JOURNAL OF CATALYSIS 154, 41-46 (1995)

The Effect of Spiltover Hydrogen on the Stabilization of Catalytic
Activities of Y-Type Zeolite and Pillared Montmorillonite for the
Disproportionation of 1,2,4-Trimethylbenzene

Takeshi Matsuda, Hidetoshi Seki, and Eiichi Kikuchi!

Department of Applied Chemistry, School of Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169, Japan

Received August 26, 1994; revised January 4, 1995

Disproportionation of 1,2,4-trimethylbenzene was carried out
at 200°C to investigate the effect of hydrogen spillover on the
stabilization of the catalytic activities of ultrastable Y (USY) zeolite
and pillared montmorillonite. The catalytic activity of pillared
montmorillonite, the acidity of which is mainly due to Lewis acid
sites, became stable against deactivation in the presence of spiltover
hydrogen. There was a less pronounced effect of spiltover hydrogen
on the deactivation of USY catalyst treated at 400°C. When the
surface acidity of USY was converted from Brgnsted to Lewis
acidity by treatment at temperatures as high as 750°C, however,
the deactivation was effectively suppressed by spiltover hydrogen.
We concluded from these results that the stabilization of activity
by spiltover hydrogen is linked to Lewis acidity, irrespective of
the type of catalyst.
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INTRODUCTION

In recent years, molecular sieves have played an in-
creasingly important role in industrial catalysts. The most
popular shape-selective catalyst is a zeolite with a pore
size comparable to the dimensions of many simple mole-
cules. As a result, shape-selective conversions of organic
compounds on zeolite catalysts have been widely investi-
gated. Pillared clays have aiso aroused much interest in
their application as shape-selective catalysts (1-4). Catal-
ysis by shape-selective materials, however, is most often
accompanied by deactivation due to the formation of
coke. Since catalyst deactivation caused by coke is indus-
trially a very important problem, considerable effort has
been undertaken to specify the active site and the mecha-
nism of coke formation or the nature of coke, as well as
its effect on activity and selectivity (5-8).

Rollmann and Walsh (9, 10) and Dejaifve et al. (11)
emphasized the importance of the zeolite pore system for
coke formation. In the case of ZSM-5 with a particular
small pore structure, coke formation is prevented by its
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shape-selective property. On the other hand, it was re-
ported by Itoh and co-workers (12) that deactivation of
a zeolite catalyst could be prevented by controlling acidity
even if the zeolite had large pores. A different method
of preventing the deactivation of zeolite catalysts was
proposed by Gnep et al. (13, 14): the addition of a hydro-
genating component such as Ni, Pt, or Pd to a zeolite is
effective when used in a hydrogen atmosphere.

It was shown in our previous work (15) that deactivation
of a pillared montmorillonite catalyst in disproportiona-
tion of 1,2,4-trimethylbenzene (1,2,4-TMB) was fully sup-
pressed by loading a small amount of Pd on the pillared
montmorillonite or by mixing it with a Pd/Al,O, catalyst
and using hydrogen as a carrier gas. The same procedures,
however, hardly stabilized the activity of pillared mont-
morillonite for the alkylation of 1,2,4-trimethylbenzene
with methanol (16). It is known (17) that disproportiona-
tion can proceed on either Brgnsted or Lewis sites, while
only Brgnsted sites are responsible for alkylation. Thus,
we deduce that Lewis acidity plays an important role in
the stabilization of catalytic activity. The purpose of this
paper is to discuss the stabilizing effect of spiltover hydro-
gen on the catalytic activity of USY zeolite in comparison
with pillared montmorillonite.

EXPERIMENTAL

An ultrastable NH, Y zeolite with a SiO,/Al,O, molar
ratio of 6 was supplied by Tosoh Co. Ltd. The ultrastable
NH, Y was calcined at 540°C for 4 h to form a proton-
type ultrastable Y zeolite (USY). The framework SiO,/
AlLO; molar ratio was 16, as determined by ?°Si-MAS
NMR measurement. The clay used in this study was a
sodium-type montmorillonite obtained by Kunimine In-
dustry Co., designated Kunipia F. Pillared montmorillon-
ite was prepared by intercalation of montmorillonite with
[Al,;0,(0OH),,(H,0),,]"". The detailed method of interca-
lation has previously been described (15, 18). The interca-
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lated product was dried at 110°C overnight and calcined
at 400°C for 4 h. Hydrogen spillover was effected by
mixing USY or pillared montmorillonite with 0.5 wt%
Pd/Al ;.

The reaction was carried out at atmospheric pressure
in a continuous down-flow system with a fixed bed cata-
lyst. The mixture of acid catalyst and 0.5 wt% Pd/Al,O,
or the acid catalyst alone was packed in a reactor and
was treated in a stream of hydrogen at the desired temper-
ature (400 or 750°C) for 2 h prior to the reaction of 1,2,4-
trimethybenzene disproportionation which was per-
formed at 200°C. 1,2,4-trimethylbenzene was quantita-
tively supplied from a microfeeder to the reactor through
a vaporizer using hydrogen as a carrier gas. The partial
pressures of 1,2,4-TMB and hydrogen were 33.44 and
67.89 kPa, respectively. Liquid products were collected
in an ice trap every 10 min and were analyzed by means
of gas chromatography using a flame ionization detector
and a FFAP glass capillary separation column with tem-
perature-programmed heating from 60 to 170°C.

The number of catalytically active acid sites was evalu-
ated by the temperature-programmed desorption (TPD)
of ammonia. In each TPD experiment, a sample was
heated in vacuo to 400 or 750°C and was kept at this
temperature for | h. Afterammonia was adsorbed at 250°C
for 30 min and evacuated for 30 min, the sample was
heated at a rate of 10°C/min from 200 to 700°C. It has
been reported (19-21) that the NH;-TPD profile of zeolites
is affected by the evacuation temperature, and a rather
long time is needed for desorbing the physically or weakly
adsorbed NH,. Under our measurement conditions, the
TPD profile did not change at all when the evacuation
time was longer than 30 min.

The nature of the acid sites was determined by infrared
spectroscopy using pyridine as a probe molecule. IR spec-
tra were obtained with an IR-810 infrared spectrometer
(Japan Spectroscopic Co.}. The sample was pressed into
a self-supporting wafer (20 mm diameter, ca. 30 mg),
which was mounted in a cell and evacuated at the elevated
temperature of 400 or 750°C for 1 h. Pyridine was adsorbed
on the wafer at 200°C for 1 h and was evacuated at 400°C
for 3 h. The measurement was carried out at room temper-
ature.

H-D exchange at OH groups on the acid catalysts was
measured by means of infrared spectroscopy. The mixture
of acid catalyst and 0.5 wt% Pd/Al,O, (a mixing ratio of
9 to | by weight) was pressed into a self-supporting wafer
and was mounted in the cell. Afterward the sample was
reduced at 400°C for 2 h and was evacuated at the same
temperature for 1 h. A pressure of 13.33 kPa deuterium
was introduced into the cell at 200°C and the measurement
was performed at the same temperature.

Chemisorptive uptakes of carbon monoxide on Pd in
0.5 wt% Pd/Al,O, were measured at ambient temperature

by use of a pulse technique, after reduction at 400 or
750°C.

RESULTS AND DISCUSSION

Table 1 shows the activities of pillared montmorillonite
and USY catalysts for the conversion of 1,2,4-TMB.
These catalysts were treated at 400°C. The catalytic activ-
ity was compared using the data taken in the initial 10-20
min of the run. Under these reaction conditions, dispro-
portionation was the main reaction on both pillared mont-
morillonite and USY, especially on pillared montmorillon-
ite, with a minor contribution of isomerization. Pillared
montmorillonite was selective for disproportionation of
1,2,4-TMB to 1,2,4,5-tetramethylbenzene (1,2,4,5-
TeMB), although the catalytic activity of pillared mont-
morillonite was low compared with that of USY. As
shown in Fig. 1, the catalytic activity of pillared montmo-
rillonite decreased rapidly with time on stream. As the
deactivated catalyst was mostly regenerated by calcina-
tion at 400°C with an evolution of CO,, coke formation
is the main cause of catalyst deactivation.

The catalytic activity of pillared montmorillonite, how-
ever, was completely stabilized against deactivation by
mixing it with Pd/Al,O; and using hydrogen as a carrier
gas, although the initial activity was lowered. In contrast,
deactivation was accelerated with the evolution of a de-
tectable amount of hydrogen, when the mixture of pillared
montmorillonite and Pd/Al,O, was used in a nitrogen at-
mosphere after hydrogen reduction. Morevoer, no stabili-
zation of catalytic activity was observed when the mixture
was used without reduction. The stabilizing effect appears

TABLE 1
Catalytic Activities of Pillared Montmorillonite and USY“

Pillared
Catalyst: montmorillonite USsy Equilibrium
W/F (g-catalyst min/mol) 2300 200
% Conversion 25.4 249
Selectivity for
Disproportionation 90.8 82.4
Isomerization 9.2 17.6
Composition of
Xylene isomers
o- 46.2 34.7 (20.3)
m- 449 51.2 (55.6)
p- 8.9 14.1 (24.1)
TeMB isomers”
1,2,4,5- 70.0 50.8 (35.4)
1,2,3,5- 26.3 433 (51.4)
1,2,3.4- 3.7 5.9 (13.2)

¢ Data were taken after 10-20 min of run.
& TeMB, tetramethylbenzene.
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FIG. 1. The effect of the amount of Pd/AlLO; added to pillared
montmorillonite on deactivation; (O) pillared montmorillonite; (O) pil-
lared montmorillonite with Pd/AlO; (10 wt%); (A) pillared montmoril-
lonite with Pd/Al,O, (50 wt%). Reaction conditions: temperature, 200°C,
W/F, 2300 g-catalyst min/mol.

only when the mixture is used in a hydrogen atmosphere
after reduction.

Deuterium exchange with protons at the OH groups on
pillared montmorillonite was carried out at 200°C. Typical
infrared spectra obtained before and after exposure to
deuterium for varying periods of time are shown in Fig.
2. Before exposure to deuterium, the absorption band due
to OH groups on pillared montmorillonite was observed
at 3650 cm~!. When the sample consisting of pillared

Absorbance

[£+3]

(c)

l 1 i '

3600 3200 2800 2400
Wave nunber (cm™h

FIG. 2. Deuterium exchange with protons on pillared montmorillon-
ite at 200°C: (a) before exposure to D,; (b) after exposure to D, for 30
min; (c) after exposure for 2 h.
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montmorillonite and Pd/Al,O, was exposed to deuterium,
the intensity of the OH band decreased gradually and the
absorption band due to OD groups appeared at 2700 cm ™.
In contrast, the absorption band corresponding to the OH
groups was unchanged by exposure to deuterium without
Pd/Al,O,. Thus, it is deduced that the H-D exchange
observed is caused by the migration of deuterium from
Pd/Al,O; to pillared montmorillonite. It is therefore con-
sidered from these results that the above-mentioned stabi-
lization of catalytic activity is the result of hydrogen
spillover.

Figure 3 shows the time-dependent variation of the cata-
lytic activity of USY zeolite which had been pre-treated
at 400°C. Deactivation of USY was moderated slightly by
mixing it with Pd/Al,O; and using hydrogen as a carrier.
The catalytic activity of USY zeolite was lowered by high
temperature treatment, but it did not affect the degree of
deactivation. As shown in Fig. 4, however, deactivation
of the USY catalyst was effectively prevented by spiltover
hydrogen when the USY was mixed with Pd/Al,O; and
reduced at 750°C.

As shown in Fig. 5, interparticle migration of deuterium
from Pd/ALO, to USY was confirmed. When USY was
in contact with deuterium in the presence of Pd/Al,0;,
OH absorption bands at 3740 and 3580 cm ™! disappeared
and OD bands appeared at 2750 and 2640 cm™'. H-D
exchange at OH groups on USY took place only when Pd/
Al O, was present. OH groups on USY were completely
converted to OD groups by exposure to deuterium for 30
min, while the band due to the OH groups was observed on
pillared montmorillonite even after exposure to deuterium
for 2 h. Pillared montmorillonite showed an OH absorp-
tion band even after adsorption of pyridine at 200°C. In
contrast, the OH bands of USY disappeared by pyridine
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FIG. 3. The effect of the amount of Pd/Al,O; added to USY on
deactivation: (O) USY; () USY with Pd/ALO; (50 wt%); (&) USY
with Pd/ALO; (90 wt%). Reaction conditions: temperature, 200°C,
W/F, 500 g-catalyst min/mol. The catalyst was reduced at 400° C.
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FIG. 4. The effect of the amount of Pd/Al,O; added to USY on
deactivation: (O) USY; (O) USY with Pd/ALO; (50 wt%); (&) USY
with Pd/ALO; (75 wt%). Reaction conditions: temperature, 200°C,
W/F, 500 g-catalyst min/mol. Catalyst was reduced at 750°C.

adsorption. The difference in the rate of H-D exchange
between USY and pillared montmorillonite may be related
to the strength of the Brgnsted acidity, namely the OH
bond strength. Since the extent of H-D exchange reaction
is connected with the accessibility of OH groups, it is
also possible that the OH groups on pillared montmoril-
lonite are less accessible than those on USY.

The role of spiltover hydrogen in the stabilization of
catalytic activity is considered as follows: Coke precur-
sors are eliminated from acid sites by spiltover hydrogen
before they have a change to undergo further coking reac-
tions on acid sites. As a result, the overall deactivation
rate declines. According to this concept, there is a possi-
bility that the degree of stabilization of the catalytic activ-
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FIG. 5. Deuterium exchange with protons on USY at 200°C. (a)
before exposure to D,; (b) after exposure to D, for 30 min; (c), after
exposure for 2 h.

ity by spiltover hydrogen is influenced by the ratio of
metal sites to acid sites as well as by the nature of the
acid sites, because the rates of hydrogen spillover and
coke formation are related to the number of metal sites
and acid sites, respectively.

In the case of USY zeolite, the degree of stabilization
increased with increasing amount of Pd/Al,O; added
(Figs. 3 and 4). As shown in Fig. |, however, the stabiliza-
tion of catalytic activity of pillared montmorillonite was
brought about by the addition of a small amount of
Pd/Al,O,, and the degree of stabilization was independent
of the amount of Pd/Al,O; added. USY had a large number
of acid sites compared with pillared montmorillonite.
Treatment of USY at 750°C reduced the number of acid
sites as a result of the conversion of Brgnsted sites to
Lewis sites. Thus, the less effective stabilization observed
for USY may be due to a small ratio of metal to acid sites.

In order to express the degree of deactivation quantita-
tively, the deactivation of USY and pillared montmoril-
lonite was expressed using the equation reported by
Vorrhies (22).

A = Agt ™",

where ¢ stands for time on stream and # is a deactivation
factor which increases with increasing deactivation rate.
A, is the initial activity and A, is the activity at ¢. This
equation fitted the experimental results satisfactorily. The
degree of catalyst deactivation will be discussed in terms
of the n value.

Metallic dispersions of Pd/Al,O; after reduction at 400
and 750°C were determined to be 0.42 and 0.03, respec-
tively, from chemisorptive uptakes of carbon monoxide.
The number of active sites was evaluated by TPD of
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FIG. 6. The effect of the desorption temperature of ammonia on the
catalytic activity of USY. Reaction conditions: temperature, 200°C,
W/F, 500 g-catalyst min/mol.
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ammonia. Figure 6 shows the catalytic activity of USY
zeolite after preadsorbing ammonia as a function of evacu-
ation temperature. As the catalytic activity appeared only
when preadsorbed ammonia was removed above 250°C,
the number of catalytically active acid sites was deter-
mined from the amount of ammonia desorbed above
250°C.

Figure 7 shows the relation between the n value and
the amount of Pd/Al,O, added to pillared montmorillonite
or USY. The catalytic activity of USY became more sta-
ble against deactivation with an increase in the amount
of Pd/Al,O, added. Figure 8 illustrates the # value as a
function of the ratio of metal sites to acid sites. At any
ratio of metal to acid sites, USY gave a larger n value
than pillared montmorillonite, and high temperature treat-
ment of USY reduced the »n value. Thus, it is difficult to
assign the less effective stabilization observed for USY
as an influence of metal sites per acid site.

The acidic nature of the active sites was determined by
infrared spectroscopy using pyridine as a probe molecule.
The catalytic activity of USY zeolite after preadsorbing
pyridine was strongly dependent on the evacuation tem-
perature. Since the catalytic activity appeared only when
preadsorbed pyridine was evacuated and removed above
400°C, the infrared spectra of adsorbed pyridine were
measured after evacuation at 400°C. The catalytically ac-
tive sites on pillared montmorillonite were mostly Lewis
type, while those on USY zeolite consisted to Brgnsted
and Lewis sites. Treatment of USY at 750°C reduced the
number of Brgnsted acid sites as a result of conversion
of Brgnsted sites to Lewis sites, although some Brgnsted
sites still remained.

Figure 9 shows the n-value detemined at constant ratios
of metal to acid sites as a function of the percentage of

100

o 20 40 60 80
Amount of Pd/Al,O5 /wt%

FIG. 7. Relation between the n value and the amount of Pd/Al,04
added to acid catalysts; (O) pillared montmorillonite; (0) USY treated
at 400° C; (&) USY treated at 750°C.
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FIG. 8. Relation between the n value and the ratio of metal sites to
acid sites; (O) pillared montmorillonite; (3) USY treated at 400°C; (A)
USY treated at 750°C.

Brgnsted acid sites to total acid sites. Here, the molar
extinction coefficients reported by Hughes and White (23)
were used for the calculations. The percentages of
Brgnsted acid sites on pillared montmorillonite and USY
treated at 400°C or at 750°C were determined to be 0,
60, and 24%, respectively, by the absorption bands of
pyridine adsorbed on Brgnsted (1540 cm™') and Lewis
(1450 cm ') sites. It is obvious from Fig. 9 that the activity
of the Lewis acidic catalyst was stabilized more effec-
tively by spiltover hydrogen than that of the Brgnsted
acidic catalyst. In the case of the catalyst where the sur-
face acidity was mainly Lewis acidic, the stabilizing effect
of spiltover hydrogen appeared even at a small metal/acid
sites ratio. On the other hand, a large metal/acid sites
ratio or a large amount of spiltover hydrogen was required
to prevent deactivation of the Brgnsted acidic catalyst.
The difference in the stabilizing effect of spiltover hydro-
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FIG. 9. Effect of the acidic property of a catalyst on the n value at
metal/acid sites ratio of 0.005.
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gen seems to result from different mechanisms operative
in coke formation on Lewis and Brgnsted acid sites, al-
though these are not obvious at present.

As shown in Figs. 1 and 4, the stabilization of catalytic
activity by spiltover hydrogen was accompanied by a de-
crease in disproportionation activity. These results sug-
gest that spiltover hydrogen acts on disproportionation
as well as coke formation. It has been proposed that dis-
proportionation proceeds via a benzylic intermediate on
Lewis acid sites and via a benzenium intermediate on
Brgnsted sites (17). Coke formation on Lewis acid sites
is also considered to proceed through the benzylic inter-
mediate, while the benzenium carbocation will be an inter-
mediate for coke formation on Brgnsted acid sites. The
stabilization of catalytic activity by spiltover hydrogen
is considered to be caused by the interaction between
spiltover hydrogen and the intermediate for coke forma-
tion, resulting in a decrease in the amount of coke precur-
sor. As the decay in the activity of a Lewis acidic catalyst
is effectively prevented by spiltover hydrogen compared
with that of a catalyst having Brgnsted acid sites, we
deduce that spiltover hydrogen interacts far more strongly
with the benzylic carbocation formed on Lewis sites than
with the benzenium carbocation on Brgnsted sites.

CONCLUSION

The catalytic activity of pillared montmorillonite exhib-
iting Lewis acidity was stabilized against deactivation by
spiltover hydrogen. Spiltover hydrogen stabilized the ca-
talytic activity of USY less effectively than that of pillared
montmorillonite, although deuterium exchange with pro-
tons at the OH groups on USY was remarkably faster
than on pillared montmorillonite. Deactivation of USY,
however, was effectively suppressed by spiltover hydro-
gen when the acid sites were converted from Brgnsted to
Lewis type by high temperature treatment. In the case of
pillared montmorillonite, the degree of stabilization was
independent of the metal/acid sites ratio, while the deacti-
vation of USY having Brgnsted sites varied with the
metal/acid sites ratio. These results suggest that a large
amount of spiltover hydrogen is required to prevent the
deactivation of Brgnsted acidic catalyst. We deduce, on
the basis of the mechanism of coke formation, that

spiltover hydrogen interacts far more strongly with the
intermediate formed on Lewis acid sites than that on
Brgnsted acid sites.
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