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Abstract--New information is presented relating to the hydrothermal stability, lattice parameters, and 
adsorptive, electrical, and catalytic properties of synthetic and natural faujasite. Present concepts con- 
cerning the nature and relationship of synthetic and natural faujasite are restated to be consistent with 
the experimental evidence and the developed physical model. The major structural and physicochemi- 
cal properties reflect the close similarities and smooth gradations expected of substitutional members 
of a continuous series. The existing division of the range (2-6) of SiO2/A1203 mole ratios (S/A) at 3 into 
two compositional subranges is shown to be unjustifiable and rather misleading. Individual composi- 
tions from these two subranges do not represent distinctly different zeolite species; instead, it is 
demonstrated that they are members of a continuous series with smoothly changing properties over 
the studied range of SiO2/AI~O3. Some of the properties of the natural mineral faujasite are found to be 
very similar to those of the synthetic analogs with the same SiO2/A1203 mole ratio. 

Finally, a plea is made for a uniform nomenclature which will serve to identify specific (single) 
compositions (instead of ranges of compositions); reflect the continuity, close similarities and inter- 
relationships in their main structural and physicochemical properties; and also identify the characteris- 
tics of the faujasite group. 

INTRODUCTION 
HISTORICALLY, experimental work on crystalline 
aluminosilicates of the faujasite type started when 
Damour (1848) published a chemical analysis of 
faujasite. Synthetic zeolites designated as X and Y 
were produced by Milton (1959) and Breck (1964). 
The X-ray work of Baur (1964), Bergerhoff et al. 
(1956) and Broussard and Shoemaker (1960) and the 
adsorption studies of Barrer et al. (1957) estab- 
lished the structural identities of these synthetic 
zeolites and the natural mineral. However, the loca- 
tion of certain cations in the aluminosilicate 
framework and the relative degree of (Si, A1) order- 
ing in the lattice still remain uncertain and may be 
different in the synthetic and natural species. 

It is possible to synthesize hydrothermally a con- 
tinuous series of faujasite zeolites with uniform 
compositional wariation. Breck (1964) has divided 
this series into two compositional ranges, one a 
high alumina species designated as type X, the 
other a high silica species designated as type Y. 
Over the entire silica-alumina range from 2--6, the 
unit cell dimensions for zeolites in both ranges were 
found (Breck arid Flanigen, 1968) to vary linearly 

with the degree of replacement of Si by A1 in the 
crystal framework. A SIO2/A1203 mole ratio (here- 
after referred to as S/A) of three was chosen 
(Breck, 1964) as the boundary between type X and 
type Y. It has also been stated (Breck, 1964) that 
Zeolite X is distinctly different from Zeolite Y and 
that both are different from natural faujasite. Thus, 
according to this scheme, there occurs within the 
substitutional series three distinctly different zeo- 
lite species; namely, X, Y and natural faujasite. To 
justify this distinction Breck (1964) stated that X- 
ray data (structural properties) had to be consi- 
dered together with other properties, such as chem- 
ical composition, hydrothermal stability, adsorp- 
tion, and ion exchange. 

This paper reviews the earlier work and presents 
new information which establishes the close simi- 
larity in the hydrothermal stability, adsorption and 
other properties of both synthetic and natural fau- 
jasite. It is also shown that there is no justification 
within these properties of the substitutional series 
to warrant a division at a S/A of three, or at any 
other point. 

The main criteria used by Breck (1964) for the 
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distinction between X, Y and natural faujasites 
were hydrothermal stability, ionic conductivity, 
and sorption properties. In this paper, these same 
properties and additional structural data support 
the lack of any such distinction and demonstrate 
the similarities in the properties of the substitu- 
tional members of the faujasite series. Further, 
these new data should help resolve the conflicts in 
the conclusions of Breck (1964); Dempsey, KiJhl 
and Olson (1969); Wright, Rupert and Granquist 
(1968, 1969); recently summarized by Smith (1971). 

MATERIALS AND METHODS 

The zeolites were synthesized from pure chemi- 
cals by the procedures of Barrer (1959); Milton 
(1959) and Breck (1964). Samples were analyzed by 
X-ray diffraction and fluorescence, chemical 
analysis, and by the electron microprobe. Repeat 
preparations were made at each desired composi- 
tion, and those samples with the highest crystallin- 
ity and most uniform crystals were selected for the 
detailed study. Special care was taken to eliminate 
occlusion of free sodium silicate in the zeolite 
crystals. The Na20/A1203 mole ratio was kept close 
to unity by ion exchange with NaCI. The selected 
zeolites contained less than 20 ppm Fe and less than 
80 ppm Ca and Mg. The S/A was determined both 
by wet chemical analysis and by X-ray fluores- 
cence. 

The samples usually were activated by room 
temperature desorption under vacuum for several 
hours followed by a slow temperature increase 
(about 2~ to the 400--450~ range where the 
samples were kept at approximately 10 7 torr for 
periods of 8-16 hr until the dehydration was com- 
plete. A McBain balance and a mass spectrometer 
were used routinely to establish complete dehydra- 
tion of the samples and to avoid unnecessarily pro- 
longed heating. The samples with higher AI con- 
tents required longer heating under vacuum to re- 
lease the last traces of water. 

The X-ray measurements were done with CuKa 
radiation at scanning rates of 2 ~ and 0.25 ~ 20/min. 
An average value of the unit cell parameter a was 
obtained from several diffraction peaks for each 
sample. The (9 values were corrected by the known 
reflections of either NaC1 or metal oxides, which 
were mixed together with a portion of zeolite 
sample. 

Ion exchange was usually done by percolation; 
i.e. a concentrated solution of the salt of the ex- 
changing ion was allowed to flow through the zeo- 
lite sample. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Hydrothermal stability 
The hydrothermal stability of each sample, over 

a wide range of S/A, was determined and compared 
with results available in the literature. In order to 
make the comparison valid, the same experimental 
conditions (Breck, 1964) were used: steaming the 
samples at 410~ and atmospheric pressure for 3 hr. 
The steamed samples were activated by heating at 
460~ and 10 -7 torr by the monitoring procedure al- 
ready described. Oxygen sorption capacity at 
-183~ and 100 torr was measured on each sample 
before and after steaming. 

Four samples of the same S/A were studied to 
establish the reproducibility of the method. The 
first few experiments indicated that a steaming 
period of 3 hr was not sufficient and that up to 5 hr 
was required to obtain equilibrium. Oxygen sorp- 
tion capacities and X-ray intensities of the steamed 
samples were used to establish this equilibrium. 
Non-reproducible results were obtained with com- 
mercial synthetic faujasite with Fe- content in the 
range of 0.05-0.1 per cent and with samples con- 
taining appreciable occluded sodium silicate; i.e. 
non-reproducibility correlated with impurity con- 
tent. Preliminary results indicate that both iron 
(which on heating forms the ferromagnetic species 
Fe304, Singer and Stamires, 1965) and occluded 
sodium silicate enhance the hydrothermal decom- 
position of the crystalline zeolite. Thus, the pres- 
ence of these impurities causes a considerable vari- 
ation in the stability data. 

A sample of natural faujasite (Kaiserstuhl oc- 
currence) was included for comparison with the 
series of synthetic samples. The sample was con- 
verted to the sodium form (remaining Ca and Mg 
was less than 0.03 weight per cent) by repeated ion 
exchange, and ground to a fine powder before use. 

The results are presented in Fig. 1, where the per- 
cent crystallinity retained after steaming is plotted 
as a function of S/A. For comparison, the data of 
Breck 0964) are also shown. All data were corre- 
lated using third degree polynomials to determine 
the r.m.s, deviation, and the most probable values. 
These results also appear in Fig. 1. 

Although it is questionable if statistical treatment 
of the Breck (1964) data is justifiable because of the 
large spread, it is interesting to note that the smooth 
curve obtained from the correlated data closely re- 
sembles that of the new equilibrium results. Thus, it 
can be concluded that a smooth continuous curve is 
indeed the best representation for the data. The plot 
of the new equilibrium results, without the large 
spread of data, lies generally below the Breck 
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curve, as would be expected from the increased 
severity of the steaming process. The plots con- 
verge at ratios near 5. The position of the natural 
faujasite in the plot is in accord with its composi- 
tion. Thus, the stability data demonstrate the exis- 
tence of a continuous substitutional series with 
natural faujasite as a member. 

The crystallinity remaining in these samples after 
steaming was also measured by X-ray diffraction 
techniques and was found to vary with the S/A in 
much the same way as the retained crystallinity 
shown in Fig. 1. 

Mechanism of structural degradation by steaming 
The drastic changes induced by steaming can be 

viewed as similar to the changes occurring during 
the heating of NH4*-exchanged faujasite. The hy- 
drolysis of the (A104/2)-Na + site results in the for- 
mation of a hydroxyl group associated with the 
(AIO412)- tetrahedron. The distribution of the charge 
density in the hydroxyl group varies according to 
its location and crystal environment. In the high 
alumina members of the series where there are a 
large number of Na § cations on type (iii) sites 
(Breck and Flanigen, 1968), the hydrolysis results in 
the production of a substantial number of protons 
in the supercage. These protons are probably as- 
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Fig. 1. Variation of hydrothermal stability with varying 
SiOdA120~ mole ratio. Experimental values of Breck 
(1964), these data after statistical analysis and correlation, 

and new equilibrium results. 

sociated with the oxygen 4-membered rings which 
constitute very weak cation sites. This association 
in turn makes these protons very reactive, to the 
extent that they can hydrolyze part of the 
alumino-silicate framework. At the same time, 
some of the Na probably migrates into the sodalite 
cages, or disperses in the remaining portion of the 
crystals. 

The mechanism by which these chemical changes 
proceed has been ascertained earlier (Szymanski, 
Stamires and Lynch, 1960; Rabo et al., 1960) and 
further substantiated by Uytterhoeven, Christner 
and Hall (1965). 

In addition, Stamires (1965) has studied the e.s.r. 
spectra of stabilized atomic hydrogen produced by 
-/-irradiation of synthetic zeolites and the interac- 
tion of such hydrogen with the crystal lattice at 
liquid helium or nitrogen temperatures. In the pres- 
ent work, the e.s.r, spectra of samples, exposed to 
steam only for short periods followed by vacuum 
activation at 460~ and -/-irradiation, showed a 
large amount of hydrogen atoms present. This hy- 
drogen is introduced by the replacement in the 
structure of some Na + by protons resulting from 
the steam hydrolysis. Then, the protons react with 
the lattice oxygens to form hydroxyl groups which 
further by radiolysis produce hydrogen atoms and 
lattice-oxygen radicals. In high-A1 samples, the 
hyperfine splitting constant of the spectrum of ad- 
sorbed atomic hydrogen is smaller (approximately 
498 G) than the value of approximately 508 G for 
the free hydrogen atom. No changes were observed 
in the G-values; however, the line width increased 
with decreasing silica content. The brodening is at- 
tributed to unresolved hyperfine lines resulting 
from a distribution of various trapping sites (Sta- 
mires and Turkevich, 1964; Stamires, 1968) within 
the unit cell. As the overall effect observed in the 
e.s.r, spectra includes both short and long term in- 
teractions, (Stamires and Turkevich, 1963) it ap- 
pears that the distribution of the strengths of the 
individual hydroxyl groups probably varies from 
one cell to the other. However, the largest differ- 
ences are observed among the extreme members in 
the silica-alumina range investigated. 

The decrease in the hyperfine splitting constant is 
attributed to the strong electric field in the super- 
cage produced primarily by the high density of sur- 
rounding protons and sodium ions. The close prox- 
imity of the (A104jE)- sites with which the hyd- 
rogens are associated and the high reactivity of 
those hydrogens are responsible for the structural 
changes in the crystal. The strong electric field in 
the supercage tends to expand the electronic wave 
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function of the unpaired electron in the hydrogen 
atom so as to decrease the charge density at the 
nucleus, and hence to decrease the hypertine con- 
stant. However, when hydrogen atoms are pro- 
duced on steamed samples with very low alumina 
contents, the concentration of atomic hydrogen is 
considerably smaller and the hyperfine constant is 
closer to that of free atomic hydrogen (approx- 
imately 504 G). From electrostatic considerations, 
it appears that the center of the sodalite unit would 
be a suitable trapping site for such types of hyd- 
rogen. 

In some faujasite samples with intermediate S/A, 
the e.s.r, spectra showed a doublet with hyperfine 
lines corresponding to the two extreme cases dis- 
cussed above; i.e. hydrogen atoms trapped in the 
supercage and in the sodalite unit. Although the ap- 
pearance of this doublet allows a gross distinction 
to be made between hydrogens located in these two 
different sites (these two sites could be identified 
with those found in the i.r. work corresponding to 
the 3550 and 3650 cm -1 absorption frequencies), the 
unresolved hyperfine structure of the individual 
lines of the doublet indicates that there is still 
another distribution of sites within the individual 
sodalite and supercage units. This conclusion is in 
contrast to the information obtained from i.r. (Uyt- 
terhoeven, Christner and Hall, 1965) and X-ray diff- 
raction (Olson and Dempsey, 1969), where only two 
types of hydrogen have been identified (those as- 
sociated with the 03 and Ol lattice oxygens). 

The resolution of i.r. is limited when applied to 
polycrystalline solids, particularly in cases where 
the perturbation on some of the hydrogens, pro- 
duced by the electric field of the environment, is 
relatively small. In that case small shifts, due to 
second order effects in the hydroxyl bands, will not 
be seen in the i.r. spectra. Further, X-ray analysis in 
itself is not sensitive enough to locate and differen- 
tiate the structural positions of the hydrogen atoms. 
Earlier conclusions regarding the positions of the 
hydrogens were based on indirect information in 
X-ray studies. 

The exchange of sodium for hydrogen ions in- 
duced by steaming appears to produce the same 
type of product as the thermal activation of the cor- 
responding NH4 § form. Based on similarities in the 
e.s.r, spectra, a similar mechanism for the forma- 
tion of hydrogen and its stabilization in the zeolite 
structure appears to operate also in the case of the 
NH4 § faujasites during their thermal activation. 
However, both the width of the e.s.r, lines and 
hyperfine splitting constants were found to be 
strongly dependent on the activation temperature 

and purity of the zeolite crystals. A detailed discus- 
sion of the e.s.r, spectra of atomic hydrogen in 
synthetic faujasites will be presented elsewhere 
(Stamires, in press). However, it is worth mention- 
ing here that hydrogen in the high silica samples is 
stabilized in the smaller cavities (sodalite units). 
Due to the relatively weak electric field and large 
separation between the A104/.,)- units, the hydrogen 
in this environment is considerably less chemically 
reactive. In contrast, hydrogen trapped in the 
supercages of the high-alumina members of the 
series is more reactive and is responsible for the 
destruction of the crystal. In samples with inter- 
mediate or low A1 content, some of the Na and 
probably the protons can be stabilized in the small 
cavities; thus, some of the crystallinity is retained. 

In other cases, when the hydrolyzed zeolite is in 
physical contact with another alumino-silicate 
phase, such as kaolinite or halloysite, both the ex- 
cess sodium and hydrogen probably diffuse and be- 
come stabilized in the non-zeolite phase. These 
effects, which probably involve ion exchange, diffu- 
sion and hydrolysis in the solid state, are enhanced 
by the hydrothermal conditions. This change in 
reactivity is illustrated by the variation with AI- 
content of the steam stability curve. The substitu- 
tion of Si for A1 in the structure results in a gradual 
increase of steam stability of the zeolite samples, as 
shown in Fig. 1. Similar behavior is to be expected 
in the variation with Al-content of the thermal sta- 
bility of the NH4*-exchanged faujasite series. 

Ionic conduction 
Stamires (1960, 1962); Freeman and Stamires 

(1961 ); Schoonheydt and Uytterhoeven (1969) have 
shown that the current-carrying species in synthetic 
zeolites are cations migrating in the structure by a 
"jump" mechanism. Further, the activation energy 
for conduction is due to the electrostatic interaction 
of the cation with its site in the alumino--silicate 
framework. This situation is particularly applicable 
in cases where a relatively small ion (for example, 
Na), is located in an open framework which has a 
very minor steric effect on the migration of the ca- 
tion in that structure. Since the negative charge of a 
cation site must be distributed over the oxygens 
bound to a given aluminum, the geometrical con- 
figuration of the cation/cation-site pair determines 
the magnitude of the coulombic interaction. In this 
case, the configuration should be anisotropic with 
respect to the unit cell diagonal. 

From X-ray investigations (Broussard and 
Shoemaker, 1960; Breck, 1964) it has been estab- 
lished that the sodium ions in faujasite have at least 
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two different crystallographic positions. For exam- 
ple, in high-Al-faujasites, 16 Na ions are located 
within the hexagonal prisms[type (i)] of the 
double-5 member oxygen rings, and 32 Na ions are 
associated with the single-6 member oxygen rings 
[type (ii)]. The rest of the Na ions have been as- 
sumed to reside on the surface of the large cavities, 
probably associated with the four member oxygen 
rings [type (iii)]. Simple electrostatic calculations 
reveal* that ion-framework coulombic interactions 
for sodium ions located in these three discrete crys- 
tallographic locations (specifically, the interaction 
of an Na ion associated with a double 6-member ox- 
ygen ring, a single 5-member ring and a 4-member 
oxygen ring) should be considerably different 
(Dempsey, 1968). 

By synthesis of a series of zeolites, the cation 
density can be uniformly decreased by decrease in 
the A1 substitution. In this way, the cation popula- 
tion of one or more of the three cation sites men- 
tioned above can be preferentially depleted. A cor- 
responding variation should occur in the activation 
energy required for the overall conduction process. 
Briefly, Na ions located on the surface of the large 
cavities (associated with the 4-member oxygen 
rings) are the least strongly bound and will there- 
fore require the least amount of energy to migrate. 
In zeolites with high cation densities, the rate deter- 
mining process for the migration of the current car- 
riers in an external electric field is due to such 
weakly bound cations. As the cation density is 
decreased towards the high silica end of the series, 
the low energy cation sites are depleted, and the 
more strongly bound cations start to contribute and 
hence determine the rate of the conduction process. 
Consequently, the change in the activation energy 
for conduction is a direct measure of the differ- 
ences in the energy associated with the different 
kinds of cation/cation-site pairs. 

*A simplified model of the location of cations in the unit 
cell is considered; namely, the association of Na ions with 
double 5-member oxygen rings, single 5-member oxygen 
rings and 4-member oxygen rings. However, projection 
through the sodalite unit and the supercage results in 
actual sites of type. (i)' and (ii)', located within the sodalite 
unit. Type (i) located in the hexagonal prism, type (ii) lo- 
cated in the supercage and type (iii) also in the supercage. 
In particular, we are concerned here with the difference in 
the bonding energy of the Na ions in the type (iii) location 
which is the least stable position (due mainly to the very 
small coulombic interaction) as compared to the bonding 
energy at the type (i) and (ii) sites which are considerably 
more stable, with higher energy of interaction. 

tThis probably is the average of the individual contribu- 
tions, such as coulombic, repulsive, polarization and small 
amounts due to steric effects. 

In zeolites with low cation densities, the Na ions 
are primarily associated with the single and double 
6-member oxygen rings; therefore, the activation 
energy is considerably higher. This situation was 
shown in the results published earlier (see Fig. 3, of 
Freeman and Stamires, 1961) which illustrate the 
uniform change in energyt  associated with 
cation/cation-site pairs among the different crystal- 
lographic sites. It was on this basis that a physical 
model was developed and on purely energetic con- 
siderations it was possible to differentiate the 
cations in the synthetic faujasite into three types. 
However, Breck (1964) and Breck and Flanigen 
(1968) have concluded that these data provide evi- 
dence for dividing the substitutional series at an 
S/A of three into two sub-groups, designated as X 
and Y. In fact, there is a smooth variation in the 
activation energy with S/A, with no detectable dis- 
continuity. The inflection point (the point where the 
activation energy changes most drastically with ca- 
tion density) in the conductivity-A1 content plot is 
close to an S/A of 4, not 3. This point is convinc- 
ingly illustrated if the first derivative of the activa- 
tion energy is plotted against the S/A. 

In Fig. 2 the activation energy (AH) and its first 
derivative are plotted against S/A. The arbitrary di- 
vision at a ratio of 3 is also indicated. These data 
clearly show that such a division is not justified. 

3.0 

d[~,Hl  

2.O 

0.2 

0 

. 

No2 

Fig. 2. Faujasite conductivity as a function of 
silica-alumina ratio, Freeman and Stamires (1961). The 
broken line represents the plot of the first derivative of 

(AH) with respect to SiOJA1203 mole ratio. 
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Furthermore, the distinction of X from Y as two 
different zeolite species (where X and Y refer to 
compositional ranges), certainly is not suggested by 
the results. If one had to use the conductivity data 
to divide arbitrarily the series into two groups, then 
an S/A of approximately 4 would be a logical 
choice, since in this region the conduction process 
changes most drastically with cation density. 

As in the case of steam stability, the electronic 
properties of synthetic faujasites also vary 
uniformly and continuously with composition. 

Adsorption properties 
A most important property, which has been used 

extensively to characterize the various zeolite 
species, is the adsorption of gases and vapors. 
Triethylamine adsorption has been used by Breck 
to distinguish calcium-exchanged Zeolite X from 
similarly treated Zeolite Y. Further, Wright, Rupert 
and Granquist (1969), hereafter referred to as 
WRG, have reported similar experiments using the 
Na forms of two synthetic faujasites with S/A of 
2.4 and 4.8. 

In the present work, the measurements have 
been extended to cover the whole range of S/A and 
to include a sample of natural faujasite in its 
sodium form. Equilibrium data were obtained from 
experiments where the adsorption of triethylamine 
at room temperature was measured as a function of 
vapor pressure. Equilibrium was reached, at the 
lower vapor pressures, after 8-10hr. In order to 
compare WRG and present results, the same ex- 
perimental conditions were used. The data are 
cross-plotted in Fig. 3. All the samples studied ad- 
sorbed about the same amount of triethylamine, 
within experimental error. Since the size of the unit 
cell decreases with S/A, adsorption would be ex- 
pected to decrease with increasing S/A. Probably 
the variation in the number and distribution of the 
cations in the unit cell offsets this trend. The impor- 
tant point to note here is that all the samples, includ- 
ing natural faujasite, show (within experimental 
error) about the same adsorptive capacity. The two 
measurements reported earlier by WRG are in 
agreement with the present results. 

Accordingly, a division based on the adsorption 
of triethylamine of the substitutional series at any 
S/A in the range 2-6 is not justifiable. Further, 
natural faujasite cannot be distinguished as a differ- 
ent type of zeolite on the basis of such data. Simi- 
larly, the adsorptive capacities of the substitutional 
series and natural faujasite for oxygen and water at 
-183~ and at room temperature respectively (at 
the same vapor pressures), within the experimental 

[ PRESENT DATA 

D N A T U R A L  FAUJASITE 

s~o 2 (~-~ .. . . . . . .  o) 

Fig. 3. Equilibrium capacity for triethylamine adsorption 
at 3 tort and room temperature as a function of the 

SiO2/A1203 mole ratio. 

error, were found to be about the same. Thus, the 
pore volume, as indicated by these adsorptive 
capacities, is about the same in the synthetic and 
natural members of the faujasite group. 

It is very important in comparing the various 
physicochemical properties of the substitutional 
series of faujasites to use the same homocationic 
forms in the experiments. The type of cation (sizes 
and charge) and the percent exchange affect drasti- 
cally the adsorption characteristics of the zeolite 
crystals. The data presented by Breck (1964) on the 
triethylamine adsorption by synthetic faujasites 
were on calcium forms (approximately 85 per cent 
exchanged). 

Variation of unit cell dimension with composition 
The replacement of aluminum for silicon in the 

structure has been discussed by Breck (1964). From 
simple geometrical considerations of the Si-O and 
AI-O bond distances (i.e. 1-605 and 1.757 ~,  respec- 
tively), it is expected that the cubic lattice parame- 
ter a should decrease smoothly with increasing 
S/A. This general concept was illustrated by Breck 
and Flanigen (1968), hereafter referred to as BF, 
who examined 37 samples of synthetic faujasites of 
varying S/A. They have shown by a least square fit 
that a varies linearly with the number of A1 atoms 
in the unit cell. BF reported an experimental error 

https://doi.org/10.1346/CCMN.1973.0210514 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1973.0210514


Zeolite, faujasite, substitutional 

of -+0.005 .~ in a and -+0.5 wt% in the silica and 
alumina contents. 

More recently, WRG reported a values for 
synthetic faujasites synthesized from hydrous 
sodium systems similar to those used by BF. The 
estimated probable error in the data of WRG was 
+0.01 in a and -+-0.005 ~ in the mole fraction of 
AIO2-. In the paper of Freeman and Stamires 
(1961), several a values were also given for synthe- 
tic faujasites. These data were obtained in the very 
early stages of faujasite synthesis and the techni- 
ques for a and S/A determination were not yet well 
refined; therefore, the experimental error was 
larger, close to -4:0.2 in the S/A values. 

In this work, samples were synthesized and 
studied in a manner similar to the work of B F  and 
WRG. The estimated probable error in the present 
data is -0 .1  in the S/A and -+0.005~ in the a 
values. 

The results are compared in Fig. 4. Within the 
experimental variation, there is agreement between 
the results of these four independent groups. These 
studies represent work done over at least the last 
10 yr, with various analytical techniques and levels 
of sophistication. B F  (1968) reported precision 
methods for determining a which are used 
routinely to identify faujasite samples. 

B F  also presented data on a values of dehyd- 
rated calcium-exchanged synthetic faujasites. In 
contrast to the hydrated sodium forms, a in this 
case did not vary linearly with S/A, and the data 
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displayed two discontinuites, at approximately 62 
and 77 A1 per unit cell. These discontinuities were 
interpreted by B F  as due to framework distortion 
associated with movement of Ca ions. Dehydration 
causes the calcium ions to move to structural posi- 
tions which are more favorable energetically. The 
mechanism responsible for these discontinuities 
may be much more complicated than described, 
since the samples contained appreciable amounts 
of residual Na, and since heating in air at 400~ is 
not the best way to activate calcium-exchanged 
zeolites. Also, if a values for Na and Ca forms of 
the same samples are compared, a also changes as 
Na is exchanged for Ca in samples containing the 
same amount of A1. This dependency introduces 
another variable, degree of ion exchange, into the 
determination of a. However, the important factor 
to be noted here is that the techniques used by B F  
were sensitive and quite reliable in order to be able 
to establish these differences in the a values. 

Despite the agreement shown in Fig. 4, a compli- 
cation is introduced by the results of Dempsey, 
Kfihl and Olson (1969), hereafter referred to as 
DKO, who have also studied the variation of a with 
AI content for hydrated Na-faujasite.  In contrast to 
all previously published data, DKO found three 
discontinuities in a, near 52, 64, and 80 A1 atoms per 
unit cell. DKO suggested that at least three differ- 
ent faujasite phases exist in the S/A range studied. 
The discontinuity observed at the highest Si con- 
tent was assumed to be due to the presence of 
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t~ PRESENT DATA X,, ~ ' ' I  
t~ DATA FROM BRECK AND FLANIGEN 1 1 
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Fig. 4. Variation of the lattice parameter a with aluminum content for synthetic and natural faujasite 
in the hydrated sodium (homocationic) form. Data of Breck and Flanigen (1968); Wright, Rupert and 
Granquist (1968); Freeman and Stamires (1961), and the present results, a values for natural faujasite 

are shown enclosed in a circle for emphasis. 
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amorphous silica occluded in the samples. DKO do 
not describe the techniques used in synthesizing 
their samples. However, if they used the teachings 
of Barrer (1959) and Breck (1964) for the synthesis 
of faujasites, then their data would be expected to 
be similar to the results, in Fig. 4, of BF, WRG and 
the present paper. Further, it is highly improbable 
that their observed discontinuities represent experi- 
mental artifacts. These irregularities probably re- 
present real effects characteristic of the nature of 
the DKO samples. In the absence of additional in- 
formation, it must be concluded that this discre- 
pancy is due to differences in the DKO samples 
caused by variations in synthesis and preparation 
techniques. 

DKO explain these discontinuites on the basis of 
variations in (St, A1) ordering. Since such ordering 
will tend to decrease a, the fact that all the DKO 
data lie below the straight line of Fig. 4 suggests 
that the samples used by BF, WRG and the present 
author correspond to higher (Si, AI) ordering. 
Further, the a data indicate that natural faujasite 
has the highest order. Three previously reported 
values of a for the natural mineral and the present 
measurement are shown in Fig. 4. The present re- 
sult was obtained on hydrated homocationic 
Na-faujasite crystals which were used in the other 
experiments described in this paper. S/A was found 
to be 4.55-+0.01 and the cubic lattice parameter a, 
24-66_+ 0.005 .~; these values were established after 
several determinations. These values are very close 
to those of BF and Bennett and Smith (1972). All 
four values are presented in Fig. 4, enclosed in a 
circle for emphasis. The BF value of a lies close to 
the straight line obtained from the a values for the 
synthetic samples. In all cases, the natural crystals 
appear to be more (St, A1) ordered than the synthe- 
tic material, probably due to more ideal natural 
growth conditions. Although reasonable, there is no 
direct experimental evidence to substantiate this 
postulated ordering. 

The a values shown in Fig. 4 represent about 60 
samples synthesized and analyzed independently 
by four or five groups of workers at different times. 
It can be concluded that when faujasites are syn- 
thesized by standard procedures (Barrer, t959, 
Breck, 1964), then the a values vary linearly and 
correlate quite well with the aluminum content of 
the crystals. Two out of the four reported values of 
a for natural faujasite are, within the experimental 
error, close to the straight line obtained for the 
synthetic samples. Nevertheless, to a first order 
approximation insofar as the variation of a with A1 
content is concerned, it can be concluded that the 

STAMIRES 

difference between natural and synthetic samples is 
quite small. 

The location of the charge-balancing cations in 
the structure, the(St, A1) ordering, and the distribu- 
tion of the adsorbed molecules may be different in 
the natural and synthetic samples. 

From a statistical point of view, the data pre- 
sented in Fig. 4 (particularly the BF and present re- 
sults) appear to be in accord. Despite this accord, 
the conflicting DKO results show that the variation 
of a with composition is not a closed issue. Further 
exploration is necessary to yield a definitive 
answer. 

Catalytic properties 
Catalytic behavior, although complicated to as- 

certain, is another characteristic property of the 
substitutional series. The main factors which deter- 
mine the performance of a zeolite catalyst are: 
silica-alumina ratio; percent exchange and nature 
of the exchange cation; method of preparation; and 
type of matrix (the zeolite is usually contained in 
supporting matrix). Good catalysts have been pre- 
pared from faujasites with both high- and low-A1 
contents. 

Kimberlin and Gladrow (1961) demonstrated ex- 
cellent catalytic properties of zeolitic catalysts 
using synthetic faujasite with S/A of 2.7. Subse- 
quently, Rabo et al. (1966) published results on 
catalytic properties of synthetic faujasites with S/A 
in the range 3-6, and claimed that the catalytic 
properties of these zeolites were unique and differ- 
ent from those studied by Kimberlin and Gladrow 
(1961). This assertion was in line with Breck's con- 
cept that Y zeolite is different from 3(. Both of 
these groups of workers failed to indicate the per- 
cent error involved in the S/A used in their claims. 

As is shown in Fig. 5, the catalytic activity, for 
cracking cumene at 400~ of a series of Mg ex- 
changed faujasite catalysts varies smoothly with 
S/A. The techniques used for these catalytic meas- 
urements were similar to those of earlier studies 
(Turkevich, Nozaki and Stamires, 1964) where 
other types of zeolite catalysts were investigated. A 
discussion of the mechanism involving the effect of 
S/A on the catalytic activity and other related phys- 
ical and structural properties is beyond the scope of 
this paper and will be presented elsewhere (Sta- 
mires, to be published). The issue considered here 
is the fact that catalytic activity for cumene crack- 
ing (within the experimental error) varies almost 
linearly with S/A in the range of 2--4. Similarly, a 
linear variation is observed in the range of 4-6. Al- 
ternatively, one could represent the whole range 
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Fig. 5. Variation of the catalytic activity for cumene cracking at 400~ with silica-alumina ratio. The 
samples were activated at 450~ prior to catalytic measurements. 

studied (2-6) by two straight lines corresponding to 
the two ranges (2-4) and 4--6) and intersecting ap- 
proximately at S/A of 4. 

The continuous variation of catalytic activity 
with no discontinuity at S/A of 3 is in accord with 
the other properties discussed earlier. Catalytic ac- 
tivity for other types of hydrocarbon reactions may 
show a different type of dependence on the S/A; 
however, a sharp discontinuity at 3 in the S/A (2-6) 
range is unlikely. 

CONCLUSIONS 

Critical review of the literature and new studies, 
described in this paper, establish the smooth, con- 
tinuous variation with composition (Al-content) of 
the following properties of a substitutional series of 
synthetic faujasites: 

(1) Retention of crystallinity upon steam- 
degradation at 410~ 

(2) Activation energy of the conduction process; 
(3) Equilibrium adsorption of triethylamine; 
(4) Unit cell dimension, a; and 
(5) Catalytic properties, particularly the cracking 

of cumene. 
On the basis of steam-stability, triethylamine ad- 
sorption, and a vs composition, the natural coun- 
terpart (Kaiserstuhl occurrence) is shown to be a 
member of the series, although perhaps more 
highly-ordered. 

The conflict between the discontinuities shown 
by DKO and the line of Fig. 4 (based on BF, WRG, 

Freeman and Stamires, and the present writer) is 
unresolved. Additional work at a still higher level of 
sophistication will be required for a definitive 
answer. 

Further, faujasite samples synthesized with simi- 
lar hydrothermal techniques show co;nsistent a val- 
ues at a given composition, and a varies linearly 
with the aluminum content of the crystals. 

In the light of these facts, this writer proposes 
that the existing artificial division of the faujasite 
series at a S/A of 3 be eliminated, and a new 
nomenclature adopted. This new nomenclature 
should be capable of representing precisely one 
particular composition, rather than the wide range 
of compositions encompassed by the trade names 
presently in use. Further, this new nomenclature 

, should clearly reflect the actual similarities and the 
smooth gradual variation in the most important 
physicochemical properties of the continuous 
series and the close similarities with their natural 
counterpart faujasite. 

Such a uniform system for naming the various 
zeolite members in the continuous substitutional 
faujasite series could be one similar to that already 
suggested by WRG. 
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R6sum6-On pr6sente dans ce travail de nouvelles informations se rapportant ~ la stabilit6 hydro- 
thermale, les param~tres de r6seau, les propri6t6s d'adsorption et les propri6t6s 61ectriques et catalytt- 
ques d'&hantillons de faujasite synth6tique et naturelle. Les concepts actuels concernant la nature 
et les relations existant entre la faujasite synth6tique et la faujasite naturelle sont repris pour 6tre en 
accord avec les preuves exp6rimentales et le module physique d6velopp6. Les propri6t6s structurales 
et physico-chimiques principales refl~tent des similitudes &roites et des gradations r6gulibres que l'on 
peut attendre entre des termes de substitution qui forment une s6rie continue. On divise actuelle- 
ment le domaine des rapports molaires SIO2/A1203 (S/A), qui s'6tend de 2 ~t 6, h la valeur 3; cette 
division en deux sous domaines de composition apparai't non justifi6e et risque plut6t d'induire en 
erreur. Les compositions individuelles prises duns ces deux sous domaines ne repr6sentent pus des 
types de z6olites distinctement diff6rents; en realit6, on d6montre qu'il s'agit de termes d'une s&ie 
continue, avec des propri6t6s changeant graduellement sur toute l'6tendue SiOJAl203 &udi6e. Cer- 
taines des propri&& de la faujasite naturelle ont 6t6 trouv6es tr~s semblables h celles d'analogues 
synth6tiques ayant le m~me rapport molaire SiO2/A120.v 
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Finalement, on exprime le voeu que soit cr~6e une nomenclature uniforme qui servira h identifier 
des compositions sp6cifiques (uniques) au lieu de domaines de compositions ~ rendre compte de la 
continuitY, des similitudes ~troites et des interrelations darts les propri~t~s structurales et physico- 
chimiques principales A identifier ~galement les caract~ristiques du groupe de la faujasite. 
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Kurzreferat-Neue Erkenntnisse beziiglich der hydrothermalen Stabilit~it, der Gitterparameter, sowie 
der adsrptiven, elektrisehen und katalytischen Eigenschaften yon synthetischem und natiirlichem 
Faujasit werden mitgeteilt. Gegenwiirtige Vorstellungen, die die Natur und das Verhiiltnis yon syn- 
thetischem und natiiflichem Faujasit betreffen, werden als im Einklang mit den experimentellen Ergeb- 
nissen und dem entwoffenen physikalischen Modell befunden. Die wichtigsten strukturellen und 
physikochemischen Eigenschaften spiegeln die grofSe Ahnlichkeit und den fliegenden l]bergang wider, 
die fiir die Substitutionsglieder einer kontinuierlichen Reihe zu erwarten sind. Die bestehende Auf- 
teilung des Bereiches (2 bis 6) der SiOdAl203-Molekularverh~ltnisse (S/A) bei 3 in zwei Unterber 
eiche der Zusammensetzung wird als ungerechtfertigt und eher irreffihrend hingestelit. Die individuel- 
len Zusammensetzungen innerhalb dieser beiden Unterbereiche stellen keine eindeutig verschiedenen 
Zeolith-Arten dar. Es wird vielmehr gezeigt dab sie innherhalb des untersuchten SiOdAl20~-Bereiches 
Glieder einer kontinuierlichen Reihe mit fliel?,end wechselnden Eigenschaften shad. 

Einige der Eigenschaften des natiiflichen Minerals Faujasit erwiesen sich als denjenigen der 
analogen synthetischen Minerale mit dem gleichen SiOdAl~Oa-Molekularverh~iltnis sehr ahnlich. 

SchlieBlich wird fiir eine einheitliche Nomenklatur eingetreten, die dazu dienen soll, spezfische 
(Einzel-) Zusammensetzungen (an Stelle der Zusammensetzungsbereiche) zu identifizieren, die Kon- 
tinuitiit sowie die grol?,e Ahnlichkeit und die engen Wechselbeziehungen ihrer wichtigsten strukturel- 
len und physikochemischen Eigenschaften widerzugeben und die Merkmale der Faujasit-Gmppe zu 
bestimmen. 

P e 3 t o M e - - I ] p H B O ~ T C R  RoBaa HHqbOpMa~ttlS OTHOCHTeJIbHO rtuIpoTepMtlqeclfo~ CTa6IIJII3HOCTH, 
r~apaMeTpoB peuleTKH, a ,acop6aaH,  H o 3JleKTpHqeCKHX H KaTaJlrlCTHqeCKflX CBOI~CTBaX CHHTeTII o 
qeCKOFO H eCTeCTBeHHOFO qbO~13tlTa. CoBpeMeHtlOe npe~tcTaBaeitrie 0 COOTHOIIIeHtlH CHflTeTHqeOKOFO 
~! eCTeCTBeHItOFO qbOfl3tlTa BHOBb dpOpMyJIHpyeTc~l, qTO6bl Otto COOTBeTCTBOBaJIO 3KcneptlMeUTa.rlbHblM 
~OKa3aTeflbCTaaM H pa3pa60TaHttO~l qbtl3tl~iecKoi, i Mo~1e~H. F~lasabJe cTpyKTypttbte tl qbH3BKOXeMtl- 
~ecKKe xapaKTepHcTHKVl o r p a x a ~ o r  6Jl}13KOe CXO,~CTBO R UJla,~KHe rpa~tauHH, KOTOpble MO)KHO 
oxrtaarb or  3aMemaeMbtX 3~IeMeHTOB ,enpepbmltoit cepmL CytttecTayromee pa3neaenvle Kstacci, lert- 
I<atta~i (OT 2 :I0 6) SiO2/AI20 s c MO.rlbriblM OT~omenrmi (S/A) B 3 lla g/Ba oKa3bmaeTcs rleonpaB~t,i- 
BaeTc~I I4 BBO./~HT B 3a6ay)K~teHae. l/IH.EI, HBH/~yaJibHble TeKcTypbl 3TI4X ~ByX noLtrpyni /He npe~cTaBJtRiOT 
~IcHo pa3JiHqalouLHxcfl ueoJ1HTOBblX Hopo~l; 3aTO l]pO~eMOHCTpaTt4poeaJII, l, qTO OHH JtBJ/InOTClt 
'laeaaMa rtenpepbmHOii cepvm c raa,aKo nepexo~amHMa xapaKTeprtclrtKaMa, KaK mt~HO no rI3y,teH- 
HOMy SiO2/A1203. Hamym, qTO HeKOTOpble xapaKTeprlCT~IKrl ec'recTBeHHoro Mrntepa.nbrlOrO qbos3rl'ra 
OReH~, noxo~v[ Ha Cl, iHTeTRtieCKylO Mo,aeJqb C IeM )fie MO.rlBRB1M OTHO1UeHHeM SiO2/A1203. 

B 3aKJtto~enae abt,~B~traeTca npe~aoxemte Ra e,aHlloo6pa3Hylo TepMlaHO.rtorrno, KOTOpaJ:I MO)KOT 
CaymllTB / ~ I  rlaeaTr[d~rtKal.tHH xapaKTept/o~ KOMIIO3HHItH (BMeCTO p~j~a KOMnO3HHH]~); R OTpa31,lT 
HenpepMBaOCTb, 6J'm3KHe cxos rt B3aHMoorHomeRtte B HX rJ-laB}tblX cTpyKTypHBIX 1t 0H3EtKO- 
XHMRtieCKHX CBOHCTBaX, H TaK)Ke H,~enTtl~t4tDipyeT Oc06eHHOCTH (I)Ofl3HTHO~ rpynm,  L 
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