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ZSM-5 is a new silica-rich zeolite that has been synthesized with greatly differing SiO,/Al,O, 
ratios; the aluminum content, while always small, can be varied by several orders of magnitude. 
ZSM-5 thus constitutes a substitutional series whose physical, chemical, and catalytic properties 
are reported and discussed in terms of their structural and compositional dependance. Ion 
exchange capacity, catalytic activity, and water sorption (at P/P,, = 0.006) are shown to vary 
linearly with aluminum content and extrapolate smoothly to the end member of the series, a pure 
silica ZSM-5. Other properties such as X-ray diffraction pattern, pore size and volume, framework 
density, and refractive index are primarily a result of the structural features and are largely 
composition independent. From a comparison of their properties, the recently reported “silicalite” 
appears to be a member of the ZSM-5 substitutional series. 

INTRODUCTION 

Although natural zeolites of the “molec- 
ular sieve” type were known to mineralo- 
gists for many years, the art of synthesizing 
such minerals is of recent origin, and the 
synthetic materials remained laboratory cu- 
riosities until about 1954 when commercial 
production of Linde “A” zeolite began. 
The early work by R. M. Barrer, who 
pioneered in synthesizing zeolites system- 
atically, utilized completely inorganic reac- 
tion mixtures which on hydrothermal treat- 
ment produced one or more crystalline 
zeolites, some of these having no natural 
counterpart. In a few instances, organic 
nitrogenous cations were also used in zeo- 
lite syntheses (I, 2). All the synthetic crys- 
tals had SiO,/Al,O, molar ratios in the 
range of 2 : 1 to 10 : 1, as did the natural 
zeolites. Synthetic mordenite, with its 
SiO,/Al,O, ratio of 10: 1 was the most 
siliceous synthetic zeolite. To this day the 
most siliceous natural zeolites are fer- 
rierite, clinoptilolite, and mordenite, all 
with a 10 : 1 SiO,/Al,O, ratio. 

The natural and early synthetic zeolites 
had certain other properties in common 
that were characteristic of this class of 

materials. If not containing salt occlusions, 
they all had a metal cation complement 
equivalent to the content of tetrahedrally 
bonded aluminum. This cation complement 
was ion exchangeable, at least to the extent 
that it was not trapped in the cavities of a 
particular zeolite. These zeolites all were 
highly hydrophilic, the available pore space 
becoming completely filled even at a very 
low partial pressure of water vapor. This 
hydrophilic character, however, is not an 
inherent property of the porous zeolite 
structure itself but is related directly to the 
high aluminum content of the natural and 
early synthetic zeolites. Chen has shown 
for a series of dealuminized mordenites that 
the amount of water sorbed decreases line- 
arly with decreasing alumina content, 
which he attributed to the increase in the 
number of the nearly homopolar (hydro- 
phobic) *i--O-Si=honds and concomi- 
tant decrease in the number of hydrophilic 
aluminum tetrahedra and associated cation 
centers (3). 

About 18 years ago G. T. Kerr and co- 
workers in the laboratories of Mobil Re- 
search and Development Corporation be- 
gan an extensive study of the synthesis of 
zeolites from reaction mixtures that con- 

390 
0021-9517/80/020390-07$02.00/O 
Copyright 0 1980 by Academic Press, Inc., 

AU rights of reproduction in any form reserved. 



ZSM-5 SUBSTITUTIONAL SERIES 391 

tained organic nitrogenous cations. One of 
the new zeolites obtained early in the inves- 
tigations was zeolite beta (4), of interest 
because its SiO,/Al,O, ratio was about 
three times that of mordenite. This was 
followed by other new highly siliceous zeo- 
lites, including ZSM-5 and similar sub- 
stances (5). This new class of high silica 
zeolites is of considerable significance as 
catalyst material. Examples of its uses in- 
clude the conversion of methanol to gaso- 
line, the dewaxing of distillates, and the 
interconversion of aromatic compounds 
(6). ZSM-5 has been shown to possess 
unusual hydrophobicity, leading to poten- 
tial applications in the separation of hydro- 
carbons from polar compounds, such as 
water and alcohols (7). 

In view of the unusual properties of the 
high SiO,/Al,O, ratio materials that can be 
synthesized with organic nitrogenous cat- 
ions, they are of scientific interest as well as 
of commercial importance. 

This paper presents detailed data on 
many physical and some catalytic proper- 
ties of ZSM-5, a member of this new class 
of highly siliceous zeolites. It was chosen 
since more information was available about 
it than about the other members of this 
class. 

STRUCTUREANDCOMPOSITIONOFZSM-5 

The crystal structure of ZSM-5 was de- 
scribed in March 1978 (9). This zeolite is 
formed by including nitrogenous organic 
molecules such as tetrapropylammonium 
bromide in the reaction mixtures (5, 10); 
for very high Si02/A1,02 preparations, no 
source of aluminum need be deliberately 
included in the solution (10). The organic 
molecules are incorporated into the zeolite 
structure as it is formed, and such as- 
synthesized materials have been aptly 
called “nitrogenous zeolites” (I, Z1) and 
less specifically “organosilicates” (10). 
ZSM-5 may be freed of the organic guest 
molecule by high temperature treatment 
without change of its framework topology 
as had been found earlier for other quar- 

ternary ammonium-containing zeolites 
C-26). 

The nitrogenous structure and organic- 
free ZSM-5 material have no natural coun- 
terpart, and possess other features which 
set the crystals apart from more common 
zeolite types. The ZSM-5 structure has 
been synthesized with SiOn/A1,03 molar 
ratios from about 20 to greater that 8000 
(5, 10). Thus, this zeolite in its least sili- 
ceous form has about twice the 
silica/alumina mole ratio of the most sili- 
ceous common zeolite, mordenite. Al- 
though it is known that isotypic zeolite 
structures can be synthesized or found in 
nature which contain different concentra- 
tions of aluminum, such as in the series of 
zeolites X, Y, and faujasite, the relative 
percentage change of aluminum content is 
relatively limited. On the other hand, for 
ZSM-5 the aluminum content can be 
changed by several orders of magnitude 
with silicon contents approaching and in- 
cluding that of substantially pure silica. 

Many properties of ZSM-5 vary with 
composition, i.e., with its SiO,/Al,O, ratio. 
In different applications of ZSM-5, certain 
ranges of composition are therefore fre- 
quently favored or required. Examples of 
composition-dependent properties are ion 
exchange capacity, catalytic activity, and 
hydrophobicity. As will be shown below, 
these properties vary linearly with alumi- 
num content and extrapolate smoothly to 
the end member of the substitutional series, 
an aluminum-free, pure silica ZSM-5. 

Many other properties of ZSM-5 are es- 
sentially invariant with composition, i.e., 
they are little or not at all affected by 
SiO,/Al,O:, ratio, but depend primarily on 
its framework structure. These include the 
X-ray diffraction pattern (shown in Fig. 5), 
pore size and volume, framework density, 
and refractive index; values of these prop- 
erties are shown in Table 1. 

A report from another laboratory has 
recently appeared which describes the 
preparation and physical properties of a 
synthetic material which was referred to as 
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TABLE 1 COMPOSITION-DEPENDENT PROPERTIES OF 

Comparison of Physical Properties 
ZSM-5 

Ion Exchange 
ZSM-5 “Silicalite”” 

Refractive index (25°C) 
As synthesized 
Air calcined at 600°C 

X-Ray pattern 
structure type 
Channel Size’ (A) 

Straight [OIO] 
Sinusoidal [loo] 

Framework densit 
(T atoms/1000 1 3) 

Density (g/cm”) 
Observed 
Calculated 

Micropore volume (cm3/g) 
Adsorption volumes 

(at 25”C, cm3/g) 
n-Hexane 
Benzene 

Isosteric heat of absorption 
n-Hexane (kcal/mol) 

1.48* 1.48 
I.406 1.39 
(Identical-see Fig. 5) 

ZSM-5 ZSM-5 

5.4 x 5.6 5.0 x 5.6 
5.1 x 5.5 5.3 

17.9 18.1 

1.77* 1.76 
1.79 1.80 
0.18” 0.19 

0.18” 0.199 
0.136 0.134 

18-20’ 16-18 

It is well established that the ion-ex- 
change capacity of the classical zeolites is 
equivalent to the tetrahedral aluminum con- 
tent of the zeolite structure, and that non- 
framework or impurity aluminum results in 
a cation/aluminum equivalence ratio 
smaller than 1. Siliceous zeolites of very 
low aluminum content strain or may even 
exceed the capability of the available ana- 
lytical methods, however, and require par- 
ticular care both in analysis and in the 
conclusions derived from the results. 

L? From Ref. (8b). 
b For SiO,/AI,O, molar ratio of 6400. 
’ Based on an oxygen radius of 1.35 A. 
d For HZSM-5 with a Si0,/A120, molar ratio of 75. 
c For HZSM-5 with a SiO,/Al,O, ratio of 8660. 

“silicalite.” Like ZSM-5, it is prepared 
from a reaction mixture that contains or- 
ganic, nitrogenous cations; it is described 
as hydrophobic and devoid of ion-exchange 
properties (8a, b). Reported values of its 
physical properties have also been included 
in Table 1. A comparison of these data 
strongly suggests that the two materials are 
the same. This is not surprising since the 
framework structure reported for “silica- 
lite” (8b) is identical to that defined by the 
structural features reported for ZSM-5 
(6a, 6c, 9). The framework of ZSM-5 zeo- 
lite contains a novel configuration of linked 
tetrahedra consisting of eight five-mem- 
bered rings. The channel system, which is 
three-dimensional and defined by some- 
what elliptical ten-membered rings of te- 
trahedra, consists of intersecting straight 
[OIO] and sinusoidal [ 1001 channels. The X- 
ray powder diffraction pattern of ZSM-5 
(SiO,/Al,O, = 75) and the pattern simula- 
ted for “silicalite” from the data given in 
Flanigan et al. (8b) are compared in Fig. 5. 
The two patterns are essentially identical. 

Cesium was ion exchanged into a series 
of hydrogen form ZSM-5 samples with 
silica/alumina ratios ranging from 89 to 
8660 (349 to 4 pmol Al/g of cesium zeolite, 
respectively). Aluminum and cesium con- 
tents were determined by atomic absorp- 
tion and neutron activation methods, re- 
spectively. The compositional data of the 
resulting CsZSM-5 samples are shown in 
Fig. 1. A very good stoichiometric correla- 
tion is observed indicating that the relation 
of framework aluminum to ion-exchange 
capacity observed for the classical zeolites 
holds also for the siliceous zeolites, even at 
very low aluminum levels, although if 

ALUMINUM CONTENT I,‘ moles/g) 

FIG. 1. Effect of aluminum content of ZSM-5 mate- 
rials on ion-exchange capacity. 
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FIG. 2. Dependence of hexane cracking activity ((Y) 
on HZSM-5 alumina content. 

sufficiently small it may escape direct de- 
tection. 

Catalytic Properties 

It is well known that hydrogen zeolites 
promote acid-catalyzed reactions and that 
the acid activity generally originates with 
protons associated with the negatively 
charged aluminum (framework) tetrahedra. 
The acid activity of a series of HZSM-S’s 
has been determined for the cracking of n- 
hexane at 100°F. The data are presented in 
Fig. 2. They show that the catalytic activity 
is a linear function of aluminum content, 
that is, the activity per aluminum is con- 
stant, even over a 400-fold change in alumi- 
num content. This correlation holds down 
to alumina levels as low as 100 ppm. Sepa- 
rate experiments showed that nonframe- 
work aluminum is inactive for hexane 
cracking under the test conditions; there- 
fore, the activity cannot be due to extracry- 
stalline, impurity alumina. In addition, 
other catalytic experiments measuring the 

shape selective cracking of normal and 
branched C, paraffins confirm that the cata- 
lytic sites are indeed intracrystalline. The 
findings of the activity test are in excellent 
agreement with the ion-exchange proper- 
ties. They establish that all of the samples 
of ZSM-5 with different SiO,/Al,O, ratios 
are members of the same substitutional 
series. 

Hydrophobicity 

Chen demonstrated the hydrophobicity 
of HZSM-5, beta, and dealuminized mor- 
denite (3, 7). For the latter, he showed 
further that the degree of hydrophobicity is 
dependent on the SiO,/Al,O, ratio. 

For HZSM-5, Fig. 3 shows the amount of 
water sorbed for samples with different 
SiO,/Al,O, ratios, as measured at 100°C 
and pHzO = 4.6 Torr. While all samples are 
hydrophobic, as evidenced by the low sorp- 
tion values, there is a linear dependence of 
the amount of sorbed water on alumina 
content. The relationship is followed for 
alumina contents as low as 0.02 wt%, cor- 
responding to a framework structure in 
which 99.98% of the tetrahedra are based 
on silica. The very small amount of sorp- 
tion (-0.3 mg/g) indicated in Fig. 3 for zero 
A120B content may be due to sorption by 
surface hydroxyls. 

Figure 4 shows the water adsorption iso- 

I I 1 I 

15t 1 

FIG. 3. Effect of alumina content on water sorption 
of HZSM-5 zeolites at P/P, = 0.006. 
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FIG. 4. Water adsorption isotherms for HZSM-5 (Si02/Al,0, = 1600) and “silicalite” (data taken 
from Ref. 8b). For comparison a line showing pore capacity is shown. 

therm for “silicalite,” as reported by Flani- the most siliceous members it may become 
gen et al. (8b) and of an HZSM-5 with a vanishingly small and ultimately nonexist- 
SiO,/Al,O, ratio of 1600. In both instances ent. In contrast to the classical zeolites, 
the low water sorptions relative to the pore these new materials are all hydrophobic 
capacity indicate the marked hydrophobic with the degree of hydrophobicity increas- 
nature of these high silica materials. ing as the aluminum content decreases. 

SUMMARY AND CONCLUSION 

We have shown that the ZSM-5 structure 
can exist over a very wide span of composi- 
tions, with silica contents approaching 
100%. Its least siliceous form has a higher 
SiO,/Al,O, ratio than naturally occurring 
and earlier synthetic zeolites. ZSM-5 type 
materials thus are members of a new class 
of high silica zeolites. Many of its physical 
properties are dependent predominantly on 
the structure and are, therefore, essentially 
invariant over the entire compositional 
range, while others change with composi- 
tion in a linear fashion that extrapolates 
smoothly to the end member of the substiti- 
tional series, a pure silica ZSM-5. The 
ZSM-5 series exhibits classical composi- 
tion-related ion-exchange behavior. How- 
ever, relative to the traditional zeolites, its 
ion-exchange capacity is always small; with 

In view of these facts, it is possible to 
regard the ZSM-5 class of high silica zeo- 
lites as synthetic porous tectosilicates that 
may have varying amounts of aluminum in 
the lattice. What has been shown for the 
ZSM-5 zeolite substitutional series demon- 
strates that this new material has properties 
which span the range from conventional 
synthetic and natural zeolites to the pure 
silica isotype. “Silicalite” appears to be a 
member of the ZSM-5 substitutional series. 

APPENDIX-EXPERIMENTAL 

The hydrogen form of the ZSM-5 sam- 
ples was prepared in each case from the 
parent as-synthesized zeolite by drying at 
125”C, calcining at 538” in a nitrogen atmo- 
sphere and exchanging with NH&l solu- 
tion; the NH, form was then converted to 
the H form by an air calcination in which 
the temperature was raised at a rate of 
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2”C/min from 25 to 538°C and held at 538°C 
for 10 hr. 

In order to obtain the cesium form, the 
zeolite in the H form was contacted three 
times at 25”C, with agitation, in a polyethyl- 
ene bottle, with 45 ml of 0.1 N CsCl 
solution/g of zeolite. The first exchange 
was for 1 hr and for this treatment the 
solution contained, in addition to the C&l, 
110% of the CsOH required to neutralize 
the zeolitic acid. The two subsequent ex- 
changes were for 2 hr each. The silicon and 
aluminum contents of the zeolites were 
measured by atomic absorption. The ce- 
sium analysis was by neutron activation 
and conducted at the Institute for Environ- 
mental Studies, University of Illinois, Ur- 
bana, Illinois. 

Catalytic activities were evaluated by 
determining the first-order rate constant of 
cracking n-hexane. This acid-catalyzed re- 
action has been developed into a standard 
test, called the (Y test (12, 13); the (Y activity 
is the value of the cracking rate constant for 
a given catalyst relative to that of equal 
volume of a standard amorphous silica- 
alumina catalyst. For greater accuracy, the 
bulk volume of the ZSM-5 catalysts being 
evaluated was determined from their mass 

and a bulk density of 0.55 g/cm3. The 
measurements were all made at 538”C, in- 
stead of varying the temperature as previ- 
ously described (13). Suitable conversions 
were obtained by varying reactant flow rate 
and amount of catalyst to give contact 
times ranging from 10 to 10e3 set; this 
allows us to determine rate constants with a 
range of greater than four orders of magni- 
tude. In order to avoid particle diffusion 
effects, particles smaller than 30 mesh were 
used for the most active samples ((Y > loo), 
while 14-30 mesh particles were satisfac- 
tory for less active materials. 

The sorption data were obtained on a 
computer-controlled Du Pont 951 TGA. 
Adsorption volumes were computed from 
these data assuming normal liquid densities 
for the sorbates. The isosteric heats were 
computed in conventional manner from 
sorption isotherm data and the Clausius- 
Clapeyron relationship. 

The density was measured at 2s”C by 
mercury displacement using an Aminco 
60,000 psig motor-driven porosimeter. 

The refractive indices were measured at 
25°C using the Becke line method. 

The X-ray pattern of ZSM-5 shown in 
Fig. 5 was obtained with Siemens powder 

CuKa 

1::::......:::::‘:::::::::::;..4 
6 6 IO 12 14 16 I6 20 22 24 26 26 30 32 34 

TWO THETA (OEG) 

FIG. 5. X-Ray powder diffraction pattern of ZSM-5 (SiO,/Al,O, = 75) and of “silicalite” calculated 
from parameters of Ref. (86). 
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diffraction equipment using monochroma- 6. 
ted CuKa radiation and step scanning with 
0.05” steps. 
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