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The influence of degree of H* exchange and calcination temperature of H - Na-ZSM-8 on its
acidity distribution (measured by the chemisorption and stepwise thermal desorption of pyridine at
373-773 K) and catalytic properties for hydrocarbon conversion (viz., isomerization of o- and
m-xylene and disproportionation of toluene) and methanol-to-aromatics conversion reactions have
been investigated. Both the acidity and catalytic activity in these reactions increase with the
decrease in Na* content and calcination temperature of the zeolite. The effect of poisoning of
stronger acid sites with pyridine on the catalytic properties of the zeolite has also been studied. The
catalytic activity and selectivity of the zeolite are strongly affected by this poisoning. The
hydrocarbon conversion and aromatization reactions occur on strong protonic acid sites of the
zeolite. Good correlations between catalytic activity and acidity (measured in terms of the
chemisorption of pyridine at 673 K) have been obtained for these reactions. The increase in Na*
content and calcination temperature and the poisoning have resulted in the increase in the shape
selectivity of the zeolite in the formation of xylene isomers (i.e., the formation of p-xylene is
increasingly favored) because of diffusion—reaction interactions. The physical, acidic, and catalytic
properties, shape-selectivity behavior, and catalyst deactivation characteristics of ZSM-8 and

ZSM-5 zeolites are compared.

INTRODUCTION

Since the introduction of ZSM-5 zeolite
(1) by Mobil Oil Corporation in 1972, exten-
sive studies have been reported, and this
zeolite has gained increasing importance as
a high-potential catalyst in a number of
commercially important chemical pro-
cesses (2). ZSM-8 zeolite (3) was intro-
duced almost at the same time; however,
only a few patents (3-5) on the synthesis
and application of ZSM-8 as a catalyst have
been reported so far. Levinbuk et al. (6)
have reported the adsorption capacity of
ZSM-8 for water, ammonia, and aliphatic
hydrocarbons. Recently, Park and Chou (7)
reported selective formation of alkyl
aromatics in the alkylation of toluene with
ethanol on ZSM-8. Chou et al. (8) observed
that the molecular shape-selective charac-
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teristics of ZSM-8 and ZSM-5 zeolites are
quite similar.

It is interesting that the X-ray powder
diffraction spectra for ZSM-5 and ZSM-8
zeolites are somewhat similar; the differ-
ence lies mostly in the group reflections in
the region 26 = 22-25°; ZSM-8 shows a
splitting in the highest peak which is not
observed for ZSM-5 (1, 3). Itis not yet clear
whether the structure of ZSM-8 is signifi-
cantly different from that of ZSM-5 or both
these zeolites have a somewhat similar
structures (9). Nevertheless, it is interest-
ing to know the acid strength distribution
and catalytic properties of ZSM-8 zeolite
and the factors affecting these properties.
Our earlier studies on H - Na-ZSM-5 zeolite
(10-12) showed a strong influence of the
degree of H* exchange and pretreatment
condition on the acidic and catalytic
properties of the =zeolite. The present
investigation was undertaken with the
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objective of studying the effect of the
degree of cation exchange and calcination
temperature of H - Na-ZSM-8 zeolite on its
acid strength distribution (measured at tem-
peratures close to that employed in cataly-
tic processes by chemisorption and
stepwise thermal desorption of pyridine)
and catalytic activity and selectivity in
methanol-to-aromatics and hydrocarbon
conversion processes and also of studying
the effect of selective poisoning of stronger
acid sites of the zeolite on its catalytic
properties.

EXPERIMENTAL

H - Na-ZSM-8 zeolites. Tetraethyl am-
monium (TEA)-ZSM-8 (Si/Al = 29.6) zeo-
lite was synthesized by hydrothermally
treating a gel of composition 5.5 TEABr -
15.8Na,0 - 48.4Si0; - 1.0Al,05 - 2054H,0
in a stirred stainless-steel autoclave (cap-
acity 20 dm?, stirring speed 70 rpm) at 453
K for 40 h at autogenous pressure (about
1250 kPa). The gel was prepared in the
stirred autoclave by mixing thoroughly an
alkaline solution of 4 kg of sodium silicate
(containing NayO, 9.57%; SiO,, 28.43%;
and H»0, 62.0%) and 0.45 kg of TEABrin 6
dm? of deionized water with an acidic solu-
tion of aluminum sulfate (prepared by dis-
solving 0.13 kg of anhydrous aluminum
sulfate and 0.7 kg of concentrated sulfuric
acid in 6 dm® of deionized water). After the
hydrothermal synthesis, the contents of the
autoclave were cooled to room tempera-
ture. The crystals of zeolite were filtered,
washed thoroughly with deionized water,
and dried in an air oven at 393 K for 24 h.

The organic part of the TEA - Na-ZSM-8
was removed by heating the zeolite in air at
813 K for 12 h (the temperature was
increased at a heating rate of 10 K min™ ).

The zeolite with different degrees of H*
exchange was prepared by repeatedly
exchanging the calcined zeolite with 0.1 M
HCl at 353 K. After H* exchange, the
zeolite was washed with deionized water,
dried in air at 393 K for 12 h, pressed
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without any binder, crushed to particles of
0.2-0.3 mm, and finally calcined in air at
813 K for 12 h (the temperature was raised
at a heating rate of 10 K min™").

The degree of H' exchange (a) was
determined by analyzing the Al and Na
contents of the zeolite [a = (Al — Na)/Al].

The crystalline nature of the zeolite was
determined by X-ray powder diffraction
using a Holland Philips PW 1730 X-ray
generator with a Ni-filtered CuK« radiation
source and a scintillation counter. The size
and morphology of the crystals of the zeo-
lite were studied with a Cambridge Stereo-
scan Model 150 scanning e¢lectron
microscope. The zeolites (in fluorolobe
mull) were examined for their —-OH stretch-
ing bands (range 3200-3800 cm™') using a
Perkin-Elmer 599B infrared spectrometer.
The surface composition of the zeolite cal-
cined at different temperatures (813-1273K)
was studied by XPS using a VG Scientific
ESCA-3MK II electron spectrometer.

The crystal density of the H-ZSM-8 (a =
0.96) and H-ZSM-5 (Si/Al = 17.2 and a =
0.99) zeolites and their sorption capacity
for n-hexane and p-xylene at 303 K were
determined by the specific gravity bottle
method described earlier (/3). The sorption
of nitrogen in the zeolites at —78 K (at a
relative pressure of 0.3) was measured
using a Quantasorb surface area analyser
(Quantochrome Corp.) based on the dyna-
mic adsorption/desorption technique.

Measurement of stepwise thermal deso-
rption (STD) of pyridine. The chemisorp-
tion of pyridine on the zeolites at 673 K was
measured by the GC pulse technique (/4)
based on temperature-programmed desorp-
tion under chromatographic conditions.

The STD of pyridine was carried out by
desorbing the pyridine chemisorbed at 373
K on the zeolite in a flow of nitrogen from
373 to 773 K in four steps (each of 100 K).
The temperature in each step was raised at
a linear heating rate of 10 K min~'. After
the maximum temperature of the respective
step was attained, it was maintained for a
period of 1 h to desorb the reversibly
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TABLE 1

X-Ray Diffraction Data on H - Na-ZSM-8
(Si/Al = 29.6, a = 0.96)

dA) L% dA) (%) dA) D%
11.18  59.9 5.69 11.6 4.00 9.2
1000 426 5.56 14.1 3.85  100.0
9.70 15.9 5.36 5.3 3.82 70.0
9.00 6.8 5.12 4.9 3.75 39.0
7.42 6.3 5.01 9.2 3.71 51.0
7.06 5.0 4.60 8.1 3.64 33.2
6.70 8.5 4.45 3.5 3.59 5.6
636 134 435 11.6 3.48 7.7
6.04 2.0 4.25 15.5 3.4 12.7
598  16.9 4.07 4.9 3.35 14.9

adsorbed base on the zeolite at that tem-
perature.

Details of the procedure for the STD
experiments are given elsewhere (11, 15).

Throughout this paper, the chemisorp-
tion is considered as the amount of base
retained by the presaturated zeolite after it
was swept with pure nitrogen for a period
of 1 h.

Measurement of catalytic activity. The
catalytic activity of the zeolites in the
isomerization of o- and m-xylene, the dis-
proportionation of toluene, and the
methanol-to-aromatics conversion was
determined in a pulse microreactor (i.d. 4
mm) connected to a gas chromatograph,
under the following conditions: for isomeri-
zation of xylenes—amount of catalyst 0.05
g, N, flow rate 200 cm® min ', total pressure
238 kPa, temperature 673 K, and pulse size
0.05 mmol; for disproportionation of
toluene and methanol-to-aromatics
conversion—amount of catalyst 0.05 g, N,
flow rate 20 cm® min~!, total pressure 120
kPa, temperature 673 K, pulse size 0.01
mmol (toluene) and 0.025 mmol (methanol).
Before the activity was measured, the cata-
lyst was heated at 673 K for 1 h in a flow of
nitrogen.

The catalytic activity of a poisoned zeo-
lite, whose stronger acid sites were selec-
tively blocked by pyridine chemisorbed at
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773 K, was also measured under the above-
mentioned conditions.

The reaction products were analyzed on
a column of Betone-34 (5%) and dinonyl
phthalate (5%) on Chromosorb-W (3 mm X
9 m) (carrier N, flow rate 20 cm® min™'); the
column temperature was programmed from
323 to 423 K at a heating rate of 10 K min™",
keeping the initial and final temperatures
for 10 and 30 min, respectively.

The details of the microreactor and the
procedures for measuring the catalytic
activity and for the selective poisoning of
the zeolite were given earlier (10, 11).

RESULTS
Characterization of Zeolites

X-ray diffraction (XRD) data on H -
Na-ZSM-8 (a = 0.96) are given in Table 1.
The XRD data for the zeolite are similar to
those for ZSM-8 reported elsewhere (16).

No significant change in the XRD pattern
of the zeolite was observed when its degree
of H* exchange (a) was varied from 0.08
to 0.96 and also when the calcination tem-
perature of H - Na-ZSM-8 (o« = 0.96) was
increased from 813 to 1273 K, except that
the intensity of peaks at lower angles (26 <
18°,i.e. d > 5 A) was found to increase with
the increase in calcination temperature, and
for the zeolite calcined at 1273 K, the peak
at20 = 24.4°(i.e.,d = 3.64 ;\) was found to
resolve into a doublet.

IR spectra of H - Na-ZSM-8 (a = 0.96)
showed the —OH stretching band only at
3610 cm™! and the intensity of this band was
found to decrease with the increase in calci-
nation temperature. The —OH band at 3720
cm™!, which is expected for nonzeolite
material (I7), was found to be absent.

A scanning electron micrograph of the H
- Na-ZSM-8 (a = 0.96) is shown in Fig. 1.
The crystals of zeolite are cubical in shape
and are nearly uniform in size (crystal size
= 3.5 um). The zeolite is also highly crys-
talline.

Physical properties of the ZSM-8 and
ZSM-5 zeolites are compared in Table 2.
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TABLE 2
Comparison of Physical Properties of H-ZSM-8 and H-ZSM-5 Zeolites

Zeolite Si/Al a Crystal Crystal Sorption capacity (mmol g')
ratio size density
(um) (g cm™) n-Hexane p-Xylene N,at —78 K
at 303 K at303 K (p/p, = 0.3)
H-ZSM-8 29.6 0.96 3.5 1.75 1.33 1.13 49
H-ZSM-5 17.2 0.99 0.8 1.78 1.35 1.18 5.0

The results indicate that the two zeolites do
not differ significantly in their crystal den-
sity and sorption capacity for a-hexane
and p-xylene at 303 K and for nitrogen at
-78 K.

XPS of the H - Na-ZSM-8 (a = 0.96)
calcined at the different temperatures (813-
1273 K) indicated that the concentration of
aluminum on the surface of the zeolite
crystals increased significantly with the
increase in calcination temperature. This
indicates the possibility of dealumination of
the zeolite at higher temperatures (=973
K), which is consistent with earlier obser-
vations on H-ZSM-5 zeolites (10, 18).

STD and Chemisorption of Pyridine

Figure 2 shows the results of the STD of
pyridine from the H - Na-ZSM-8 zeolites. It

may be noted that here the site energy is
expressed in terms of a temperature range
in which the base chemisorbed at the
lowest temperature is desorbed (74 is the
desorption temperature of the base and T%
is the temperature at which the base che-
misorbed on the strongest site is desorbed).

The temperature dependence of the che-
misorption of pyridine on the zeolite with
different degrees of H* exchange and the
zeolite [H - Na-ZSM-8 with o = 0.96] cal-
cined at different temperatures is shown in
Fig. 3. The ¢; (amount of pyridine che-
misorbed) vs T (temperature) curves (Fig.
3) present a type of site energy distribution
in which the number of sites are expressed
in terms of the amount of pyridine che-
misorbed as a function of chemisorption
temperature, which, in turn, is a measure of

F1G. 1. Scanning electron microphotograph of H < Na-ZSM-8 (a =

0.96).
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Fic. 2. Effect of calcination temperature (7;) and degree of H* exchange (@) on the site energy
distribution (obtained from the STD of pyridine) of H - Na-ZSM-8 zeolite.

the strength or energy of the sites involved
in chemisorption. The results (Figs. 2 and
3) indicate that the site energy distribution
and the number of strong sites (measured in
terms of the chemisorption of pyridine at
673 K) on the zeolite are strongly influ-
enced by its calcination temperature. The
degree of cation exchange also affects the
site energy distribution of the zeolite; how-
ever, its influence is strong, particularly, on
high-energy (i.e., strong) sites. The number
of strong sites on the zeolite increase with
the increase in degree of H* exchange and
decrease with the increase in calcination
temperature. These observations are simi-
lar to those observed for ZSM-5 zeolite
10-12).

Catalytic Properties

The influence of the degree of HY
exchange and the calcination temperature
of the zeolite and of the poisoning of its
stronger pyridine chemisorption sites on
catalytic activity and product distribution
(in the first pulse experiment) in o-xylene
isomerization, toluene disproportionation,

and methanol-to-aromatics conversion
reactions has been shown in Figs. 4, 5, 6,
and 7, respectively.

Effect of calcination temperature. The
results (Figs. 4-7) show that the catalytic
activity of the H - Na-ZSM-8 (a = 0.96) in
the above reactions decreases almost
exponentially with the increase in calci-
nation temperature of the zeolite. The
decrease in the catalytic activity is consis-
tent with the decrease in the strong pyridine
chemisorption sites of the zeolite.

In the o-xylene, toluene, and methanol
conversion reactions, there is a very signi-
ficant increase in the p-xylene/m-xylene
(p-X/m-X) ratio with the increase in calci-
nation temperature, thus showing an
increase in the shape-selective behavior of
the zeolite due to an increase in its calci-
nation temperature. In the conversion of
toluene, the benzene/xylene (B/X) ratio
increases with the increase in calcination
temperature of the zeolite.

It may be noted that the calcination tem-
perature has no effect on the conversion of
methanol to lower hydrocarbons; the con-
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Fi1G. 3. Temperature dependence of chemisorption of pyridine (¢;) on H - Na-ZSM-8, showing the
effect of calcination temperature (7.) and degree of H* exchange («).

version was nearly 100%. A similar obser-
vation was made for H-ZSM-35 zeolite (/7).
It is also interesting to note that the depen-
dence of the catalytic activity and shape
selectivity of H-ZSM-8 on calcination tem-
perature is quite similar to that observed in
the conversion of methanol and ethanol to
aromatics on H - Na-ZSM-5 zeolite (/7).
Effect of degree of H* exchange. The
results show a strong influence of the
degree of H* exchange on the catalytic
activity and selectivity in the hydrocarbon
and methanol conversion reactions (Figs.
4-7). The conversion of o-xylene, m-
xylene, and toluene and the extent of
aromatization in the methanol conversion

increase with the increase in degree of H™
exchange. The increase in catalytic activity
in the above reactions is quite consistent
with the increase in strong pyridine che-
misorption sites on the zeolite. It can also
be noted that the p-X/m-X ratio (in the
conversions of o-xylene, toluene, and
methanol) and the p-X/o-X ratio (in the
methanol conversion) decrease with the
increase in degree of H exchange. In the
methanol conversion on H - Na-ZSM-8 («
= 0.08), the p-X/m-X and p-X/o-X ratios
have been found to be greater than 10.
These facts indicate that the shape-
selective behavior of the zeolite in the
formation of xylene isomers decreases with
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F1G. 4. Effect of degree of H* exchange (a), calcination temperature (7.), and poisoning on
conversion of o-xylene and p-X/m-X ratio in the isomerization of o-xylene on H - Na-ZSM-8 at 673 K
[—, unpoisoned zeolite; ---, poisoned zeolite (by pyridine chemisorbed at 773 K)]. Amount of zeolite =
50 mg; N, flow rate = 200 cm? min~'; pulse size = 6.0 ul.
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Fi1G. 5. Effect of degree of H* exchange (a), calcination temperature (7;), and poisoning on
conversion of m-xylene on H - Na-ZSM-8 at 673 K [—, unpoisoned zeolite; ---, poisoned zeolite (by
pyridine chemisorbed at 773 K)]. Amount of zeolite = 50 mg; N, flow rate = 200 cm® min~!; pulse size

= 6.0 ul.
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FiGc. 6. Effect of degree of H* exchange («), calcination temperature (7.), and poisoning on
conversion of toluene and B/X and p-X/m-X ratios in the disproportionation of toluene on H -
Na-ZSM-8 at 673 K [—, unpoisoned zeolite; ---, poisoned zeolite (by pyridine chemisorbed at 773 K)].
Amount of zeolite = 50 mg; N, flow rate = 20 cm® min™'; pulse size = 1.0 ul.

the increase in degree of H* exchange. Itis the increase in degree of H exchange. This
also interesting to note that the B/X ratio in  indicates that the disproportionation of tol-
the conversion of toluene decreases with uene is favored over the dealkylation of
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FiG. 7. Effect of degree of H* exchange (a), calcination temperature (7.), and poisoning on
aromatization and p-X/m-X and p-X/o-X ratios in the methanol-to-aromatics conversion on H -
Na-ZSM-8 at 673 K [—, unpoisoned zeolite; ---, poisoned zeolite (by pyridine chemisorbed at 773 K)].
Amount of zeolite = 50 mg; N, flow rate = 20 cm® min™'; pulse size = 1.0 ul.
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toluene (occurring as a parallel reaction) on
the zeolite having a higher degree of H*
exchange.

The conversion of methanol to lower
hydrocarbons on the zeolite with H*-
exchange values of 0.96, 0.82, and 0.64 was
nearly 100%, but on the zeolite with H*-
exchange values of 0.19 and 0.08, conver-
sion was 85.0 and 76.4%, respectively.

It may be noted that the effect of degree
of H* exchange on the aromatization
activity and shape-selectivity behavior of H

Na-ZSM-8 is quite similar to that
observed in the conversion of methanol and
ethanol to aromatics on H - Na-ZSM-5
zeolite (19).

Effect of poisoning. The poisoning of the
zeolite by selective blockage of its stronger
sites by the pyridine chemisorbed at 773 K
caused a very significant decrease in the
catalytic activity in all reactions (Figs. 4-7).
This is a commonly observed poisoning
effect. However, it is interesting that
p-X/m-X ratio in the conversions of o-
xylene, toluene, and methanol on the zeo-
lite increases because of the poisoning.
Thus, the poisoning results in an increase in
the para-shape-selective behavior of the
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zeolite. Also interesting is that in the con-
version of methanol, the aromatization
activity of the poisoned zeolite decreases
with the increase in degree of H* exchange.

It may be noted that the poisoning has
not shown a significant effect on the con-
version of methanol to lower hydrocar-
bons, which is similar to the observation
made on H-ZSM-5 zeolite (20, 21). Also,
the changes observed in the catalytic
activity and shape-selectivity behavior of
H-ZSM-8 due to the poisoning are quite
similar to those observed for the H-ZSM-5
zeolite (10, 20-22).

Effect of pulse number. To compare the
deactivation characteristics of ZSM-8 and
ZSM-5 zeolites, a number of pulses of
cumene were passed over the H-ZSM-8 (a
= 0.96) and H-ZSM-5 (Si/Al = 17.2 and « >
0.99) zeolites one after the other at 1-h
intervals at 600 K. The dependence of the
cumene cracking activity [expressed in
terms of the ratio of conversion of cumene
in the nth pulse to that in the first pulse (x)]
of the two zeolites on pulse number is
shown in Fig. 8. A comparison of the
results shows that the decrease in the
cumene cracking activity of H-ZSM-8 with

H-ZSM-5(Si/Al =17-2)

-~ 0-8
x
>
Lt
2 06}
5 H-ZSM -8 (Si/Al= 29:6)
a
e
- 04[
>
3
: CONVERSION OF CUMENE IN THE FIRST PULSE
- . . o,
o 02 H-2ZSM-5 : 529 %
H~-ZSM-8 : 34:0 %
0-0 1 1 1 1 1 I
[o] 5 10 15 20 2% 30

PULSE NUMBER ,n

Fi1G. 8. Effect of pulse number on catalytic activity of the H-ZSM-8 and H-ZSM-5 zeolites in the
cracking of cumene at 600 K. Amount of zeolite = 50 mg; Ny flow rate = 1.0 dm’® min~'; pulse size =

8.0 pl.
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FiG6. 9. Effect of puise number on the aromatization activity and product distribution in the
conversion of methanol and ethanol to aromatics on the H-ZSM-8 zeolite at 648 K. Amount of zeolite

= 0.1 g; N, flow rate = 25 cm® min™'; pulse size = 2.5 ul.

the increase in pulse number is much
steeper than that for H-ZSM-5. When the
partially deactivated H-ZSM-8 after the
injection of 30th pulse was heated in a flow
of nitrogen (100 cm® min~") at 773 K for 1 h,
its cumene cracking activity (at 600 K) was
found to increase from 0.33 to 0.8.

Figure 9 shows the effect of pulse
number on aromatization activity and dis-
tribution of aromatics in the conversion of
methanol and ethanol on H-ZSM-8 at 648
K. The results indicate that in both alcohol
conversion reactions, the extent of aroma-
tization increases to a small extent up to the
injection of the 10th pulse, after which it
decreases with increasing pulse number;
the decrease is more significant in the
methanol conversion. The relative distribu-
tion of aromatic hydrocarbons is also
influenced significantly by the pulse
number in both alcohol conversion reac-
tions. However, the results of pulse exper-
iments for the conversion of methanol (21)
and ethanol (23) on H-ZSM-5 (Si/Al = 17.2)
at 648 K (under conditions similar to those
used for the alcohol conversions on
H-ZSM-8 zeolite) showed that the extent of

aromatization increases to a small extent up
to injection of the 10th pulse (which is quite
similar to that observed for the reactions on
H-ZSM-8), after which it remains almost
constant with increasing pulse number.
Also, the distribution of aromatics in both
alcohol conversion reactions was found not
to be affected significantly by increasing
pulse number. The initial increase in the
aromatization with pulse number in the
alcohol conversion reactions on both zeo-
lites is expected to be due mostly to the
gradual deactivation of very strong
cracking sites.

DISCUSSION
Acidity Distribution

The chemisorption of pyridine on the
zeolite (with different degrees of H™ ex-
change) at 373-773 K (Fig. 3b) points to the
fact that at lower temperatures, pyridine is
not chemisorbed selectively only on acid
sites; it can also interact strongly with
nonacid sites, particularly with Na™ cations
at lower temperatures (24, 25). Since the
interaction between Na® and pyridine is
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expected to increase with a decrease in the
degree of H* exchange of the zeolite, the
number of sites measured by the pyridine
chemisorption at lower temperatures can
be taken only as an upper limit of the acid
sites in the zeolite. It may be noted that the
effect of the degree of H* exchange on
pyridine chemisorption becomes pro-
nounced at higher temperatures. The
number of sites measured by pyridine
chemisorption increases as expected with
the degree of H* exchange only above 623
K. At lower temperatures, the dependence
is irregular (Fig. 3b). This is expected due
to the weakening of the nonacid site—
pyridine interactions at higher tempera-
tures. Hence, for H + Na-ZSM-8 zeolites
with a high degree of H* exchange (o =
0.82 and 0.96), the site energy distributions
shown in Figs. 2 and 3 may be taken as
equivalent to the acid strength distributions
on the zeolites. But, for zeolites with a
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lower degree of H* exchange, only the data
above 623 K are expected to represent the
acidity distribution.

The dependence of strong acid sites of
the zeolite, measured in terms of the
pyridine chemisorbed at 673 K, on its
degree of H* exchange and calcination tem-
perature is presented in Fig. 10. The
increase in acidity of the zeolite with the
increase in degree of H* exchange is almost
linear, whereas the decrease in acidity with
increase in calcination temperature is
exponential.

The decrease in the intensity of the ~-OH
stretching band at 3610 cm™!' (which is
expected to be responsible for protonic acid
sites on the zeolites) and in the chemisorp-
tion of pyridine at 673 K with the increase
in the calcination temperature of the zeolite
indicated that the chemisorption of pyridine
is essentially a measure of protonic acid
sites in the H - Na-ZSM-8. The Lewis acid
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sites formed due to dehydroxylation of the
zeolite at higher calcination temperatures
are not accessible to the base. This has also
been observed in case of ZSM-5 zeolite
(11).

The decrease in acidity (protonic) of the
zeolite with the increase in calcination tem-
perature is attributed mainly to the dehy-
droxylation at higher temperatures. To a
small extent, this decrease in acid sites may
also result from the dealumination of the
zeolite observed at higher temperatures.

Correlation between Acidity and Catalytic
Activity

In the hydrocarbon conversion (viz.,
isomerization of o-xylene and m-xylene and
disproportionation of toluene) and meth-
anol-to-aromatics conversion reactions on
H - Na-ZSM-8, the catalytic activity

depends strongly on the degree of H”
exchange and calcination temperature. It
may be noted that an increase in the degree
of H™ exchange and a decrease in the
calcination temperature cause an increase
in both the acidity (Fig. 10) and the cata-
lytic activity (Figs. 4-7) of the zeolite in the
above reactions. This fact indicates that the
catalytic activity of the zeolite is related to
its acidity. Correlations between the cata-
lytic activity in different reactions and the
acidity (strong acid sites measured in terms
of the pyridine chemisorbed at 673 K) of H -
Na-ZSM-8 are presented in Fig. 11.

The conversion of toluene and the extent
of aromatization in the conversion of
methanol increase almost linearly with the
increase in acidity, indicating a linear
relationship between the catalytic activity
in these reactions and the acidity of the
zeolite. The conversion of o-xylene or m-
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xylene, however, increases exponentially
with the increase in acidity. This apparent
exponential increase in catalytic activity
with acidity is expected mostly because of
the intracrystalline mass transfer limita-
tions imposed on the reaction by the higher
critical size of o- or m-xylene molecules
compared with methanol and toluene mole-
cules (critical diameter: o-xylene, 0.74 nm;
m-xylene, 0.74 nm; toluene, 0.67 nm;
methanol, =0.44 nm).

The resistance to intracrystalline mass
transfer of o- or m-xylene is expected to
increase with the decrease in H' exchange
(i.e., with the increase in Na® content) of
the zeolite because of the larger size of Na*
cation compared with the proton. Thus the
higher content of Na* in the zeolite causes
an increase in the diffusional resistance due
to a small but significant decrease in the
effective channel diameter of the zeolite. In
earlier studies (26) on H - Na-ZSM-5 zeo-
lite, a sharp increase in the diffusional
resistance with the increase in Na* content
was observed for the diffusion of benzene
in the zeolite under catalytic conditions.

When the zeolite is calcined at higher
temperatures, its protonic acidity is
decreased due to dehydroxylation, but at
the same time, dealumination to a small
extent also occurs. The dehydroxylation
and dealumination are also expected to
cause a small but significant change in the
effective channel diameter of the zeolite,
which can significantly increase the diffu-
sional resistance for xylene molecules
because of their larger critical diameter.

For diffusion-controlled reaction (except
for highly exothermic ones), the observed
conversion is lower than that in the absence
of mass transfer limitations. In the conver-
sions of o-xylene and m-xylene on H -
Na-ZSM-8, the increase in the mass trans-
fer resistance with the increase in the Na*
content and also the calcination tempera-
ture has thus resulted in an exponential
increase in the observed catalytic activity
with the increase in the acidity of the
zeolite.
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Active Acid Sites

The increase in the calcination tempera-
ture (which causes a decrease in the
number of protonic acid sites by converting
them into Lewis acid sites at higher tem-
peratures) has resulted in a sharp decrease
in the catalytic activity of the zeolite in all
reactions (Figs. 4-7). This clearly points to
the fact that the isomerization, dispropor-
tionation, and aromatization (in the metha-
nol conversion) reactions on H - Na-ZSM-8
are catalyzed by protonic acid sites. Lewis
acid sites are not involved in these reac-
tions mostly because of their inaccessibility
to the reacting molecules. It may be noted
that the Lewis acid sites in H - Na-ZSM-8
are also not accessible to pyridine mole-
cules (Fig. 10b) and therefore its chemi-
sorption essentially measures the protonic
acid sites in the channels of the zeolite.

It may be noted that the increase in the
calcination temperature produces no
significant effect on the conversion of
methanol to lower hydrocarbons. This indi-
cates that the Lewis acids formed at higher
calcination temperatures are probably
accessible to smaller molecules like metha-
nol molecules.

The results of the selective poisoning of
the stronger acid sites of the zeolite with
pyridine (Figs. 4-7) show that the catalytic
activity in the hydrocarbon conversion
reactions and in the aromatization in the
methanol conversion is reduced very sig-
nificantly due to the poisoning. This indi-
cates that the stronger acid sites are
involved in these reactions. However, the
poisoning showed no significant effect on
the conversion of methanol to lower hydro-
carbons, indicating that the dehydra-
tion of methanol occurs even on weaker
acid sites.

It may be noted that the above observa-
tions are quite similar to those observed for
H-ZSM-5 zeolite (11, 19-22).

It is interesting that the aromatization
activity of the poisoned zeolite decreases
with an increase in the degree of H'
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exchange (Fig. 7). This contradicts the
results on unpoisoned zeolite and may be
attributed to modification of the activity of
the unpoisoned sites through their interac-
tions with the chemisorbed pyridine and
also to the distribution of the acid sites
(which are not blocked by pyridine) on the
poisoned zeolite. No firm conclusion on
this matter can be drawn from this study.

Diffusion—Reaction Interaction Effects

The observed increase in the p-X/m-X
ratio with the increase in Na” content and
in the calcination temperature of the zeolite
in the o-xylene isomerization, toluene dis-
proportionation, and methanol-to-aro-
matics conversion reactions (Figs. 4-7) is a
result of the diffusion-reaction interaction
(27). The increase in diffusional resistance
with the increase in Na® content of H -
Na-ZSM-8 is expected because of the
reduction in the effective channel diameter
as H* (with negligibly small ionic diameter)
is replaced by Na* (ionic diameter 0.19 nm)
and also because of the stronger interaction
of aromatic nuclei with Na” than with
protons in the zeolite. The increase in diffu-
sional resistance with the increase in calci-
nation temperature is expected mostly
because of the small but significant reduc-
tion in effective channel diameter resulting
from the dehydroxylation and dealu-
mination of the zeolite at higher tempera-
tures. In the formation of xylene isomers in
the above reactions, the selectivity for the
para isomer increases with the increase in
diffusional resistance in the zeolite, as the
diffusivity of the para isomer is much
higher than that of the other isomers; there-
fore, its formation is favored over that of
other isomers because of the diffusion-
reaction interaction. Similarly, the increase
in the B/X ratio (in the toluene dispropor-
tionation) with the increase in Na* content
of the zeolite (Fig. 6) is also due mostly to
the increase in diffusional resistance in the
zeolite.  Aromatic  hydrocarbons are
expected to differ widely in their reactiv-
ities and diffusivities in a shape-selective
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zeolite like the present one. Also, the
apparent reactivity is expected to increase
with the decrease in ditfusivity (28); hence,
the formation of products possessing higher
diffusivity is generally favored.

The results also show a strong influence
of the poisoning of the zeolite on the
p-X/m-X ratio in the o-xylene isomerization
(Fig. 4) and toluene disproportionation
(Fig. 6) reactions; the poisoning caused a
marked increase in the p-X/m-X ratio. Also
in this case, the increase in selectivity for
the para isomer is expected mostly because
of the increase in diffusional resistance in
the zeolite resulting from the blockage of a
fraction of a pathways in the volume or at
the boundary of the zeolite crystal (29). A
decrease in the diffusivity of the zeolite due
to poisoning (or strongly presorbed polar
compounds) is commonly observed (30).
This has also been observed for ZSM-5
zeolites (31, 32).

It is interesting to note that the para-
shape-selectivity behavior of the ZSM-§-
type zeolites, discussed above, is quite
similar to that observed for ZSM-S5-type
zeolites (10, 11, 19-22). This is consistent
with earlier observation on ZSM-8-type
zeolites. (8).

Catalyst Deactivation

The results in Figs. 8 and 9 indicate that
the catalytic activity in cumene cracking
and alcohol-to-aromatics conversions reac-
tions on H-ZSM-8 zeolite decreases with
the increase in pulse number. The fact that
heating of the deactivated zeolite at ele-
vated temperature (773 K) in an inert atmo-
sphere results in a partial gain of its
catalytic activity reveals that the catalyst
deactivation occurs mostly because of
blockage of zeolite channels by strongly
adsorbed large hydrocarbon molecules,
which are cracked to smaller fragments at
higher temperature.

Comparison between ZSM-8 and ZSM-5
Zeolites

The crystal density and sorption capacity
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for n-hexane, p-xylene, and nitrogen of
H-ZSM-8 zeolite are quite close to those for
H-ZSM-5 zeolite (Table 2), indicating that
these two zeolites do not differ significantly
in their physical properties.

The effects of calcination temperature
and degree of H' exchange on the number
of strong acid sites (measured in terms of
pyridine chemisorbed at 673 K) of H -
Na-ZSM-8 are quite similar to those
observed for H - Na-ZSM-5 zeolite (10-12).
It is, however, interesting that the number
of strong acid sites on H-ZSM-8 is 0.29
mmol g~', which is somewhat higher than
the number of strong acid sites (0.25 mmol
g7!) (33) on H-ZSM-5 having the same Si/Al
ratio.

Comparison of the results on ZSM-8 type
zeolite, showing the effect of calcination
temperature, degree of H* exchange, and
poisoning of strong acid sites by pyridine
on catalytic activity and para-shape selec-
tivity in hydrocarbon conversion and
alcohol-to-aromatics conversion reactions,
with the results on ZSM-5-type zeolites (10,
11, 19-22) clearly indicates a close simi-
larity. The nature of active acid sites and
their strength requirements for catalyzing
the reactions for these two zeolites are also
similar. However, though both zeolites
possess almost similar shape-selective
properties, ZSM-8-type zeolites undergo
catalyst deactivation at a faster rate than do
ZSM-5-type zeolites. This is expected
because of the small but significant
difference in channel structure between the
two zeolites.

CONCLUSIONS

The following conclusions are drawn
from studies on H - Na-ZSM-8 zeolite with
respect to acidity and catalytic properties
and factors affecting these properties.

The acidity and catalytic activity (in the
conversions of o-xylene, m-xylene, and tol-
uene and in the aromatization in the con-
version of methanol) of H - Na-ZSM-8 are
strongly influenced by the degree of H*
exchange and the calcination temperature
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of the zeolite. Both the acidity and catalytic
activity of the zeolite decrease with the
increase in Na™ content and calcination
temperature. The catalytic activity of the
zeolite in the above reactions is correlated
with the acidity measured in terms of the
pyridine chemisorbed at 673 K. The chemi-
sorption of pyridine at higher temperatures
(>623 K) essentially measures protonic
acid sites on the zeolite.

The active acid sites on the zeolite for the
hydrocarbon conversion and aromatization
reactions are protonic, and these reactions
occur on the strong protonic acid sites;
however, the dehydration of methanol to
lower hydrocarbons can occur even on
weaker acid sites.

Both the catalytic activity and product
selectivity in the above reactions are
strongly affected by the poisoning of
stronger acid sites of the zeolite by
pyridine.

The shape selectivity of H - Na-ZSM-8 in
the formation of xylene isomers in the
hydrocarbon conversion and aromatization
reactions increases (i.e., the formation of
p-xylene is favored over other Xxylene
isomers) with the increase in Na* content
and calcination temperature of the zeolite;
it also increases after poisoning of the zeo-
lite, mostly because of the increase in the
diffusional resistance in the zeolite, resul-
ting in increased diffusion-reaction interac-
tions leading to the formation of products
having higher diffusivity.

Comparison of the results on ZSM-8-type
zeolites with those observed on ZSM-5
type zeolites indicates a close similarity
between these zeolites in their physical
properties (viz., crystal density and sorp-
tion capacity), acidity, active sites, cata-
lytic properties, and shape-selective behav-
ior. However, the observed higher rates of
catalyst deactivation due to the deposition
of large hydrocarbon molecules in the chan-
nels of ZSM-8-type zeolites indicate the
possibility of a small but significant differ-
ence in the channel structure of the two
zeolites.
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