 
free diameter of the smallest apertures in hydrated 
analcime is 0.26nm. The smallest openings in the 
three-dimensional channel system of sodalite are the 
six-membered oxygen rings of  sodalite cages with an 
active diameter of 0.23 nm in the hydrated state. In 
the three-dimensional channel system of offretite a 
0.64 nm channel runs parallel to the c axis intersecting 
two smaller channels formed by eight rings with a free 
cross-section of 0.36 x 0.52 nm 2 in the hydrated state. 
These zeolites were synthesized with different mono- 
valent cations or were ion-exchanged, respectively, to 
obtain the intended cation form. Investigations on the 
influence of several parameters, such as the cation 
type, Si/A1 ratio and the dimensions of  the internal 
framework, yield information which make it possible 
to modify zeolites in such a way as to improve their 
ionic conductivity. 

2. Experimental  details 
2.1. Synthesis and ion exchange 
Sodalite, analcime and offretite were prepared by 
crystallization from alkaline solutions and hydrogels, 
respectively, mostly in Teflon-lined stainless steel 
autoclaves at temperatures between 50 and 300 ~ C. A 
detailed description of the autoclaves used and of the 
synthesis conditions for the preparation of sodalite 
and analcime is given by Lortz [7]. Offretite was 
synthesized with reference to Raeder [8]. Our starting 
materials for the offretite synthesis were NaOH, 
KOH, and aluminium strip (p.a. Merck), SiO2 sol 
(40wt% Ludox HS40, Du Pont) and (CH3)4NOH 
(25 wt % in water, Fluka). This offretite contains in its 
synthesized form three monovalent cations which are 
TMA + (tetramethylammonium), K + and Na +. The 
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T A B L E  I Summary of  the synthesized and ion exchanged zeolites 

Type of zeolite Si/A1 or Method of  ion exchange Mol per cent 
Ga/A1 ion content 

Li-sodalite 1:1 In LiNO3 solution at 80~ 99 Li 
Na-sodali te  1 : 1 originally synthesized 100 Na  
K-sodali te  1 : 1 In K N O  3 solution at 80~ 99 K 
Rb-sodali te  1 : 1 In RbNO 3 solution at 80~ 54 Rb 

Li-sodalite 5:1 0.In Li2CO 3 solution at 80~ 80 Li 
Na-sodali te  5:1 0.In Na2CO 3 solution at 80~ 99 Na 
K-sodali te  5:1 0.1n K2CO 3 solution at 80~ 99 K 
Rb-sodali te 5:1 0.1n Rb2CO 3 solution at 80~ 97 Rb 

Li-Ga-sodal i te  1 : 1 In LiNO 3 solution at 80~ 56 Li 
Na-Ga-soda l i t e  1 : 1 originally synthesized 100 Na 
K-Ga-soda l i t e  1 : I In K N O  3 solution at 80~ 36 K 
Rb-Ga-sodal i te  1 : 1 In RbNO 3 solution at 80~ 27 Rb 

Li-analcime 2.2:1 LiNO 3 melt at 300~ with 93 Li 
originally synthesized 
Na-analc ime 

Na-analcime 2.2 : 1 originally synthesized I00 Na 
K-analc ime 2.2 : 1 In KNO~ solution, 95 K 

hydrothermal at 200~ with 
originally synthesized 
Na-analc ime 

Rb-analcime 2.2:1 originally synthesized 100 Rb 
Cs-analcime 2.6: I originally synthesized 100 Cs 

Li-offretite 3:1 In LiC1 solution at 80~ 51 Li 
Na-offretite 3 : 1 NaNO 3 melt 72 Na 
K-offretite 3:1 In KCl,solution at 80~ 98 K 
Rb-offretite 3:1 0.1n RbzCO 3 solution at 80~ 63 Rb 

crystals were separated from the mother liquor by 
filtration and subsequently washed with distilled 
water. They were dried in air at 100~ and stored in 
a desiccator over saturated aqueous Ca(NO3)z-solution 
before analysis. Silicon, aluminium and gallium were 
determined in the classical gravimetric manner. The 
content of alkali ions was determined by atomic 
absorption spectrophotometry. In the case of  zeolites 
containing organic cations an organic microanalysis 
was performed for the determination of carbon, 
hydrogen and nitrogen. Ion exchange was done by 
exchange techniques in aqueous solutions or salt melts 
with our synthesized zeolites as starting materials. 
Table I summarizes the synthesized and exchanged 
zeolites, exchange methods and degree of  exchange. 

The ion exchange in aqueous solutions was carried 
out at 80~ in PTFE-bottles, which were rotated at 
2 r.p.m. 5 g of  the zeolite and about 100ml exchange 
solution were used in each case. The solution was 
renewed after about 8 h of exchange. The silicon-rich 
TMA-sodali te (Si/A1 = 5) was transformed into Na- 
sodalite by the following procedure [7]. Thermal 
decomposition of TMA + ions at 600~ under a 
stream of  nitrogen was followed by ion exchange at 
80 ~ C with 0.1N Na2CO 3 solution, oxidation at 700 ~ C 
under a stream of oxygen and three times repeated ion 
exchange with 0.1N Na2CO3 solution at 80~ This 
Na-sodalite was the starting material for the Li+, K+, 
and Rb § ion exchange in the case of silicon-rich 
sodalites. The thermal decomposition of TMA + ions 
in offretite was carried out at 650 ~ C under a stream of 
oxygen. It was not possible to completely replace all 
the cations of the synthesized offretite with Li +, 

Na +, and Rb +, respectively. K + ions, built into the 
hexagonal prisms of the zeolite framework during 
synthesis, are not exchangeable or difficult to replace 
[91. 

X-ray diffraction patterns of  all the samples showed 
the characteristic sharp spectrum of each structure 
with no foreign peaks. 

Since it was intended to carry out conduction 
measurements at temperatures between 100 and 
600 ~ C, it was necessary to investigate the thermal 
stability of all the samples. Differential thermal 
analysis (DTA) was carried out with Linseis L62 
equipment [7, 10] over the temperature range 30 to 
1130~ with air surrounding the specimen. 

Up to far above 600~ there was no indication of 
any change in the crystal structure of the zeolites. 
Fig. 1 shows typical DTA curves of the sodalite series. 
The endothermic peak in the lower temperature range 
is due to dehydration. The exothermic breakdown of 
the crystal structure in the upper temperature range 
depends on cations and shows a displacement to higher 
temperatures for larger cations. 

2.2. P repara t ion  of c o m p a c t s  
Powder compressed discs with an average diameter of  
13 mm and 0.3-0.5 mm thickness were prepared under 
vacuum with a KBr press. In general, a pressure 
of 6 x 108 Pa was applied. The pellet density was 
70-75% of the crystal density. To increase the mech- 
anical stability, zeolite compacts were heated in air at 
400 ~ C for 24 h. There was no indication of any crystal 
damage in X-ray diffraction patterns after application 
of pressure and after the heating cycle. A thin layer of 
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Figure 1 DTA profile of the sodalite series. A Li-sodalite (1 : 1), 
B Na-sodali te (1 : 1), C K-sodalite (! : 1), D Rb-sodali te (1 : 1). 

platinum (0.1 #m) was vacuum sputtered onto both 
sides of the compact. The powder compacts were 
carefully ground to a diameter of 5 mm. 

2.3. Procedure 
The measuring equipment with the conductivity cell 
and the data handling is described elsewhere in detail 
[7, 11]. The pellets inserted into the conductivity cell 
were heated at 400 ~ C for 1 h under an argon pressure 
of 10 Pa. The impedance measurements were carried 
out from 10Hz to 10 MHz in 300 logarithmic equi- 
distant frequency steps at each temperature using 
Hewlett Packard LF impedance analyser HP 4192 A. 
All measurements were carried out in the temperature 
range between 100 and 600~ at intervals of 25 ~ C. At 
each interval the temperature was kept constant to 
+_ I~ for at least 30min. 

3. R e s u l t s  a n d  d i s c u s s i o n  
3.1. Interpretation of impedance 

measurements 
One of the frequently used techniques to obtain 
information on the ionic conductivity of a solid 
electrolyte is to analyse a.c. measurements in the 
complex impedance plane (Argand plot). The appli- 
cation of the complex plane method in analysing solid 
electrolyte measurements was introduced by Bauerle 
[12]. To simulate solid electrolyte behaviour we chose 

Cg Cg b c D 

R b Rgb " 
Z j 

Figure 2 Anticipated equivalent circuit and complex impedance 
plane plot for polycrystalline specimens with blocking electrodes. W 
is the Warburg impedance. 

the equivalent circuit shown in Fig. 2 for our poly- 
crystalline specimen, using blocking electrodes. The 
resistance of the polycrystalline material is composed 
of the bulk crystal resistance (Rb)  and the grain 
boundary resistance (Rgb). Polarization effects at the 
grain boundaries must be considered in the form of a 
capacitance Cgb in parallel with Rg b . Cg corresponds to 
the geometric capacitance of the cell. The parallel 
arrangement of R b and Cg in series with the other 
constituents of the equivalent circuit is a good approxi- 
mation [7] for our system. There is no discharge or 
reaction at the electrode-electrolyte interface during 
a.c. measurements. This interface may be described as 
a double layer capacitance CD in series with the sample 
resistance. In parallel with the double-layer capacitance 
there is a frequency-dependent impedance, the so- 
called Warburg impedance. This impedance results in 
a spike inclined to the normal in the lower frequency 
range of the complex impedance plane plot (Fig. 2). 
The commonly accepted interpretation of a spike with 
a slope of 1 is provided by Warburg [13, 14]. The 
Warburg concept is based upon the assumption of a 
diffusive boundary condition at an electrode which 
blocks an ionic species. However, the available 
experimental data show a wide range of slope angles 
for which there is at present no generally accepted 
model [15, 16]. 

The impedance spectrum, when plotted on a linear 
scale, takes the form of a semi-circle for each RC 
element (Fig. 2). A distinct separation into two semi- 
circles corresponding to the two RC elements in our 
equivalent circuit is only possible if the time con- 
stants differ at least by a factor of 100 [17]. 

Experimentally, semi-circles with centres below the 
z' axis are often observed. This non-ideal behaviour is 
due to a distribution of relaxation times in the series 
of parallel RC elements representing the polycrystal- 
line electrolyte [18, 19]. The value ofz '  at the minimum 
ofz" in the complex plane plot is in most cases the best 
estimate for the overall resistance [20]. This overall 
resistance includes all resistance-causing phenomena 
such as intragranular and intergranular contributions 
and is a characteristics parameter when making use of 
a particular material in solid electrolyte applications. 

If there is no distinct minimum in the complex 
impedance plane plot, curve-fitting techniques [21] or 
the simulation of the equivalent circuit [22] must be 
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Figure 3 Complex impedance plane plots for analcime. A at 250 ~ C, 
B at 275~ C at 300~ D at 325~ and E at 350~ 

employed in determining the bulk resistance. The 
impedance spectra of  all our zeolite specimens showed 
pronounced minima, hence it was not necessary to 
employ evaluation techniques. 

Experimental data plotted in the complex impedance 
plane for analcime at different temperatures are 
shown in Fig. 3. These experimental curves are also 
typical for all the other investigated zeolites. A charac- 
teristic feature is the capacitive contribution of the 
platinum-blocking electrodes at very low frequencies 
and the presence of one semi-circle. The separation 
into two semi-circles as theoretically expected does not 
appear, for the reason stated above. From the intercept 
of  the spike and the semi-circle, respectively, on the z' 
axis the overall resistance can be determined. Taking 
into consideration the geometrical parameters of  the 
pellet the conductivity value may be obtained. 

3.2. The  ac t iva t ion  e n e r g i e s  
The activation energy for conductivity can be obtained 
with the application of Arrhenius plots according to 
Equation 1 [23] 

a = ( l /T )  x A x exp (--AH/RT) (1) 

In general, AH is composed of the energy necessary to 
generate defect sites in the crystal and the contribution 
of energy necessary for the ions to overcome potential 
barriers during migration. 

In the temperature range investigated the number of 
thermally generated defect sites is small in comparison 
with the number of  structurally existing empty sites. 
This situation is comparable with the "extrinsic" 
range [23] of ionic crystals. The experimentally deter- 
mined activation energy represents, together with the 
foregoing assumption, the value of the potential 
energy barriers. In plotting In a T  as a function of  the 
inverse of  the absolute temperature the activation 
energy may be determined from the slope of the result- 
ing straight line. As shown in the Arrhenius plots in 
Fig. 4, the relationship between In a T  and the recipro- 
cal of the absolute temperature is linear over the 
temperature range given. 

Deviations in the activation energies determined for 
the same zeolite in several measurements extend to 
+ 3 kJ mol-  1 at maximum. These deviations are mainly 
due to the pellet preparation process as could be 
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Figure 4 Arrhenius plots for analcime, o Li-analcime, zx Rb-  
analcime, O Na-analcime, �9 Cs-analcime, �9 K-analcime. 

shown in comparison with a series of single crystal 
measurements and measurements of test circuits. 

Data on the ionic conductivities at different tempera- 
tures and the activation energies of one representative 
series of each zeolite are summarized in Table II. 

In Figs 5 and 6 the variation of AH with cationic 
radius is shown. There are similar tendencies in anal- 
cime, offretite, Sodalite (1 : I )  and Ga-sodalite with 
respect to the variation of AH with cationic radius. 
These zeolites show a pronounced minimum in AH for 
Na + ions. 

In general, the coulombic attraction between the 
exchangeable cations and the negatively charged crystal 
lattice decreases with increasing cation radii. Hence, a 
decreasing activation energy with increasing cationic 
radius could be expected. However, this statement is 
only true for large channel diameters, for example for 
zeolites with faujasite structure [1]. For channel systems 
with smaller diameters a steric constriction must be 
considered. The increasing activation energy in the case 
of K +, Rb +, and Cs + ions is due to the steric contri- 
bution. Consequently, there should be a continuous 
increase in activation energy with increasing cationic 
radius. However, Rb-analcime does not follow this 
continuous rise, a fact for which we cannot give any 
explanation. In the case of Rb-sodalite the smaller AH 
value in comparison with K-sodalite is caused by 
incomplete ion exchange. Only 56% of Na + ions were 
replaced by Rb + ions. It is the contribution of the 
remaining Na + ions that leads to a lower activation 
energy. 

A different dependence of AH on the cationic radius 
is shown in Fig. 6 for the silicon-rich sodalite series. The 
minimum value of AH is for the potassium form. Its 
value is very small in contrast to that of the potassium 
form of the other sodalites. AH of the lithium form of 
silicon-rich sodalite is much higher in comparison to the 
corresponding sodalite with an Si/A1 ratio of 1 : 1. The 
following reasons may be given. The negative charges 
of the lattice in silicon-rich zeolites are at a greater 
distance from each other than in zeolites with smaller 
silicon content. This greater distance creates a longer 
path for the cations when jumping from one site to 



T A B L E  I I  Ionic  conduct ivi t ies  and  ac t iva t ion  energies o f  dehydra t ed  zeolites at  different t empera tu re s  

Zeolite a (f~ 1 cm I) 

300~ 400~ 500~ 600~ 

A H  

(kJ mol  - 1 ) 

Li - ana l c i m e  3.1 x 10 .6 2.8 x 10 .5 1.5 x 10 -4 

N a - a n a l c i m e  2.6 x 10 -5 1.8 x 10 -4 6.7 x l0 4 

K - a n a l c i m e  3.0 • 10 6 2.4 x 10 -5 1.0 x 10 4 

R b - a n a l c i m e  1.0 x 10 7 8.7 • 10 .7 3.7 x 10 6 

Cs -ana l c i m e  - 2.6 x 10 .7 1.7 x 10 6 

Li -soda l i te  ( l : l )  1.6 x I0 6 1.7 x 10 .5 9.1 x 10 5 

N a  sodalite (1 :1 )  2.2 x 10 6 1.8 x 10 -5 8.4 • 10 5 

K - s o d a l i t e  ( 1 : 1 )  2.4 x 10 6 4.1 x 10 .5 3.1 x 10 4 

Rb-soda l i t e  ( 1 : 1 )  4.5 x 10 7 6.2 x 10 -6 5.0 x 10 .5 

Li -soda l i te  (5 :1 )  9.1 x 10 -8 1.4 x 10 .6 1.0 x 10 5 

N a - s o d a l i t e  (5: 1) 2.9 x 10 -7 3.7 x 10 .6 2.2 x 10 -5 

K - s o d a l i t e  ( 5 : 1 )  1.8 x 10 .6 1.4 x 10 .5 6.3 x 10 5 

Rb- soda l i t e  (5: 1) - - 1.1 x 10 7 

L i - G a - s o d a l i t e  6.6 x 10 7 7.6 x I0 6 3.9 x 10 -5 

N a - G a - s o d a l i t e  2.4 x 10 -6 2.3 x 10 -5 1.5 x 10 -4 

K - G a - s o d a l i t e  3.7 x 10 -7 5.5 x 10 .6 4.5 x 10 -5 

R b - G a - s o d a l i t e  1.3 x 10 .7 2.1 x 10 -6 2.1 x 10 5 

Li-offret i te  1.1 • 10 -6 1.2 x 10 5 7.0 x 10 5 

Na-of f re t i t e  9.9 x 10 6 7.3 x 10 5 2.4 x 10 4 

K-of f re t i t e  1.5 x 10 6 1.2 x 10 -5 6.4 x 10 .5 

Rb-of f re t i te  5.7 x 10 7 6.3 x 10 6 4.1 x 10 5 

5.4 x 10 4 77 

1.9 x 10 3 63 

3.6 x l0 -4 73 

1.0 x 10 8 70 

8.7 x 10 6 90 

4.0 x l0 4 80 

3.2 x 10 -4 72 

1.3 x l0 -3 93 

2.0 x 10 -4 91 

4.5 x 10 -5 92 

8.3 x 10 5 84 

1.6 x l0 4 69 

3.9 x 10 -7 82 

82 

8.7 x 10 4 81 

2.6 x 10 4 93 

1.4 x 10 4 101 

2.5 x 10 4 82 

5.8 x 10 4 61 

2.0 x 10 -4 74 

1.7 x 10 4 84 

another which is accompanied by a rise in AH. Besides 
electrostatic forces between ion and lattice and sterical 
effects a third contribution must be taken into account 
in the discussion of the activation energy of ionic 
conductivity. This is the intercationic repulsion which 
increases with increasing cationic radius in the case of 
equal cation concentration. For silicon-rich sodalite the 
cation density is only 1/3 of that in sodalites with Si/A1 
and Si/Ga, both of which are 1 : 1. Consequently, there 
is a smaller contribution of intercationic repulsion in 
silicon-rich sodalite as is shown in Fig. 6 by a con- 
tinuous decrease in AH up to the potassium form. The 
rise in AH for the larger Rb § ion may be attributed to 
increasing sterical effects. 

3.3. Ionic conductivities 
Assuming similar grain-boundary effects in all the 

zeolite samples because of uniform sample preparation 
and pretreatment ionic conductivity values (Table II) 
are influenced by the zeolitic structure in the following 
way. 

Analcime with its relatively uniform channel struc- 
ture without pronounced potential wells, such as the 
/?-cages in sodalite, promotes the ionic migration 
of the small Li + and Na + ions. Therefore, ionic 
conductivity values for Li + and Na + in analcime are 
better in comparison with sodalite (1 : 1). Only for the 
bigger K + and Rb + ions where sterical effects are of 
increasing influence, do ionic conductivities in sodalite 
(1 : 1) approach those in analcime or are they some- 
what better. 

The more compact structure of  analcime promotes 
somewhat better ionic conductivity values for Li +, 
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Na +, and K + in comparison with offretite. There is a 
stronger electrostatic interaction between cations 
and the negatively charged framework in the relatively 
large channels parallel to the e axis in offretite 
which counteracts ion migration. Only for the large 
Rb + ion do sterical relations cause somewhat better 
conductivities in offretite than in analcime. The 
experimental Na + conductivity in zeolite Y, a zeolite 
with a relatively large channel system, was determined 
to be in the range between 5 x 10 9 and 7.5 x 
10 8 Q- ~ cm-1 at 400 ~ C [3]. This conductivity is three 
orders of magnitude lower in comparison with the 
values for ionic conductivity in the zeolites used in our 
investigations. However, in making comparisons one 
must keep in mind differences in the experimental 
procedures, including sample preparation and pre- 
treatment, and in the method for determining ionic 
conductivities from a.c. measurements. 

Zeolite A shows a Na § conductivity of  4.7 x 
1 0 - 4 ~ - l c m  -1 at 400~ [7] as measured in our 
laboratories in the frequency range 10 Hz to 10 MHz 
and determined with the complex plane method. This 
value of ionic conductivity is somewhat better than 
that of analcime. 

Li-analcime and Li-sodalite show the best Li-- ion 
conductivities with 2.8 x 10 5 f~ ~ cm-~ and 1.7 x 
10 5fl-~ cm-~ at 400~ The Li + conductivity of  
analcime and sodalite is comparable to that in lithium 
germanates (Li2GeO3:1.5 x 10 -~ f~-~ cm -~ at 400~ 
[24]) and is better than that in lithium zincate (Li6ZnO4: 
5.8 X 1 0 - 7  ~'~_ 1 c m  -1 at 400~ [25]). 

The best Na § conductivity is shown by Na-analcime 
with 2.0 x 10 6 ~ - l c m - 1  at 200~ which is com- 
parable to the ionic conductivity in Na0.aln0.sZr0,:S2 
with 4 x 10-6 fU ~ cm ~ at 200~ [25]. 

For K + ions the best conductivity value is found in 
sodalite which is 7.1 x 10-sf~ ~cm l at425~ This 
value is greater in comparison with KF/AIF3 com- 
plexes (K2A1F5:1.5 x 10-sf~ I cm-~ and K3A1F6: 
2 x 10 s f~ ~ cm i at 425~ [26]). 

However, in comparison with well known alkali-ion 
conductors such as/~-alumina, the ionic conductivity 
in analcime, sodalite and offretite is several orders of 
magnitude lower. 

At present we are working on a further improvement 
of the ionic conductivity in dehydrated zeolites. This 
seems to be possible by carefully directed variation of 
electrostatical and sterical relations between zeolite 
framework and migrating ions. Preference will be 
given to more compact structures as a result of our 
experiments up to the present. 
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