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Catalysts have been prepared by treating a parent Na,NH,-Y(54) zeolite containing 54 Alfu.c.
with ammonium hexafluorosilicate (AHFS). The resulting zeolites, containing between 39 and 26
Al/u.c., were crystalline, but were relatively inactive for the cracking of n-hexane at 400°C. After
steaming they became active, and their activity was greater than that of a parent zeolite which had
been steamed to the same framework aluminum (Aly) content. To achieve maximum activity by
steaming the amount of Al removed from the AHFS-treated zeolite was equivalent to ca. one Al
atom per 8 cage. The enhanced activity of the steamed AHFS-treated material is believed to result
from the presence of isolated Al in the framework and a cationic form of extraframework Al in the
B cages. It is apparent from the *Si NMR spectrum that the resonance of Si atoms connected to
three Al; atoms is not present in the AHFS-treated samples. The absence of this ¥Si resonance is
consistent with an increase in isolated Al; atoms. All of the zeolites contained an octahedral form
of extraframework Al which has no affect on acidity or activity. The most active zeolites are
characterized by infrared bands at 3602 and 3525 cm~', which are assigned to hydroxyl groups in
the large and small cages, respectively. The zeolites prepared with AHFS retained less than 0.3
wt% fluorine. It is unlikely that this fluorine is responsible for the enhanced acidity of the more active
catalysts. Impregnation of the less active catalysts with NH,F increased the activity; however, this
phenomenon results from dealumination rather than from the electronic effect of fluorine.
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INTRODUCTION

It is now evident that a normal H-Y zeo-
lite, with its full complement of protons, is
arelatively inactive catalyst for such hydro-
carbon reactions as cumene dealkylation
and hexane cracking (/-3). If this material
is steamed or treated with SiCl,, aluminum
is removed from the framework and depos-
ited in several possible forms in the cavities
of the zeolite. In addition, the activity for
acid-catalyzed reactions increases up to a
maximum level at ca. 32 framework alumi-
num atoms (Alg per unit cell (u.c.). Upon
further dealumination the activity decreases
linearly with respect to Al; content.
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In order to understand the mechanism by
which dealumination enhances catalytic ac-
tivity, one would like to be able to separate
the roles of Al; distribution and the effect of
extraframework Al species. This has been
achieved, in part, by studying the activity
of an H-ZSM-20 zeolite which contained 41
Alfu.c., but no extraframework Al (4).
ZSM-20 is an intergrowth of the cubic fau-
jasite (FAU) structure and a hexagonal form
known as Breck structure six (BSS). The
particular ZSM-20 zeolite used in the activ-
ity study had a ratio of FAU-to-BSS of ap-
proximately 1.8. If the Al; distribution were
the only factor in effecting strong acidity,
one would expect this material to be highly
active for hexane cracking, but, in fact, it
exhibited very little activity (3, 4).

It is possible to produce Y-type zeolites
having ca. 30-40 Al/u.c., but a limited
amount of extraframework Al, by treating a
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normal zeolite Y (Si/Al = 2.5) with ammo-
nium hexafluorosilicate (AHFS). This
method was first reported by Skeels and
Breck (5). As a part of a broader study on
the effects of dealumination, Beyerlein et
al. (6) showed that a zeolite modified by
AHFS had relative little activity for acid-
catalyzed isobutane cracking, but the activ-
ity became greater when the sample was
subsequently steamed. The activity was
even greater than that of conventionally
steamed sample that had the same Al; con-
centration. Similarly, a commercial form of
this catalyst (Union Carbide 1.Z-210) which
had been steamed was found to be active in
a MAT test (7). We have shown that Y-type
zeolites treated with AHFS are inactive for
hexane cracking (3).

Several theories have been proposed to
explain the interplay between framework
and extraframework aluminum in creating
strong acidity in zeolites Y, ZSM-20, and
ZSM-5. These have recently been summa-
rized (4). We have proposed that two re-
quirements are essential for strong acidity:
(i) there must be only one Al; atom in a four-
ring of the zeolite, and (ii) the B-cage must
contain aluminum cations. In the present
study this hypothesis was further tested us-
ing a series of Y-type zeolites dealuminated
with AHFS. These materials were subse-
quently steamed to achieve differing
amounts of extraframework Al. The activi-
ties of the catalytic materials for hexane
cracking were compared with those of
Y-type zeolites that had been dealuminated
using conventional steaming. The zeolites
were characterized by a number of tech-
niques including solid-state NMR. In addi-
tion to the roles of framework and extra-
framework Al, the significance of residual
fluorine in the catalyst also was evaluated.

EXPERIMENTAL
Catalyst Preparation

Four different zeolites were prepared by
AHFS modification of the parent Na,NH,-
Y-zeolite, provided by Union Carbide,

which contained 54 Al/u.c. These samples
were then mildly or severely steamed. Sev-
eral steamed samples also were prepared
from the parent Y-zeolite for comparison.

Zeolites dealuminated with AHFS were
prepared using a variation of the method of
Skeels and Breck (5). A 40-g sample of the
zeolite was slurried in 400 ml of deionized
water and heated between 80 and 90°C. To
this slurry a 1 M solution of AHFS was
added with stirring at a rate of 0.005 mol
reactant per mol aluminum per minute. The
total amount of solution added depended
on the desired degree of dealumination; the
calculated amount of Al, based on stoichi-
ometry, generally was extracted. The resul-
tant slurry was maintained at 80-90°C for
3 h with stirring, then filtered while hot and
washed with 1 liter of hot water four times
to remove fluorides.

The mild or severe steaming was carried .
out in a fused quartz reactor tube at 550°C
for 1 h or at 600°C for 3 h, respectively.
An N,/steam mixture saturated with H,O at
85°C (415 Torr of water) was passed over 6
g of zeolite at a flow rate of 30 ml/min. The
temperature was raised gradually (5°C/min)
to the final dealumination temperature. The
N,/steam flow rate was increased and/or a
higher temperature (650°C) was used in
some cases in order to increase the extent
of dealumination. Finally, the zeolite was
cooled in the Ny/steam mixture and dried at
120°C in flowing N,.

The samples were transformed to the am-
monium form by ion exchanging 5-10 g of
the zeolite in 1 liter of 1 M NH,NO; solution
at 70°C for 2 h with stirring. The zeolite
was filtered, washed with 1 liter of deionized
water, and dried at 100°C. This procedure
was repeated three times. The extent of ion-
exchange was greater than 99% (less than
0.03 wt% of Na) in every case.

Fluorine was purposely introduced by an
incipient wetness technique in which 1 ml
of 0.1 M NH,F solution was added to 0.5 g
of zeolite. After 24 h the sample was dried
overnight at 120°C.
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Evaluation of Catalytic Activity

Catalytic measurements were carried out
in a fused-quartz flow reactor having an in-
ternal diameter of 5 mm. A stream of N,
(20 ml/min) was passed through a n-hexane
saturator at 0°C and then into the catalytic
reactor. A 42-45 mg sample of catalyst
(20-45 mesh) was placed on quartz wool.
The upper part of the reactor was packed
with quartz chips to preheat the reactant
gases. The samples were activated in situ by
heating under flowing N, for 1 h at 100°C,
40 min at 200 and 300°C each, and then
2 h at 400°C. The reaction temperature was
400°C in every run. A sample was taken
after 5 min on stream. The n-hexane conver-
sion was determined by GC product analysis
(C,—C¢ hydrocarbons) using a Carle III
chromatograph equipped with a 3-m Pora-
pack Q (80-100 mesh) column at 150°C. The
activity was calculated from the amount of
products obtained. The maximum conver-
sion in these experiments was 27%; the
range of conversion was 0.8-27%.

Characterization

A total analysis of the zeolites was carried
out by dissolving the samples in a solution
of hydrofluoric acid and perchloric acid. The
solution was heated on a hot plate until the
liquid had completely evaporated, and the
residue was then dissolved in water. The
resulting solution was analyzed for Na* and
AP* by the ion-coupled plasma method
(ICP), using an ARL 3510 ICP spectrome-
ter. The error in this analysis is estimated to
be =1 Allu.c.

The fluorine content of the zeolites was
determined by using a fluorine selective
electrode and a ‘‘known addition’’ tech-
nique (8). The zeolite sample was decom-
posed by using an Na,CO;-K,CO, melt at
1000°C. After cooling, the mixture was dis-
solved in an aqueous HCI solution. The flu-
oride ion concentration was calculated from
the difference of the electrode potentials
measured before and after addition of a
known amount of standard NaF solution.

LONYI AND LUNSFORD

The zeolite samples were checked by
X-ray diffraction for crystallinity, and the
unit cell parameter was determined relative
to Pb(NO,), (a, = 7.8568 A) (9). The X-
ray diffraction patterns were obtained with a
Seifert~Santag Pad 1I automated diffrac-
tometer. The percent crystallinity values
were obtained according to the ASTM D
3906-85a method.

Infrared spectra were measured at 2 cm
nominal resolution on a Perkin—Elmer 1710
FTIR spectrometer equipped with a high-
sensitivity MCT detector. The zeolite sam-
ples were pretreated in N, flow under the
same conditions as the catalytic samples and
then were pressed into self-supporting wa-
fers (6-8 mg/cm?). The zeolite wafer was
heated up to 400°C under vacuum (1073
Torr) at a rate of 0.6°C/min and was kept at
400°C for 4 h. After recording the spectrum
at room temperature, 5 Torr of pyridine va-
por was introduced into the cell and allowed
to react with the zeolite wafer for 30 min.
The cell was evacuated at 250°C for 4 h to
eliminate the weakly adsorbed pyridine and
cooled to room temperature for recording
a second spectrum. A third spectrum was
recorded after the same procedure, except
the cell was evacuated at 400°C for 4 h.

The Si and *’Al spectra were obtained
using a Bruker MSL-300 spectrometer
(7.05T). About 0.2 g of hydrated zeolite was
loaded into a zirconium rotor and spun (3
kHz) at the magic angle to remove line
broadening caused by homonuclear or het-
eronuclear interactions. Si or 7Al spectra
were obtained after 12005200 or 800-1600
accumulations, respectively. The Si/Al ratio
was calculated using the method of Engel-
hardt et al. (10). An error of approximately
+1 Alfu.c. is estimated.

-1

RESULTS
Catalyst Characterization

The zeolite samples prepared by AHFS
dealumination (Y(39)-Y(26)) had good crys-
tallinity except the sample Y(26), for which
more than 50% loss in crystallinity was ob-
served. The Al/u.c. content of 28 is appar-
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TABLE 1

Analysis of Zeolite Samples

Zeolite ag Total Aldu.c. Crystallinity

Allu.c. (¥Si NMR) (3)

(ICP)
Y(39)* 24.593 36 39 97
Y(30) — 27 30 —
Y(28) 24.508 26 28 91
Y(26) 24.414 17 26 45
smY(39)? 24.533 — 34 100
smY(28) 24.426 25 26 108
smY(30) — — 24 _—
smY(26) 24.368 — 23 53
58Y(39)-1° 24.533 — 29 106
ssY(39)-2 — — 26 —
s$Y(39)-3 — — 18 —
ssY(28) 24.410 25 20 110
ssY(30)-1 — — 16 —
ssY(30)-2 — — 13 —
ssY(26) 24.368 — 20 50
Y(54)4 24.742 — 54 100
smY(54)° 24.676 — 3 82
ssy(54)-1/ 24.589 — 38 89
ssY(54)-2 — — 32 —
ssY(54)-3 — — 29 —
$sY(54)-4 — 54 27 —
ssY(54)-5 - 53 21 —

4 Prepared from the parent Y(54) zeolite by AHSF treatment.
b AHSF treated series after mild steaming.

¢ AHSF treated series after severe steaming.

4 Parent zeolite.

¢ Mild steamed parent zeolite.

f Severely steamed parent zeolite series.

ently the lower limit for dealumination of a
Y-type zeolite with AHFS in a single step if
one wants to retain good crystallinity.

The unit cell constant, the total Al con-
tent, the framework Al content, and the
crystallinity of the zeolites used in this study
are listed in Table 1. The numbers given
in parenthesis refer to the Al/u.c. for the
respective zeolite. The parent material,
Y (54) was assigned a crystallinity of 100%.
The total Al content and the framework Al
content decreased in a parailel manner, and
(except for Y(26)) the Al contents obtained
by the two methods were nearly equivalent.
In fact, the value for Al/u.c. was somewhat
greater than the value for the total Alu.c.
This difference reflects the errors in analy-
ses. By contrast both mild and severely
steamed samples retained most of the Al
which was originally in the zeolite.

The fluorine contents of the zeolite sam-

ples are listed in Table 2. The Y(39) zeolite,
which contained the least amount of fluorine
after preparation, lost the least amount of
fluorine upon steaming. The Y(28) and Y(26)
zeolites lost approximately half of their flu-
orine upon steaming. The fluorine intro-
duced to the mildly steamed parent catalyst
(0.35 wt%) was largely retained in the zeolite
after activation.

Activity for n-Hexane Cracking

As can be seen in Fig. 1 the parent zeolite
and the samples prepared by AHFS modifi-
cation had little activity for hexane cracking
in their pure H-form. It was noted pre-
viously that the activity of samples prepared
by steaming the parent Y(54) zeolite in-
creased almost linearly with respect to Al;
concentration, up to ca. 32 Alyu.c., and then
decreased to zero (extrapolated) at ca. 64
Alfu.c. (1, 2, 6).The line through the solid
squares in Fig. 1 is the functional relation-
ship for Al, atoms having no next-nearest
neighbors in the zeolite four-rings. This rela-
tionship was derived from the statistical
model of Beagley et al. (11), assuming repul-
sive interactions between aluminum tetra-
hedra. We and others have shown that the
linear relationship between activity and

TABLE 2

Fluorine Content of Zeolite Samples

Zeolite Fluorine content (wt%)
Y(39)¢ 0.15
Y(28) 0.28
Y(26) 0.62
smY(39)" 0.15
ssY(39)-1 0.13
smY(28) 0.14
$sY(28) 0.19
smY(28) 0.26
ssY(28) 0.27
smY(54)/F¢ 0.33

¢ As prepared by AHSF treatment.

b After mild or severe steaming.

¢ Mild steamed parent zeolite after
fluorine treatment and activation in nitro-
gen at 400°C.
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F1G. 1. Dependence of hexane cracking activity on
framework Al content at 400°C: [, parent zeolite; &,
mildly steamed parent catalyst; B, severely steamed
parent catalysts; O, AHFS-modified series; ©, AHFS-
mofidied series after mild steaming: @, A, AHFS-modi-
fied series after severe steaming.

Al/u.c. may be extended to quite small alu-
minum contents (I, 2, 11). The lower Al
concentrations were achieved either by
treatment of the zeolite by SiCl, (I, 2) or
by steaming the zeolite, followed by more
extensive dealumination with HCl (7). In
each case the activity data could be repre-
sented by a single straight line.

By contrast the activity of each zeolite
prepared with AHFS, followed by steaming,
had a unique functional relationship. More-
over, the maximum activity, which oc-
curred at <32 Al/u.c., was greater than the
maximum activity that could be achieved
in the steamed Y(54) sample. In agreement
with the results of Beyerlein er al. (6) the
activity of a zeolite dealuminated with
AHFS to about 30 Al/u.c. and steamed to
20 Alfu.c. was considerably greater than
the activity of a catalyst that had only been
steamed to about 20 Al/u.c.

The amount of extraframework Al needed
to reach the maximum activity of an AHFS-
treated sample was only 8 to 10 Al/u.c. Fur-
thermore, the increase in activity, up to the
maximum, appears to be linear with respect
to the amount of extraframework Al. These
results agree with those obtained previously
with a steamed ZSM-20 zeolite (4).

LONYI AND LUNSFORD

The effect of fluorine treatment on the
activity of several catalyst samples is shown
in Table 3. The activity of the catalysts in-
creased some extent in every case after flu-
orine treatment; however, with the more ac-
tive catalysts the percentage increase was
small. Parallel to the activity increase, a
slight framework dealumination was de-
tected in two of the steamed parent zeolite
samples by ¥Si NMR (and also by an IR
spectroscopic investigation of the pyridine
adsorbed on Lewis acidic sites—spectra not
shown) after fluorine treatment and activa-
tion at 400°C in N, flow. Probably a similar
dealumination step occurred in the normal
Y-zeolite and the other unsteamed zeolites
which resulted in an activity increase. In the
severely steamed AHFS-modified samples,
where the Al; content was below 30 Al/u.c.
and more severe conditions are necessary
for further dealumination, the activities in-
creased only slightly after fluorine
treatment.

FTIR Study of the Acidic Centers

The spectra of Y(28), smY(28), and
ssY(28) zeolites are shown in Fig. 2. The
OH-region of the normal Y(28) is character-
ized by bands at 3745, 3632, 3550, and a

TABLE 3

Framework Al Content and Hexane Cracking Activ-

ity of the Zeolite Samples before and after
Fluorine Treatment
Catalyst Alfu.c.® Activity?
Before After® Before After®
Y(54) 54 — 12 24
Y(39) 39 — 27 56
Y(28) 28 — 24 57
Y(26) 26 — 15 35
smY(54) 44 41 127 164
ssY(54)-1 38 35 272 362
ssY(54)-5 21 — 222 248
ssY(39)-1 29 — 382 394
ssY(28) 20 — 431 445

« Measured by ®Si NMR.

b umol/g,, min.

©0.5 g of zeolite was impregnated by 1 ml 0.1 M NH,F
solution.
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FiG. 2. The IR spectra of the OH-region in the nor-
mal, mildly steamed, and severely steamed Y(28) zeo-
lites (a) after evacuation at 400°C and (b) after pyridine
adsorption and evacuation at 250°C.

shoulder at 3738 cm ™! (Fig. 2a.). The band
at 3745 and the shoulder at 3738 cm ™! have
been assigned to terminal silanol groups and
to internal silanols, respectively, arising
from incomplete substitution of silicon dur-
ing treatment with AHFS (/2). The bands
at 3632 and 3550 cm ™! are associated with
bridging hydroxyl groups located in the
large cages or the small sodalite cages of the
Y-type zeolite, respectively. A small addi-
tional band was observed in the mildly
steamed smY(28) zeolite around 3670 cm !
and the valley was greater between the 3632
and 3550 cm™! peaks. The band at 3632
cm™!, both in the Y(28) and the smY(28)
zeolites, actually consists of two bands: a
slight shoulder can be observed at 3625
cm ! (see the insert in Fig. 2.). This band
can be assigned to another type of bridging
hydroxyl group located in the large cages
(12), in agreement with the fact that there
are two types of framework oxygen in the
large cages.

In the severely steamed catalysts
(ssY(28)) the spectrum of the OH-region be-
came more complicated. An increase was
observed in the band at 3670 cm ™!, which
has been assigned to the OH-groups con-
nected to extraframework Al species in the

large cages (13, 14). The ssY(28) sample also
exhibited a band at 3602 cm ™! and a clearly
visible shoulder at 3525 cm~'. These bands
can be assigned to large and small cage hy-
droxyl groups, respectively, that are under
the influence of cationic extraframework Al
species (4, 13, 14).

After pyridine adsorption about half of
the sodalite cage OH-groups did not react
with pyridine, probably because of steric
reasons (Fig. 2b.). The most prominent band
that remained was the one at 3550 cm™'. In
the ssY(28) zeolite a band at 3612 cm ! also
remained. The band observed at 3602 cm ™!
before pyridine adsorption was superim-
posed on this band. An additional band ap-
peared at 3690 cm ™! after pyridine interac-
tion. A similar band was observed in
steamed zeolite-Y after Na* poisoning and
was attributed to the interaction of the Na*
cation with residual water (13, 15). Parallel
with the appearance of the band at 3690
cm™! the intensity of the 3670 cm™! band
decreased. When the pyridine desorption
temperature was increased to 400°C, the in-
tensity of the 3690 cm~! band decreased
while the intensity of the 3670 ¢cm ™! band
increased again (not shown in the figure).
Hence, the appearance of the band at 3690
cm~! is associated with the interaction of
the OH-groups on extraframework Al spe-
cies with adsorbed pyridine.

Difference spectra shown in Figs. 3a and
b were obtained by first recording the spec-
tra of the Y(28) zeolites in the OH-region
after activation at 400°C and then sub-
tracting from them the spectra after pyridine
adsorption and evacuation at either 250 or
400°C. The difference spectra obtained in
this manner reflect the OH bands that react
most strongly with pyridine. In the Y(28)
and smY(28) zeolites the OH-bands that
continue to interact with pyridine following
evacuation at 250°C were at 3632 cm~!, and
at 3555 cm~! with a shoulder at 3625 cm 1.
In the severely steamed sample the band at
3602 cm ! and a shoulder at 3525 cm ™! were
also involved in pyridine interaction. The
band at 3670 cm ~! likewise seems to interact
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smY(28)

FiG. 3. The difference spectra of the OH-region and
the pyridine region in the AHFS-dealuminated, mildly
steamed, and severely steamed Y(28) zeolites: (a) the
difference spectra in the OH-region for a sample before
and after pyridine adsorption and evacuation at 250°C;
(b) same as (a) but the spectra after pyridine adsorption
and evacuation at 400°C was substracted; (c) the pyri-
dine region after pyridine adsorption and evacuation at
400°C.

with pyridine; however, a valley can be seen
beside this peak under the baseline with a
similar negative intensity, so the appearance
of this peak on the difference spectrum is
attributed to the formation of a new peak at
3690 cm ! and the parallel decrease of the
3670 cm ! band. The terminal and internal
silanol groups around 3745 cm ™! seem to be
involved in the pyridine interaction; how-
ever, these OH-groups are nonacidic and
can interact with a base such as pyridine
only by hydrogen bonding (/6). After evacu-
ation at 400°C only a few remaining bands
interact with pyridine. In Y(28) the band at
3632 cm~ ! remains; in smY(28) and the band
at 3625 cm~! and a shoulder at 3602 cm™!
remain; in ssY(28) a weak band at 3625
cm ™!, the band at 3602 cm !, and a weak
band at 3525 cm ™! can be observed.

After evacuation at 400°C the intensity of
the band at 1545 cm ™!, assigned to pyridin-
ium cations formed on Brgnsted acidic cen-
ters, increased after mild or severe steaming
(Fig. 3¢), showing that the concentration of

LONYI AND LUNSFORD

the strongly acidic sites increased. The two
peaks around 1456-1462 cm™' were as-
signed to pyridine coordinatively bonded to
Lewis acidic sites. The Y(28) zeolite exhib-
ited many more of these Lewis acidic sites
than expected. Probably some extraframe-
work Al species were formed either during
treatment with AHFS or during the activa-
tion in N, and evacuation at 400°C; how-
ever, they did not influence the concentra-
tion of strong Brgnsted acidic sites.
Moreover, no additional bands were ob-
served in the OH-region, unlike in the se-
verely steamed sample (ssY(28)) for which
the deposited extraframework Al had alarge
effect on the OH region. These unexpected
Lewis-sites in the Y(28) sample probably
are not inside the pores of the zeolite.

MAS NMR Study

The results of Si NMR measurements
are summarized in Table 4. The symbols
Si(3), Si(2), Si(1), Si(0) correspond to Si
atoms connected to 3, 2, 1, or 0 Al; atoms.
An additional broad peak was observed
around — 110 ppm in the spectra of Y(26)
zeolites which had about 50% crystallinity.
This resonance probably results from the
Si in the amorphous silica—alumina phase.
After AHFS treatment the number of Si
atoms connected to two Al atoms in the
lattice decreased with decreasing frame-
work Al content (series a) while the number
of Si(1) atoms remained constant and the
number of Si(0) atoms increased. After mild
or severe steaming both the number of Si(2)
and Si(1) atoms decreased (series b and ¢),
except for the Y(39) zeolite, which did not
show any significant decrease in the Si(1)
resonance. Similarly, a decrease in the Si(3)
and Si(2) resonances was observed in the
mild and severely steamed parent catalyst
series (series e and f).

The ¥Si spectra of Y(39) and ssY(54)-1
samples having the same Al;content peru.c.
are shown in Fig. 4. After AHFS dealumina-
tion of the parent Y(54) zeolite no Si(3)
atoms were detected, but when the parent
catalyst was dealuminated by steaming to
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TABLE 4

Framework/Nonframework Al Content and Si
Distribution in the Zeolite Samples

Zeolite Unit cell
Alg Al Si(0) Si(1) Si(2) Si(3)

Y(39)¢ 39 — 42 69 45 —
Y(30) 30 — 66 3 23 —
Y(28) 28 — 72 72 20 —
Y(26) 26 — 81 69 16 —
smY(39)? 34 5 54 72 32 —
smY(28) 26 2 81 68 17 —
smY(30) 24 6 84 68 16 —
smY(26) 23 3 91 62 16 —
ssY(39)-1¢ 29 10 75 67 21 —
ssY(28) 20 8 104 58 10 —
ssY(30)-1 16 14 123 43 10 —
$sY(30)-2 13 17 133 38 8 —
ssY(26) 20 6 107 51 13 —
Y(54)4 54 — 14 49 57 18
smY (54 43 11 33 68 39 8
ssY(54)-11 38 16 52 66 26 10
s5Y(54)-2 32 22 68 62 22 8
sSY(54)-3 29 25 83 52 19 8
ssY(54)-4 27 27 — — — —
ssY(54)-5 21 33 — — — —
smY(54)/F¢ 41 13 41 66 36 9
ssY(54)-1/F 35 19 59 66 23

“ Prepared from the parent Y(54) zeolite by AHFS treatment.
b AHFS-treated series after mild steaming.

¢ AHFS-treated series after severe steaming.

4 Parent zeolite.

¢ Mild steamed parent zeolite.

£ Severely steamed parent zeolite series.

2 Fluorine-treated samples.

ppm

FiG. 4. The Si spectra of (a) Y(39) zeolite prepared
by AHFS-modification, and (b} ssY(54)-1 zeolite pre-
pared by severe steaming of the parent zeolite to a level
of 38 Alju.c.

573

FI1G. 5. The YAl spectra of the smY(28) and ssY(28)
samples in (a) NH;-form and (b) H*-form.

the same Al;content, a considerable amount
of Si(3) atoms remained in the sample.

The ?’Al spectra of smY(28) and ssY(28)
samples are shown in Fig. 5. Based on the
results of Table 1 one would expect the
ssY(28) sample to have hexagonally coordi-
nated Al which would give a resonance
around 0 ppm. As shown in Fig. 5, a strong
resonance at 59 ppm due to tetrahedral Al
was observed, but the resonance at 0 ppm
was very small. After activation at 400°C in
flowing N, the peak assigned to hexagonally
coordinated extraframework Al species
around 0 ppm became apparent. Moreover,
there was a good agreement between the
framework/nonframework Al ratios calcu-
lated from the ¥Si and Al spectra. The
ratios were 12 and 12.5 in smY(28) based on
»Si and *’Al data, respectively, and 2.8 and
3.2 in ssY(28). It should be noted that a
Y(28) sample activated at 400°C in N,, but
without steaming also exhibited a resonance
at 0 ppm.

From the spectra of Fig. S the only appar-
ent form of extraframework aluminum was
hexagonally coordinated; however, when
the spectrum was obtained with a 400 MHz
instrument and the sample was spun at 7
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kHz, a broad resonance centered at ca. 50
ppm was clearly evident in the ssY(28) sam-
ple. This resonance was not observed with
the Y(28) zeolite. The resonance at 50 ppm
has been assigned to a nonframework tetra-
hedral form of aluminum (4, /7). The area
under the broad resonance is approximately
20% of the total tetrahedral resonance,
which corresponds to 5.6 Al/u.c.

DISCUSSION

The catalytic results obtained on the H-Y
catalyst series prepared by AHFS modifi-
cation are in a good agreement with those
obtained in previous studies (3, 6). The ac-
tivities of these materials were quite small,
which supports the hypothesis that the pres-
ence of isolated Al; atoms is a necessary but
not sufficient condition for achieving high
acidity. When these zeolites were steamed
to a level of only about one extraframework
Al atom per B-cage, their activity reached a
maximum value. Presumably, the presence
of a small amount of cationic aluminum
greatly increased the acidity of certain pro-
tons in the zeolite. The activities achieved
were significantly greater than the maximum
activity of the steamed parent Y(54) zeolite.

The #Si results show that in the steamed
parent zeolites (series € and f in Table 4.)
the concentration of those Si atoms which
were connected to 3, 2, or 1 Al;atoms gener-
ally decreased in a parallel manner, while
the concentration of Si(0) atoms increased
continuously. In addition, each type of Si
atom (i.e., those connected to 0, 1, 2, or 3
Al;atoms) was present in the zeolite even at
the lower Al; content. In the case of Si(2)
atoms one could imagine an Al; distribution
where the two Al; atoms are present in two
different four-rings, but the presence of Si(3)
centers implies that two Al; atoms are in a
single four-ring. The protons associated
with hydroxyl groups in such four-rings
would not be strongly acidic. We conclude,
therefore, that in the steamed parent zeolite
series not all the framework Al atoms are
isolated and related to strong acidity even
when the Al; content is <32 per u.c. The
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fact that Si(3) is not zero indicates that N(0)
is not the only form of Al; at =32 per unit
cell. This means that zeolites perpared by
steam dealumination do not strictly obey
the significant structures model (/7), even
though the sharp maximum in activity at 32
Alfu.c. is in agreement with this model.

The advantage of the AHFS dealumina-
tion is clearly seen from the results shown in
Table 4. When the Al; content of the parent
catalyst was reduced from 54 to 39 by AHFS
treatment, those Al; atoms were eliminated
selectively by Si substitution which had a
next nearest neighbors in the four-rings; no
Si(3) atoms were detected in the Y(39) sam-
ple (see also Fig. 4.). At increasing dealumi-
nation levels the number of Si(1) atoms re-
mained constant (ca. 70), while the number
of Si(2) atoms decreased (series a). Probably
the AHFS treatment removed those Al;
atoms from the zeolite which were bonded
less strongly to the lattice, i.e., those Al;
atoms which were in a less silicious environ-
ment. The steam dealumination seems to be
less selective, perhaps because of the high
dealumination temperature (550-600°C) ap-
plied during the steaming procedure.

The observed selectivity during AHFS
dealumination has an important conse-
quence in that the samples prepared by this
method have a higher concentration of iso-
lated framework Al atoms relative to zeolite
prepared by steaming the parent Y(54) zeo-
lite. This difference may manifest itselfin the
higher hexane cracking activities reached on
severely steamed AHFS-treated samples
(Fig. 1). In a recent study in our laboratory
(4), higher hexane cracking activities were
observed on the steamed H-ZSM-20 cata-
lysts relatively to the steamed H-Y zeolites.
In this study the parent ZSM-20 catalysts
contained 42 Al/u.c. and no Si(3) peak was
observed on the ¥Si spectrum. Over 400
umol/gq,, min hexane cracking activity was
reached, and the maximum was positioned
around 32 Al/u.c. In our case, when the
Y (39) catalyst (39 Al/u.c.) containing a cer-
tain amount of isolated Al; atoms was
steamed todifferentlevels (i.e., the complete
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activity curve was measured, as shown in
Fig. 1), an activity curve very similar to that
found for H-ZSM-20 was observed.

The AHFS-modified catalysts contained
less extraframework Al species after steam-
ing than the steamed parent catalysts (Table
4), but they showed similar or even greater
hexane cracking activity. For example the
activities of the mildly steamed samples (se-
ries b) were only about 10-25% less than
the activities of the steamed parent catalyst
series, although these samples contained
only around 3-6 extraframework Al atoms
per unit cell which may be compared with
10-30 extraframework Al atoms in the
steamed parent catalysts. As noted above,
the number of isolated Al;atoms is probably
higher in the AHFS-modified samples rela-
tive to the parent catalyst before steaming.
Furthermore, the amount and distribution
of the essential cationic form of extraframe-
work Al may be closer to the optimum in
the AHFS-modified samples. In the AHFS-
modified samples a larger fraction of the ex-
traframework Al species seems to be effec-
tive for increasing the acidic strength of the
Brgnsted centers.

By increasing severity of the steaming the
OH-bands taking part in the interaction with
pyridine at 400°C (i.e., the strongest acidic
sites) shifted to lower wavenumbers, show-
ing the increasing acidity of the protons (Fig.
3b). In the unsteamed H-Y(28) sample some
of the large cage OH-groups (at 3632 cm™!
and a shoulder at 3625 cm ™) interact with
pyridine even after treatment at 400°C. In
the mildly steamed sample (smY(28)) a
shoulder at 3602 cm ~! was observed in addi-
tion to the band at 3632 cm~'. After severe
steaming (ssY(28)) the 3602 cm ~ ! band dom-
inated the spectrum, but the band at 3525
cm™! indicates that the strongly acid
OH-groups in the B-cages also took part in
the interaction with pyridine (13, 18). The
pyridine molecule is too large to enter into
the small cages, but the mobility of the pro-
ton makes possible the formation of a pyri-
dinium ion.

A pair of bands at 3602 and 3526 cm !

also was observed following the activation
of H-ZSM-20 by steaming (4). These bands
were affected more strongly by the addition
of Na™ than were the less acidic bands 3624
and 3550 cm ™. It should be noted from the
spectra of Fig. 3a that even after severe
steaming the hydroxyl groups characterized
by the bands at 3602 and 3526 cm™! consti-
tute only a fraction of those present in the
zeolite. Thus, dealumination decreases the
total number of acid protons in the zeolite,
but upon subsequent steaming some of these
become strongly acidic.

By analogy with the positive effect of
La** ions on acidity (3), we propose that
cationic tetrahedral Al is present in the
B-cages as AIOH?" species. This tetrahedral
form of Al is believed to be responsible for
the resonance at 50 ppm. Through inductive
effects this cationic Al species withdraws
electrons from OH-bonds, thus making the
protons more acidic.

For sake of illustration consider a zeolite
in which there are 24 Al/u.c. and 4
Al(OH)**/u.c. On the average there would
be 3 A/B-cage and 0.5 AI(OH)*>*/B-cage. In
half the B-cages an AI(OH)** cation would
charge compensate two Al; tetrahedra, and
there would be one strongly acidic proton.
In each of the remaining B-cages there
would be three weakly acidic protons. The
relative number of strongly and weakly
acidic protons is consistent with the ampli-
tudes of the 3602 and 3525-cm™! hydroxyl
bands. At higher Al/u.c. concentrations
charge compensation by AI(OH)** is not a
problem, but at lower Al; concentrations
and higher cationic extraframework Al con-
centrations no protons would be needed.
But since only a fraction of the extraframe-
work species are cationic, in the severely
steamed samples with lower Al; content a
delocalization of charge over rather long dis-
tance must take place (4). Thatis, a multiva-
lent extraframework Al species will influ-
ence not only those protons in its immediate
vicinity, but also those which are in other
adjacent small cages and hexagonal prisms.

It should be noted that the hexagonalily
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coordinated extraframework Al species re-
mained ‘“NMR invisible’” in the NHJ-ion
exchanged samples (Fig. 5a) and became
“‘visible’’ after activation in N, at 400°C.
Klinowski et al. (19) have found a large dis-
agreement between the Al/Al ratios deter-
mined from the ?°Si and ?’Al spectra of a
series of steam-dealuminated Y-zeolite.
Their samples were NH;-ion exchanged
after steaming but before the NMR mea-
surements. AI(OH);, AI(OH)?**, Al,O,, and
some polymeric Al species were suggested
as the possible forms of the ‘“invisible’” ex-
traframework Al. When the dealumination
was carried out by SiCl, treatment, much
better agreement was found between the *Si
and Al NMR results. They concluded that
dealumination with SiCl, produced fewer
immobile aluminum complexes, not observ-
able by NMR; however, in this later experi-
ment the Na*-form of the Y-zeolite was
used.

In our case the AHFS-modified and then
steamed samples were also NHj-ion ex-
changed before the Si NMR measure-
ments. The octahedral extraframework Al
species became ‘‘visible”” only after the
samples were activated in N, at 400°C. It is
clear from the data of Table 1 that extra-
framework Al species in the ssY(28) sample
were formed during the AHFS treatment
and steaming at 550 or 600°C, rather than
during the activation in N, at 400°C. From
our results we suggest that in the NH; form
of the dealuminated Y-zeolite the octahedral
symmetry of the extraframework Al might
be altered, thus making them ‘*“NMR invisi-
ble.”” With the zeolite in the H*-form after
activation the symmetry of this species was
restored, and the agreement between the
concentrations of extraframework Al as de-
termined from the 2Si and *’Al spectra be-
came much better.

The fluorine treatment had some benefi-
ciary effect on the zeolite acidity and activ-
ity. This activity increase can be attributed
mainly to the formation of additional extra-
framework Al species during the fluorine
treatment. The NH,F introduced into the
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zeolite by impregnation decomposes at ele-
vated activation temperature (up to 400°C)
and HF is formed. The HF might cause de-
alumination (20).

Becker and Kowalak (27) have observed
a significant increase in the acidity and cata-
lytic activity of high-silica mordenite and
ZSM-5 catalysts upon fluorine treatment
(their samples were impregnated by NH,F
and activated at an elevated temperature);
however, significant framework dealumina-
tion was always detected. In addition, they
observed a similar increase in activity in
AP* ion-exchanged Y-zeolites after fluorine
treatment (22). The interpretation of this re-
sults is complicated by the fact that dealumi-
nation was observed, and the zeolites con-
tained a significant Na*-ion concentration
which decreased with the severity of the
fluorine treatment. In both cases the in-
creased acidity and activity were attributed
to the formation of Al-F species which, act-
ing as strong Lewis acidic sites, interact
with acidic OH-groups.

In our case, very little fluorine remained
in the samples, and this was probably in
the form proposed by Becker and Kowalak.
Although this fluorine may have a small di-
rect effect on acidity, it seems that the in-
crease in activity can largely be explained
by an increase in the extent of dealumina-
tion. The exception would be the ssY(54)-5
sample, for which a greater extent of de-
alumination would be expected to reduce
the acitivity. In fact, treatment with NH,F
increased the activity about 10%.

CONCLUSIONS

An AHFS treatment selectively removes
those Al; atoms which have second nearest
tetrahedral Al; neighbors in the four-rings,
but the resulting zeolite is relatively inactive
for hexane cracking. Subsequent steaming
is a necessary step for producing extra-
framework Al species in the zeolite which
enhance the acidity of the protons associ-
ated with isolated Al; atoms. Steaming re-
moves the Al; atoms from the lattice in a
random manner. The enhanced activity of
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the steamed AHFS-modified samples, rela-
tive to the steamed parent catalysts, can
be attributed to the larger amount of the
isolated Al; atoms in this zeolite and a more
favorable extraframework Al concentration
and distribution.

The strongest acidic centers can be attrib-
uted to the presence of the OH-bands at
3602 and 3625 cm ™!, which were assigned
to large and small cage OH-groups, respec-
tively, in the presence of extraframework
Al species. Only a fraction of the extra-
framework Al species seems to be effective
for increasing acidity in the steamed AHFS-
modified catalysts. If a way could be found
to introduce this form of extraframework Al
as a separate step, it should be possible to
produce an even more active catalyst than
that prepared in this study.

The activity increase observed after slight
fluorine treatment can be attributed mainly
to the dealumination caused by HF formed
from NH,F during the activation at 400°C.
The presence of fluorine in the zeolites after
AHFS treatment is believed to play only a
minor role in effecting strong acidity.
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