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A kinetic study of the transalkylation of m-xylene has been carried out on zeolites Y dealumi-
nated at different levels and by 1wo different procedures. For each sample the true kinetic rate
constant, activation energy, adsorption constant. and entropy and enthalpy of adsorption have
been obtained. These parameters, together with surface acidity characterization, have been used to
discuss the reaction mechanism and the relative influence of different zeolite parameters on the

reaction. ¢ 1993 Academic Press, Inc.

INTRODUCTION

Fundamental catalytic studies on acid ze-
olites have the advantage with respect to
other amorphous acid catalysts that the na-
ture and structure of the acid sites are
known in the former. One of the most im-
portant of the factors which control the car-
boniogenic activity of a zeolite is the num-
ber and distribution of Al atoms in the
framework, since they control the number
and strength of the associated Brgnsted
acid sites (/). Then, models have been de-
rived to correlate framework Si/Al ratios
with the distribution of Al in different sur-
roundings, and these with an activity coeffi-
cient of the acid sites (2). Even though
physicochemical technics such as NMR-
MAS have strongly helped to give experi-
mental evidence to accept or reject the dif-
ferent models, the final conclusions on their
catalytic impact still rely on the use of test
reactions.

However, due to the great experimental
effort necessary when test reactions have
to be applied properly, most of the authors
compared catalyst activity on the basis, at
most, of initial rates. It can be easily under-
stood that in the initial rate, both adsorp-
tion and activity parameters are included.
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Therefore, if series of zeolites with differ-
ent compositions have to be compared in
order to see differences in the number and
strength of acid sites, this comparison has
to be carried out on the basis of kinetic pa-
rameters such as kinetic rate constant, true
activation energy, and frequency factors.

In this work, the catalytic adsorption
properties of two series of dealuminated Y
zeolites for a bimolecular reaction, such as
m-xylene transalkylation, are discussed on
the basis of kinetic and adsorption pa-
rameters.

EXPERIMENTAL
Materials

A series of ultrastable Y zeolites (USY)
were prepared by steam calcination of a
NHsNaY sample (809% Na exchanged) at
873 K, followed by two exchanges with
NH; and ulterior steam treatment (100%
steam) at 873-1023 K in order to obtain
samples with different Si/Al frameworks
(3) (Table 1). A second series of dealumi-
nated Y zeolites (HYD) was produced by
treating the original NaY sample (SK-40
Union Carbide) with SiCl, following a pub-
lished procedure (4) at temperatures from
573 to 773 K in order to achieve different
dealumination degrees (Table 1). The crys-
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TABLE 1

Physicochemical Characteristics
of the Zeolite Samples

Sample  ay1A) Aliucd  Framework  Crystallinity  SifAl ratio?
SifAT ratio? (%)
HYD-I 2458 36 4.3 100 1.87
HYD-2 2443 22 T 100 2258
HYD-3 2435 13 13.8 85 298
HYD-4 2429 7 290 83
HY-§ 24258 2 99.0 LAl 5.99
USY-] 2458 36 4.4 100 2.40
USY-2 24.47 27 6.2 90 2.80
USY-3 2436 14.8 120 90 270
usSY-4 24.28 6 3.0 80 2.40

“ Al per unit cell (u.c.} calculated from Fichtner-Schmittler equa-
tion (5).
" From chemical analysis.

tallinity of the samples was determined by
XRD from the intensity of the [5,5.3] reflec-
tion peak using the NaY as reference. The
framework Al content was deduced from
the value of the unit cell size («,), using the
correlation found by Fitchner-Schmittler et
al. (5). The number of framework Al per
unit cell and the crystallinities of the differ-
ent samples are given in Table 1.

Infrared spectroscopic measurements
were carried out in a convectional grease-
less IR cell. Wafers of 10 mg - cm™? were
pretreated overnight at 400°C and 1.33 x
102 of Pa of dynamic vacuum. The spectra
in the 4000-3300 cm~' region were re-
corded at room temperature on a Perkin-
Elmer 580B spectrophometer equipped
with Data Station. For the pyridine adsorp-
tion experiments 666 Pa of pyridine was in-
troduced into the cell at room temperature.
After equilibrium the samples were out-
gassed at temperatures in the range 250-
400°C under vacuum, and the spectra re-
corded at room temperature. Looking by
IR at the HF and LF hydroxyl groups re-
stored after desorption of pyridine at a
given temperature, one can deduce the
acidic sites which are not strong enough to
retain the pyridine. Meanwhile, the differ-
ence between the spectra corresponding to
HF and LF hydroxyls of the original zeolite
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before adsorbing pyridine and the spectra
of the restored hydroxyls upon pyridine de-
sorption does give acid sites strong enough
to retain pyridine at a given temperature.

Catalytic Experiments

The catalytic experiments were carried
out in a fixed bed, continuous, glass reac-
tor. The dimensions of the reactor are 1.4 x
1072 and 0.12 m internal diameter and
length, respectively. m-xylene (0.037-
0.216 mmol - s71), 99.5% purity (Scharlau),
was fed by a positive displacement pump in
a preheater zone together with N» (999%).
The partial pressure of m-xylene was varied
by changing the m-xylene/N, molar ratio
between 0.1 and 4. The catalyst amounts
used were varied between 15 and 500 mg in
order to adjust the conversion levels,

When the catalyst was introduced into
the reactor, air was passed through while
increasing the temperature up to 723 K., and
keeping this temperature for half an hour.
Then, air was changed to N> and the tem-
perature was conducted to the desired reac-
tion temperature. When stabilized, -
xylene was fed. and accumulated liquid
samples were taken at 30, 60, 120, 180, 300,
and 420 sec. The analysis was carried out
by G.L.C. using a packed column with 16%
DC-200 methyl silicone oil and 3% Bentone
34 on 80-100 mesh Chromosorb W.. in a
Konic-200 C G.C. with F.1.D. detector.
The conversion at zero time on stream, i.¢.,
in the absence of deactivation, was ob-
tained analytically by the decay equation

X = Xy exp(—kqt'?), (1)

where X, is the conversion at zero time and
kg is the deactivation constant.

Preliminary experiments were done in or-
der to establish the conditions in which no
control by external or internal diffusion ex-
ists. From these experiments the following
experimental conditions were selected: m-
xylene flows greater than 0.037 mmol - s~/
and a catalyst particle size between 0.59
and 0.82 mm.
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Initial rates were obtained from conver-
sion values smaller than 89 by fitting con-
version versus contact time to the equation

Xo = ro(Wen/Fy). (2)

In this way, initial rates at different par-
tial pressures of m-xylene (0.08-0.8 atm),
and different temperatures (513-593 K)
were obtained for each zeolite catalyst sam-
ple. The fitting of the experimental data to
the different kinetic equations was carried
out using as the optimization criterion the
minimization of the square of the relative
deviation between the experimental and
calculated values. The nonlinear Mar-
quardt’s algorithm (6) was used to calculate
the parameters; the mean relative deviation
(MRD) and the Exner parameter (7) were
used as statistical tests for the fitting.

RESULTS AND DISCUSSION

Reaction Scheme und Kinetic Models for
m-Xylene Transalkylation

When secondary carbocations can be
formed in the alkyl chains, then SN1 and
SN2 transalkylation can occur (8). How-
ever, in the case of methyl groups, trans-
alkylation only occurs by an SN2 mecha-
nism (9), since an SN would imply the for-
mation of unstable methenium ions. On
these bases. two reaction schemes have
been proposed in the literature. The first
one (I) (/0, 11) assumes that the methyl
group of a substituted benzenium ion suf-
fers a nucleophilic attack by another aro-
matic molecule and the methyl group is
transferred to give a trisubstituted ionic
species.

A second scheme (II) implies bencilium
carbocations in diphenylalkane intermedi-
ates (/2-15).
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The formation of the different diphe-
nilalkanes intermediates is limited by the
nonsubstituted positions in the benzenic
ring of the particular xylene. Consequently,
this determines the trimethylbenzene iso-
mers formed as primary products. In the
case of the m-xylene studied here, any of
the trisubstituted isomers can be obtained
from the intermediate diphenylalkanes
(16).

In any case, and from the proposed reac-
tion intermediates, it becomes evident that
a second-order kinetic equation should be
applied. Then, and from a Langmiur—
Hinselwood formalism (/7), there are two
possible bimolecular models:

(a) The two-site Langmuir—Hinselwood
mechanism assumes that the reaction oc-
curs between two adsorbed molecules, and
under initial conditions, the corresponding
kinetic equation can be written as

kol KP()F

ry = a0+ Kpop- (3)

(b) An Eley-Rideal type mechanism con-
siders that the reaction takes place between
one adsorbed molecule and another in the
gas phase. This can be translated into the
kinetic expression

koKP(Z)

o= (I + Kpy)' “

where kg is the Kinetic rate constant, K is
the equilibrium adsorption constant, py is
the initial partial pressure of m-xylene, and
ro 1s the initial rate constant.

Extrapolating to the limit of the
Langmiur-Hinselwood model and taking
into account that Brgnsted acids are the ac-
tive sites for transalkylation, one would
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have to assume that the reaction occurs be-
tween two molecules of xylene adsorbed on
two Bregnsted acid sites and therefore be-
tween two close carbocations. This as-
sumption, which seems quite improbable,
could be better interpreted by considering
that the reaction occurs between one ad-
sorbed carbocation and another molecule
“‘retained”’ within the strong electric fields
existing in the interior of the zeolite struc-
ture. In other words, the Langmiur—Hinsel-
wood model will emphasize the importance
of the adsorption characteristics of the zeo-
lite with respect to an Eley—Rideal model.

When the initial rates for m-xvlene
transalkylation were obtained at different
partial pressures (Figs. | and 2), and fitted

r,(mol/s.weight cat) 10°

[ HyD -1 .

0,0 0,2 0,4 D.6 0.8 1.0
p, {atm)

r,(mol/s. weight cat) 10°
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to the models given in Egs. (3) and (4) (see
as an example the values obtained at 553 K
which are given in Table 2), the high rela-
tive errors, as well as the fact that negative
adsorption constants are obtained for most
catalysts when using Eq. (4), made us reject
the Eley~Rideal model as the most proba-
ble for the transalkylation of m-xylene. On
the other hand, good fits are obtained with
Eq. (3), and the kinetic parameters ob-
tained are given in Tables 2 and 3.

Other transalkylation processes between
alkylaromatics such as toluene (/8) or 1.3.5
trimethylbenzenes (/9) have also been cor-
rectly fitted by the Langmuir~Hinselwood
model. Nevertheless, and despite the fact
that the benzene ring can delocalize the

r,(mol/s.weight cat) 10°
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F1G. 1. Initial rates (r,) as a function of partial pressures al several temperatures (W, 513; O, 533. A,
553; [, 573: +, 593 K). for HYD samples. The curves are calculated from Eq. (3).
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F1G. 2. Initial rates (ry) as a function of partial pressures at several temperatures (B, S13; T, 533 A,

553; 71, 573: +. 593 K). for USY samples. The curves are calculated from Eq. (3).

positive charge, we have to assume that the
interaction of two adsorbed xylene mole-
cules necessary to form the diphenylalkane
intermediate does not require that both
molecules be adsorbed on Brgnsted acid
sites to form stable carbocations, since then
the electric repulsion would make the reac-
tion quite improbable.

Kinetic rate and adsorption constants,
together with activation energies, heats
of adsorption, preexponential activation
factors, and entropies of adsorption
have been calculated, and the influence
of the zeolite composition factors can
be discussed on the basis of these parame-
ters.

TABLE 2

Kinetic Parameters and Statistical Parameters for the Best Fits to the Langmuir-Hinshelwood

Sample

or Eley—Rideal Models. at 553 K

Eley—Rideal

Langmuir—Hinshelwood
Corr MRD% ko x 108 Corr MRD% ky X 10° K

HYD-1 0.9803 4.54 2.24 6.51 0.8758 11.44 1.92 -18.92
HYD-2 0.9694 7.37 24.50 7.23 0.9456 5.79 11.88 =21.14
HYD-3 0.9983 4.23 27.07 6.28 0.4066 12.03 13.17 §2.23
HYD-4 0.9926 4.04 9.73 6.05 0.5775 15.07 12.06 ~38.97
HYD-5 0.9584 7.88 2.39 5.02 0.4374 13.14 2.35 -35.13
USy-1 0.9916 2.49 14.43 5.67 0.8250 13.42 13.35 —18.37
USsy-2 0.9740 5.67 18.55 4.25 0.7754 9.17 6.94 -22.70
USY-3 0.9652 8.23 16.91 3.5§ 0.8384 11.14 S7 -10.06
USsy-4 0.9878 3.31 2.99 0.8181 1.73

4.68

Note. ky (mol/s - weight cat); K (atm '); MRD (mean relative deviation); Corr (correlation coefficient).

7.05 -10.40
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TABLE 3

Activation Energy, Adsorption Entropy, Adsorption Heat. and Preexponentia) Factor

for the Best Fits to the Langmuir-Hinshelwood Model

Sample

Kinetic Adsorption Statistical values
A X 10} E AS. AH., MRD% ¥ (Exner)

HYD-1 414.30 119.4 —18.1 -18.6 18.8 0.21
HYD-2 250.20 95.5 —11.1 ~15.2 15.3 0.20
HYD-3 457.90 107.7 -1.8 -7.4 9.7 0.16
HYD-4 447.00 113.0 -7.7 —12.5 12.4 0.25
HYD-5 240.50 116.6 -28.0 -229 12.8 0.20
USY-I 50.55 101.5 -39 -10.1 10.6 0.17
USY-2 2.01 85.1 0.5 —6.4 8.3 0.22
USY-3 2.13 85.8 -3.4 -7.7 10.9 0.09
UsSy-4 1.20 90.6 —153 —13.5 7.4 0.16

obtained for all data in each sample.

Influence of the Zeolite Al Content on the
Catalytic Activity

As said above, it has been reported that
the framework Al content of the zeolite
{FAL) was the main parameter controlling
its carboniogenic activity (20). However, in
the last few vyears, some authors have
shown that this framework Al cannot be the
only parameter, since the presence and
type of extraframework Al (EFAL) can in-
fluence the final activity and selectivity (3,
21).

In the case of xylene transalkylation, if
the framework Al were the only factor con-
trolling activity then, regardless of the
dealumination procedure used, only one Ay
versus Al/unit cell (u.c.) curve would be
obtained. This is not the case, as can be
seen in Fig. 3, where, in general, HYD sam-
ples are shown to be more active than
USY. Two factors may be responsible for
this. The first one could be related to a
lower accessibility of the acid sites in the
USY series due to the presence of a higher
amount of EFAL. In order to evaluate the
importance of this, transalkylation of m-
xylene was carried out on a USY sample
(27 Al/uc) in which most of the EFAL was
removed without practically changing the

framework Al content (24 Al/uc) by a selec-
tive treatment with NHFSi (22). After
this, the activity did not increase, but de-
creased: consequently, we do not think that
possible plugging due to EFAL is the main
factor responsible for the lower activity of
the USY series.

Recently, it has been shown (23-26) that
due to the presence of EFAL, very strong
Bronsted acid sites with hydroxyls vibrat-
ing at 3610 cm ! appear, and their activity is
higher than that of the high- and low-
frequency classical hydroxyl groups. When

_ ko (mol/sweight cat) 107

30

S
.l / A/"—\“
V%

18

Al o0 A

Al / u.c.

Fic. 3. Kinetic constant as a function of framework
aluminum fraction in samples HYD (&) and USY (4)
at temperature of 553 K and initial partial pressure of
0.2 atm,
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F1G. 4. Bronsted acidity of dealuminated Y zeolites
as a function of framework aluminum per unit cell. In
circles, pyridine retained atter desorption at 623 K and
vacuum (@, HYD. T, USY). In triangles. pyridine
retained afler desorption at 673 K and vacuum (A,
HYD: A, USY).

the amount of these sites is plotted for the
two series of dealuminated zeolites, it can
be seen in Fig. 4 that a higher amount of the
very strong acid sites is present in the HYD
series. This, together with the fact that a
smaller number of hydroxyl groups are
compensated by cationic EFAL in SiCly
than in steam dealuminated samples (24),
can explain the higher activity of the HYD
with respect to USY series.

Influence of the Zeolite Al Content on the

Energetic Parameters

Activation energy. The activation ener-
gies found (Table 3) indicate that the forma-
tion of the activated complex requires ener-
gies on the order of 80-119 kJ/kmol, which
are in the same range as the protolytic
cracking of short chain alkanes (27) and
sensibly higher than the energies involved
in the alkylation of benzene or toluene by
alcohols or olefins (28). This would be an
indication that the controlling step of the
transalkylation of m-xylenc would be the
formation of the primary alkyl carbocation.
It must be, however, considered that in this
case this primary carbenium ion is stabi-
lized by the delocalization of the positive
charge through the aromatic ring.

It has been proposed (29) that when us-
ing test reactions, the activation energy of
the chemical reaction step can be used as

CORMA. LLOPIS, AND MONTON

an index of the zeolite acid strength, which
at the end should be related to the frame-
work Al distribution (30, 3/). In the case of
zeolite Y, and after Beaumont and Bartho-
meuf’s works (/, 32, 33), the acid strength
of the remaining sites upon dealumination
should increase up to a framework Si/Al of
6 and then stay constant. If this is so. the
activation cnergy for a reaction needing
strong acidities, as the one studied here,
should decrease upon dealumination up to
samples with a framework Si/Al ratio of 6,
and then remain constant if dealumination
proceeds further. This could indeed be ¢x-
pected if only the framework Al were re-
sponsible for the observed acidity. In our
case, the evolution of the stronger acid
sites, which may have a higher impact than
the acid sites associated with the conven-
tional HF and LF hydroxyls on the resul-
tant activity, changes in the way presented
in Fig. 4 and the evolution of the activation
energy for m-xylene transalkylation is con-
sistent with this (Fig. 5).

These results, while showing the impor-
tant role of EFAL in this reaction, also indi-
cate that the density of the acid sites strong
enough to carry out a given process
strongly determines the activation energy
of the process as demonstrated in several
kinetic studies (34-37). Nevertheless, spe-
cial attention should be paid to the activa-
tion energy values reported in the litera-
ture, since In many cases only apparent

E (kJ/mol)
el
/,/
Lo '
A
~a
A P
e a7
~ A 7
A e
T~ .

Al/ u.cC.

Fi1G. 5. Activation energy as a function of frame-
work aluminum fraction for the dealuminates samples
HYD (A) and USY (4).
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activation energies are given. In those
cases, it is not infrequent to find that the
apparent activation energy is much less
sensible to catalyst modifications (38-40).
This may be duc to the fact that, in
many cases a partial compensation between
the true activation energy and the heat
of adsorption occurs in a series of cat-
alysts.

Adsorption equilibrium  constant  and
heat of adsorption. Several authors (41, 42)
have shown the utility of adsorption data
calculated from kinetic measurements,
since from these it is possible to discuss the
type of mechanism, the validity of the ele-
mentary steps which made it possible to es-
tablish the kinetics of the process, surface
coverage, surface heterogeneity, variations
in the heat and entropy of adsorption with
the surface coverage, etc. It is very rare,
however. to find in the literature full kinetic
studies which allow one to discuss this (37,
43, 44). Nevertheless, when it has been
done 1t has always been found that catalyst
modifications also produce changes in their
adsorption properties. It is therefore quite
surprising to find that this is systematically
ignored when working on zeolites and that
the changes observed on conversion or in
initial rates are only related to changes in
either the specific rate constant (k) or in
the concentration of active sites [ .Sy]. This
is even more so taking into account the im-
portant adsorption effects of the zeolites
and their strong impact, especially in bimol-
ecular reactions.

In the case of Y zeolites, there is experi-
mental evidence from adsorption studics
(45) that the chemical adsorption of hydro-
carbons changes both qualitatively and
quantitatively during dealumination. It this
were so, then the adsorption equilibrium
constant for m-xylene determined kineti-
cally should change upon dealumination. In
our case, this can be seen to occur from the
values obtained at 553 K and given, as an
example, in Table 2. The evolution of the
adsorption equilibrium constant calculated
kinetically closely matches that of the
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chemical adsorption of m-xylene reported
previously (45) (see Fig. 6).

The heats of adsorption and entropy of
adsorption on the different zeolite samples
are given in Table 3. One would expect the
heat of adsorption to be higher on the sam-
ples containing the highest amount of the
very strong acid sites. This does not occur,
but the variation of the heat of adsorption
with the Al content is the contrary to that
expected. This may be an indication that
the adsorption constant and, therefore. the
heats of adsorption calculated here not only
correspond to the formation of the carbeni-
ums (Scheme 1I) but also, and in a larger
extension, to the chemical adsorption of m-
xylene forming Wheland-type complexes
(Scheme 1). This would also explain the fact
that the increment of entropy and hcat of
adsorption are relatively small on all cata-
lysts.

Al/ uc

Xmoxp bomoi mo ) (o)
A A
A
T I
F "//A/ ~.
A\‘
A
/ :
a
Al / uc

Fi1G. 6. (a) Adsorption equilibrium constant at 553 K
and (b) meta-xylene adsorbed at 473 K. as a function
of framework aluminum fraction for the dealuminated
samples HYD (&) and USY (A).
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TABLE 4

Initial Isomerization/Transalkyla-
tion Selectivities (//TA) for Sample
USY-1 under Different Experimental
Conditions

0.10 553 2.34
0.20 553 2.15
0.40 553 1.71
0.60 553 1.55
0.80 553 1.60
0.20 533 2.09
0.20 S73 1.47

1.35

0.20 593

Influence of the Zeolite Composition on
Reaction Selectivity

Together with the transalkylation, m-
xylene also isomerizes to ortho- and para-
xylene. It has been recently presented that
in Y zeolites isomerization of xylenes can
occur through a unimolecular as well as
through a bimolecular mechanism similar to
that for transalkylation (48): unimolecular
isomerization via 1,2 methyl-shift (Scheme
[I) or bimolecular isomerization via
transalkylation (Scheme V).

When the uni- and bimolecular isomeri-
zation processes were separated kinetically
(49), it was found that the activation energy
for the unimolecular is lower than that for
the bimolecular process, and this is close to
the activation energy found here for trans-
alkylation of m-xylene.

It was found that transalkylation needs
stronger acid sites than 1,2 methyl shift

CHy . cn,///
v H 1l i
O = [+ "
CHy oy
\\ CHs . CH,
= -H
4 -~
H CHy CHy
SCcHEME Il
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isomerization (50). Meanwhile, 1,2 methyl
shift isomerization is a first-order reaction,
as has been shown above. Taking all this
into account, together with the evolution of
the very strong acid sites and changes in the
adsorption properties (Fig. 4 and Table 3),
it appears that the ratio of m-xylene isomer-
ization to transalkylation to give toluene
and trimethylbenzene should first decrease
upon dealumination up to a framework Si/
Al ratio =7 and then increase for further
dealumination. This is indeed observed ex-
perimentally in Fig. 7.

The process variables also have a strong
influence on the isomerization/transalkyla-
tion ratio. Indeed, from the kinetic study
carried out here, it becomes evident that an
increase in mefa-xylene partial pressure as
well as an increase in reaction temperature
will cause the isomerization-to-transalkyla-
tion ratio to decrease, as observed experi-
mentally (Table 4).

CONCLUSIONS

It has been found that the kinetics of
transalkylation of m-xylene on dealumi-

Al/ uc

Fi16. 7. Initial Isomerization/Transalkylation selec-
tivities (//TA) in function of the framework aluminum
fraction for the dealuminated samples HYD (A) and
USY (A) at 553 K and 0.2 atm partial pressure.
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nated Y zeolite follows a Langmuir-Hinsel-
wood mechanism. It appears that the con-
trolling step is the formation of the carbe-
nium in the methyl group, which then at-
tach, to the aromatic ring of a second -
xylene molecule forming a diphenylalkane
carbocation.

The activity and selectivity of dealumi-
nated Y zeolites can be related not only to
classical HF and LF hydroxy! groups, but
also to the presence of very strong acid
sites associated with the presence of
EFAL. Dealumination does not only
change the number and strength of active
sites, i.e., ko and [ S|, but also the adsorp-
tion properties of the zeolites, i.e., K and
AH,4. This implies that in order to explain
variations in catalytic behavior, both intrin-
sic activity and adsorption properties have
to be considered separately.

REFERENCES

/. Beaumont, R., and Barthomeuf, D.. J. Catal. 30,
288 11973).

2. Barthomeuf, D., J. Phys. Chem. 83, 249 (1979).

3. Corma, A., Fornés, V.. Martinez. A.. and Or-
chillés, A. V.. Am. Chem. Soc. Symp. Ser. 368,
542 (1988).

4. Bever. H. K.. and Belenykaja, . M., in “*Cataly-
sis by Zeolites™ (B. lmelik et al., Eds.), Stud.
Surf. Sci. Catal., Vol. 5, p. 203. Elsevier, Amster-
dam, {980.

5. Fitchner-Schmittler, H.. Engelbart, G., and Patze-
lova, V.. Crystal Res. Technol. 19(1), K1 (1984).

6. Marquardt, D. M., J. Soc. Ind. Appl. Math. 11,
431 (1963).

7. Exner. O., Chem. Commun. 31, 3222 (1966).

&. Germain, J. E., ""Catalytic Conversion of Hydro-
carbons,”’ p. 141. Academic Press, London 1969.

9. Guisnet. M., Gnep, N. S.. Bearez, C., and Cheva-
lier. F.. in “Catalysis by Zeoliles (B. Imelik et
al.. Eds.). Stud. Surf. Sci. Catal., Vol. 5, p. 77.
Eisevier, Amsterdam [980.

/0. Dumitriu, E., and Oprea, S., Rev. Roum. Chim.
32, 525 (1987).

11. Pollitzer, E. L., and Donaldson, G. R., Prepr.
Am. Chem. Soc. Div. Pet. Chem. 15, B42 (1970).

12. Pines, H., and Arrigo. T., J. Am. Chem. Soc. 80,
4369 (1958).

13. Streitwieser, A., and Rief, L.. J. Am. Chem. Soc.
86, 1988 (1964).

14. Guisnet, M., and Gnep. N. S., A. S, I. Ser., Ser.
E. NATO 80, 571 (1984).

393

{5. Olson, D. H., and Haag, W. O., Am. Chem. Soc.
Svanp. Ser. 248, 275 (1984).

/6. Lanewala, M. A., and Bolton. A. P.. J. Org.
Chem. 34, 3107 (1969).

17. Hougen, O. A., and Watson. K. H., "*Chemical
Process Principles.”” Vol. I11. Wiley New York,
1947.

/8. Echigaya, E., Masai, M., Saito. S.. Murata. K.,
Nakamura, T.. and Morikawa, K.. Kogaku
Kogaku 31, 386 (1967).

19. Pukanik, G. W., and Massoth, F. E.. J. Catal. 93,
161 (1973).

20. Pine, L. A.. Maher, P. J., and Watcher, W. A . J.
Catal. 85, 466 (1984).

21. Beyerlain, R. A.. Prepr. Am. Chem. Soc. Div.
Pet. Chem. 31, 190 (1986).

22. Corma, A., Fornés, V., Mocholi. F. A., Montén,
J. B., and Rey, F.. Am. Chem. Soc. Symp. Ser.
452, 12 (1991).

23. Corma, A.. Fornés, V., Martinez, A.. Me¢lo, F..
and Pallota. O., in ““Innovation in Zeolite Mate-
rials Science™ (P. J. Grobet et al., Eds.), Stud.
Surf. Sci. Catal., Vol. 37, p. 495. Elsevier, Am-
sterdam, 1988.

24. Garralon, G., Corma, A., and Fornés, V.. Zeolites
9, 84 (1989).

25. Janin, A., Lavelley.J. C., Macedo. A.. and Raatz,
F.. Am. Chem. Soc. Symp. Ser. 368, 117 (1988).

26. Lunsford, J. H., Am. Chem. Soc. Symp. Ser. 452,
1 (1991).

27. Haag, W. O.. Olson, D. H., and Weisz. P. B..
Chem. Future, Proc. IUPAC Congr. 29th, 327
(1983).

28. Yashima. T., Sato. K., Hayasaka, T.. and Hara.
N.. J. Catal. 26, 303 (1972).

29. Machado. F. J.. and Dwyer, J.. Actas Svmp.
theroam. Catal. 9th, 1360 (1984).

30. Dempsey. E.. J. Catal. 49, 115 (1977).

3. Mikowsky. R., Marshall, J., and Burgess. W.. J.
Cural. 58, 489 (1979).

32. Beaumont, R.. and Barthomeuf. D., J. Curul. 26,
218 (1972).

33. Beaumont. R.. and Barthomeuf, D., J. Catal. 27,
45 (1972).

34. Orchillés, A. V.. doctoral thesis, University of
Valencia, Spain, 1984,

35. Lopez Agudo. A. L.. Asensio, A.. and Corma. A.,
Can. J. Chem. Eng. 60, 50 (1982).

36. Li-Quin, S., Su. H.. and Xuan-Wen, L., in **Catal-
ysis by Acids and Bases™ (B. Imelik e al., Eds.),
Stud. Surf. Sci. Catal., p. 335. Elsevier. Amster-
dam. 1985.

37. Bourne. K. H.. Cannings, F. R.. and Pitkethly,
R. C.. J. Phys. Chem. 75, 220 (1971).

38. Matsumoto, H., and Morita. Y., Bull. Jpn. Pet.
Inst. 11, 40 (1969).

39. Matsumoto. H., Kato, F., Futami, H., and
Morita, Y.. Bull. Jpn. Pet. Inst. 13, 210 (1971).



394

40.

4.
2.

43.

44,

46.

. Corma, A.. Faraldos, M.. Martinez, A.,

CORMA, LLOPIS, AND MONTON

Weisz, P. B.. and Miale. 1. N.. J. Cutal. 4, 527
(1965).

Tamaru. K.. Adv. Catal. 15, 65 (1964).

Kabel. R. L., and Johanson, L.N..A. 1. Ch. E. J.
8, 621 (1962).

Ballivet. D., Barthomeuf, D.. and Trambouze. Y.,
J. Catal. 34, 423 (1974).

Ragaini. V., and Cattania-Sabbadini. M.. J. Catal.
28, 161 (1985).

and Mif-
sud. A., J. Catal. 122, 230 (1990).

Boudart, M.. and Djéga-Mariadassau. G. ~Kinet-

47.

48.

49.

50.

ics of Heterogeneous Catalytic Reactions.” Mas-
son, New York, 1981.

“Handbook of Chemistry and Physics,”” 65th ed.
C.R.C. Press, Florida, 1984,

Corma. A., and Sastre, E.. J. Catal. 129, 177
(1991).

Corma. A.., LLopis. F.. and Montén, 1. B.. in
“10th International Congress on Catalysis. Buda-
pest. Hungary., 1992."

Jagannathan, K., Srinivasan, A.. and Rao.
C. N. R..J. Catul. 69, 418 (1981).



