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From kinetic studies of the catalytic hydrodemethylation of toluene on clinoptilolite
exchanged by K+, Mg?*, and La3* ions, respectively, the mechanism of the reaction
could be deduced. The rate-determining step of the transformation is a surface reaction
in which hydrogen from the gas phase reacts with chemisorbed toluene in a presumably
four-center reaction resulting in gaseous methane and adsorbed benzene. The kinetic
parameters of the reaction, i.e., the activation energies as well as the heats of adsorption
of benzene or toluene are identical for all three catalysts, and suggest thus energetic
bomogeneity of the active sites. Possible active sites above 600°C are probably the
strongly electrophilic Lewis centers, or ensembles of Lewis centers coupled with neighbor-
ing SiO;* lattice groups. The presumption of such active formations is supported by the
decrease of hydroxyl coverage and the high radical stabilizing power of the catalysts as
proved by ESR measurements, and further by recognition of a linear relationship be-
tween the activity of the catalysts and their exchanged cation content. This correlation
shows that bivalent or trivalent cations give rise to identical formations proportional in
number to their equivalent amounts, the active sites formed being independent of the

other properties of the respective cations.

INTRODUCTION

Both homogeneous and eatalytic hydro-
demethylation of toluene have been widely
dealt with in the literature. In spite of this,
the only point that seems firmly established
1s that homogeneous transformation is of
first order with respect to toluene and of half
order for hydrogen and that the reaction
proceeds by a radical chain mechanism
{1-3), but there are no generally valid
statements even as to the apparent order
of the ecatalytic reaction. Metals on sup-
ports (4-7), metal oxides (4, & 9) and
insulators (10, 11) have been applied as
catalysts, and it is, therefore, practically
impossible to compare the results obtained
by different authors. Using nickel on alu-
mina as a catalyst under atmospheric
pressure, Bazant et al., for instance, ar-
rived at the conclusion (6) simultaneously
with us (73), that the surface reaction is
the rate-determining step in which gaseous
hydrogen reacts with adsorbed toluene.
Notari and De Malde (9), on the other
hand, assume that both toluene and hydro-

gen are chemisorbed on a chromia—alumina
catalyst, the former under formation of
benzyl radicals.

Although not yet verified, the general
view is that the reaction proceeds by a
radical mechanism on metals or semi-con-
ducting metal oxides while on insulators
the mechanism is ionic. The activation
energy of the homogeneous reaction was
found to be about 60 keal/mole while that
of the catalytic transformations ranged be-
tween 25-45 keal/mole depending on the
catalyst.

According to thermodynamic ecalcula-
tions, the equilibrium of the reaction

C:H.CH;s + H: — C.H; + CH, (1)

is, in the temperature range of 600-660°C,
entirely shifted towards the products while
further hydrogenation processes conceivable
in the toluene-hydrogen system, as, e.g.,
methyleyelohexane formation and total hy-
drocracking resulting in methane, are prac-
tically negligible.

The technical catalytic reaction is carried
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out at several tens of atmospheres with
hydrogen in considerable excess in order
to suppress formation of carbonaceous de-
posits resulting in deactivation of the
catalyst.

We have, therefore, carried out experi-
ments at 80 atm total pressure of the hydro-
gen—toluene mixtures with hydrogen always
in excess. The catalyst was a mineral, the
main component of which is clinoptilolite. It
has been found that the activity of this
erystalline silica—alumina can be modified
by ion exchange. The absence of aging when
using these catalysts allowed a successful
study of the mechanism of the hydrode-
methylation of toluene.

EXPERIMENTAL

1. Apparatus

The reaction was carried out in an iso-
thermal integral flow reactor. Toluene was
fed continuously by a hydraulic micropump
(capacity 1-10 ml/hr). The hydrogen was
fed into the reactor from a high-pressure
vessel through a valve system (intercept
valve, fine regulator, and flap valve) and a
thermistor microflow meter. After being pre-
heated, the reaction mixture reached the
desired temperature in the catalyst bed
which was placed in the middle of the
reactor where the temperature was kept
constant within £1°C. Temperature was
measured with iron—constantan thermo-
couples and electric heating was regulated
with a variable transformer. After being
cooled the product passed through a gas—
liquid separator. From here, both the gas
and liquid passed through an expansion
system. Analysis of the liquid product was
made by gas chromatography using Griffin
or Beckman apparatus with a thermal
conduetivity detector. The chromatograms
were evaluated both quantitatively and
qualitatively.

2. Preparation and Description of
the Catalysts

A natural molecular sieve comprising
about 70 vol 9 of clinoptilolite which, owing
to its zeolitic character contains alkali and
alkaline-earth ions together with ~a con-
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siderable amount of zeolitic water, has been
found in Hungary. The remainder of about
309%, is made up of an amorphous, vitreous
component, besides quartz, cristobalite and
feldspar identified by X-ray diffraction. The
mineral was used as a catalyst after ex-
change of the mobile ions of the clinoptilolite
component.

The clinoptilolite in this mineral was
identified by Nemecz et al. (12). Although
the exact structure of clinoptilolite is not
yet established in all its details, it is known
that its alumina-silica framework is iso-
structural with that of heulandite. By
analogy, the unit cell is built up of 72 oxy-
gen and 36 (silicon 4+ aluminium) atoms.
According to literary data, its approximate
composition is: Na,0-ALO;-10 Si0,-8.6 H,0,
while that of the original -clinoptilolite
used in our experiments, as calculated
from the OCl and DCIl data of Table 1
is:

0.26 K,0-0.15 Mg0-0.59 Ca0-0.94
A1203006 F620310 810267 HzO

(OCI data refer to the composition of the
original mineral, DCI to that after deca-
tionization; from the difference the composi-
tion of the zeolitic clinoptilolite component
can be caleulated.) The presence of trivalent
aluminium (and ferric) ions leads to an
excess negative charge which is then com-
pensated by the cations present in the pores
or cavities of the tetrahedral lattice. By
exchange of the latter cations for other
ions, the physical and chemical properties of
clinoptilolite, mainly its pore size, adsorp-
tive and catalytic properties can be altered
without considerably reducing the heat
stability of its crystal lattice, owing to the
high silicon content. In order to alter sys-
tematically the catalytic activity of clino-
ptilolite, ions of different charge (KT,
Mg?+, La®t) were introduced by ion exchange
(100 g of powdered material was treated
twice, 2 hr each, with 400 ml of boiling
2 M aqueous solution of the respective
nitrate and then washed with distilled
water). The compositions of the different
dehydrated ion-exchanged derivatives (cata-
lysts K-30, Mg-1, La-1) as well as those of
the natural mineral (OCl) and of the deca-
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tionized (DCl) form are summarized in
Table 1.

As can be seen in Table 1, the sodium
content remains practically unaltered in the
different derivatives. It may be assumed
that sodium is present in a fixed position
in the nonclinoptilolite phase of the mineral;
about 609, of the potassium, 59, of the
caleium, and 159, of the magnesium content
are similarly bound in fixed states.

The outer specific surface areas of the
above clinoptilolite derivatives are prac-
tically identieal: 25 m?/g as calculated from
adsorption isotherms of krypton at —196°C
and 30 m?/g from toluene adsorption iso-
therms at 104°C (13). These data are in
good agreement with the value of 30 m?/g
given for clinoptilolite by Barrer, as derived
from nitrogen adsorption isotherms at
—196°C. It appears from these data that
the elementary crystallite size is approxi-
mately 1000 A. The real densities of our
catalysts varied between 2.24 and 2.48 g/ml,
while aceording to the literature, the density
of pure clinoptilolite is 2.20 g/ml.

3. Kinetic Measurements

Before being taken into use, each catalyst
sample was pretreated within the reactor
by heating for 5 hours at the temperature
of the actual experiment, in a 10 liters/hr
stream of hydrogen.

Reaction (1) is exothermic and practically
irreversible in the temperature range of the
experiments. Conversions were measured
under steady-state conditions at a total
pressure of 80 atm, at 600, 620, 640, and
660°C, with hydrogen/toluene mole ratios
of 2:1, 3:1, 4:1, 5:1, each at six different
input rates (I5). According to the material
balance caleulations, by-products could not
have been formed to more than 0.5 wt 9,
which means that the reaction 1s quite
straightforward. In order to obtain the true
extent of catalytic transformation at each
contact time, the conversions due to the
homogeneous reaction were subtracted from
the total transformations measured, taking
into account the effective free volume of the
reactor. Our reactor operated as an almost
perfect tube-reactor material transport by
longitudinal diffusion not exceeding 59, of
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the total flow. The catalytic activity did not
change during any experiment, i.e., there
was no difference between conversions meas-
ured under identical conditions at the
beginning and at the end of each run. Two g
of catalyst (grain size 1.0-1.25 mm) was the
usual filling. Aectivity of the catalyst is not
influenced by varying the grain size between
0.7 and 2.25 mm, showing that there is no
hindrance by pore diffusion. This could be
expected since the toluene molecules cannot
penetrate into the micropores so that only
the outer surface of the crystallites can be
catalytically effective.

From the experimental data shown in
Tables 2, 3, and 4, the so-called integral
conversion curves have been plotted di-
rectly, see, e.g., the curves in Fig. 1 (La-1
catalyst at 660°C). The reaction rates may
be directly obtained from the slopes of these
curves In mole;yene oo™’ s€C™! units since
the conversions are given as moleiuene out/
Zioluene,in aNd the reciprocal specific feed
rates as Zear SEC Groluene,in -

The reaction rates determined in the
above way form the basis of the following
kinetic discussion.

REsuLTs

1. Selection of the Mechanism Compatible
with the Kinetic Data

The elementary steps of the catalytic
reaction of toluene with hydrogen may be
supposed to satisfy either a Langmuir-
Hinshelwood or a Rideal-Eley mechanism,;
in the sense of the former simultaneous
chemisorption of toluene and of hydrogen
(either in molecular or atomic form) has to
be considered, followed by a surface reaction
between the adsorbed components and the
catalytic eycle is closed by the desorption
of benzene and methane; while according
to the latter mechanism, conversion is
regarded to proceed via the adsorption of
only one of the reactants, followed by the
attack of the other reactant from the gas
phase, resulting in one product molecule
in the gaseous and one in the adsorbed
state, which latter then desorbs (here also
two types of hydrogen adsorption were
taken into account). By assuming every
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npx 102 moley g; ™t
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1.0
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3 4
1. u7, -
3310, G SEC T

Fia. 1. Conversion curves of reaction (1) on
catalyst La-1 at 660°C; total pressure 80 atm; mole
ratio of hydrogen to toluene in the feed 5:1 (X),
4:1 (+),3:1 (@), and 2:1 (O).

time one particular step as rate controlling,
26 different tentative mechanisms and corre-
sponding rate equations were set up for
the case of homogeneous active sites (as
prompted by the uniformity of the erystal
structure). The compatibility of any one
of these kinetic equations could easily be
checked graphically by rearranging them
in a way that their respective right-hand
sides should be linear functions of the partial
pressures.

Provided, e.g., that toluene adsorption is
rate controlling, the kinetic equations are
in the
follows:

(a) For molecular hydrogen adsorption,

Pr
= M 2
W=k 1 + Kupu + Kpps + Kupn'’ &)

(b) for atomic hydrogen adsorption,

Pt
14 v/ Kupn + Kpps + Kupx
where

W is the reaction rate, in molep gt
sec™L;

k is the rate constant, in moler g..:~! sec™!
atm™?;

K is the adsorption equilibrium constant,
in atm™t;

p is the partial pressure, in atm; and the
subscripts T, H, B, and M refer to

Langmuir-Hinshelwood case as’
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toluene, hydrogen, benzene, methane,
respectively,

while in case of the Rideal-Eley mechanism:

=k—PT
W=k 1 + Kzps @
or
Pr
= k ——— .
W 1 4+ Kupu ®)

According to these kinetic equations, py/W
plotted as a funection of the corresponding
partial pressures should give straight lines
with positive slopes. This is, however, not
borne out by experiment as may be seen,
e.g., from Figs. 2 and 3 so that toluene
adsorption cannot be considered as the rate-
controlling step.

Desorption of one or the other of the
products can simply be excluded as rate-
controlling step, for W should then be in-
dependent of partial pressures, the total
reaction being irreversible, but this conclu-
sion is in contradiction with the experimental
findings (cf. Fig. 1).

Without going into further details, it can
be stated that from the 26 alternatives men-
tioned above, only the following has been
found compatible with our experimental
results: first-step fast adsorption of toluene,
second and slow rate-determining step (rate
constant k) reaction of hydrogen from the
gas phase with adsorbed toluene followed

—f}x 10,"atm mate™"g, 4 sec
10 L N)

42.0
a5 ox[\. 415

N

1 L
50 % 58 62 66 pyaim

Fia. 2. Check of the linearized kinetic Eq. (2)
on catalyst La-1 at 660°C (@) and on catalyst
Mg-1 at 640°C (O); benzene partial pressure:
2 atm.
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%’1 107 atm mole™ g o4 seC
|
[+]
40
300 /
*

a ]

L
10 2.0 3.0 pg,atm

Fic. 3. Check of the linearized kinetic Eqgs. (4)
and (5) on catalyst K-30 at 660°C (@) and on
catalyst Mg-1 at 640°C (O); mole ratio of hydrogen
to toluene 5:1.

finally by fast desorption of adsorbed
benzene or possibly adsorbed methane.
Methane adsorption can be, however, dis-
regarded as it is highly improbable that
adsorbed toluene should result in adsorbed
methane instead of adsorbed benzene. The
according kinetic equation is:

D1PH
- 16 > 6
K 1+ KBpB + K’I‘pT ( )

where Kg and Ky are the respective adsorp-
tion equilibrium constants of benzene and
toluene, or in linearized form:

w

a + bps + cpr. (")

PrPu _
w

Plots of the left-hand side of the latter
expression at constant pg or pr, respectively,
proved linear in fact, with positive slopes
and intercepts as required.

2. Kinetic Constants and Thewr Temperature
Dependence

The experimental results point to an
identical reaction mechanism on all three
clinoptilolite derivatives in the temperature
range studied and to this mechanism being
adequately represented by the kinetic Eq.
(6). Thus, by determining graphically the
constants a, b, and ¢ in the linearized Eq. (7),
the respective true rate and equilibrium
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constants can be calculated as follows:
1/¢ = k, mole ge.,~! sec™! atm™; b/a = K,
atm™!, ¢/a = Kg, atm™l. An example of
the representation suitable for such calcula-
tions is shown in Fig. 4: The slope of the
parallel straight lines belonging to different
values of pg is ¢, their respective intercepts
are (a + bpg), from which a and b can be
caleulated. The values a, b, and ¢ obtained
on all three catalysts at the four tempera-
tures of the experiments together with the
calculated values of k, Kg, and Kr are given
in Table 5.

The temperature dependence of the rate
constants gives an identical value of 43 &
2 keal/mole on all three catalysts for the
activation energy of the rate-determining
surface reaction (see Fig. 5). On the other
hand, the pre-exponential factor is the
highest for La-1, somewhat lower for Mg-1,
and much lower for K-30, which may be
due to a decrease in number of catalytically
active sites. The identical slopes of the
Arrhenius plots of the adsorption equilib-
rium constants also confirm that the active
centers are energetically equivalent (see
Figs. 6 and 7). Differences in absolute
values, as revealed by Figs. 6 and 7, may
probably be due to differences in adsorption
entropy, the exact interpretation of which
presents a problem not only in the given
case but in general, too.

The accuracy of determination of the
adsorption constants is very poor because,

prprx 107 atin? g g mole~'sec

L/
wl
LN
20 L

10

1
0 pp, atm

Fi1Gg. 4. Check of rate Eq. (7) on catalyst La-1
at 660°C; benzene partial pressure: 1.0 (O) and
2.0 atm (@).
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TABLE 5
Constants a, b, aND ¢ oF Eq. (6), Rare ConsTants k, ApsorprioN EQuiLiBRiuM CONSTANTS
ofF BenzeNE AND TOLUENE, Kz AND Ky, RESPECTIVELY, FOR THE CATALYSTS
K-30, Mg-1, anp La-1

kX 107
Temp a X 1077 b X 1077 ¢ X 1077 mole geat™! Ks Ky
Cat °C) 1e 2b 3¢ sec™! atm™! (atm™1) (atm™1)
K-30 600 7 22 21.70 0.046 3.14 3.10
620 7 20 13.00 0.077 2.86 1.86
640 7 10 7.20 0.139 1.43 1.03
660 6 14 5.45 0.183 2.33(7) 0.91
Mg-1 600 3 16 9.90 0.101 5.33 3.33
620 3 10 5.65 0.177 3.33 1.88
640 5 7 3.70 0.270 1.40 0.74
660 2.5 2.5 1.85 0.540 1.00 0.74
La-1 600 2 16 9.20 0.109 8.00 4.60
620 2 10 4.80 0.208 5.00 2.40
640 2 5 4.10 0.244 2.50 2.05
660 2 2 1.80 0.555 1.00 0.90
¢ Number 1, ¢ X 1077 (mole™! gt sec atm?).
® Number 2, b X 107 (mole™! g..¢ sec atm).
¢ Number 3, ¢ X 1077 (mole™! gea: sec atm).
on the one hand, their caleulation has been ok
based essentially upon intercepts extrap- 9% 3
olated to pr = Oand on the other hand, the “?F o
relatively small benzene partial pressures o\\\ AN
cannot be evaluated except with a con- < h <
siderable error. In spite of this inaccuracy, ol ® NN
I'igs. 6 and 7 indicate an exothermic heat | e N
of chemisorption of 40-60 kcal/mole for e N
toluene as well as for benzene. ?\\ N
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Fia. 5. Temperature dependence of the rate con-

stants found on clinoptilolite catalysts exchanged
with Kt (@), Mg (OQ), and La3*t (X) ions.

F16. 6. Temperature dependence of the adsorp-
tion constant of benzene on catalysts K-30 (@),
Mg-1 (O), and La-1 (X).

DiscussioN

1. Correlation Between Catalyst Composition,
Structure, and Kinetic Paramelers of the
Reaction

Our experimental results seem to throw
light on the mechanism by which the
clinoptilolite catalysts exert their effect.
There exist several studies of the problem
of how the activity of zeolite type catalysts
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Fig. 7. Temperature dependence of the adsorp-
tion constant of toluene on catalysts K-30 (@),
Mg-1 (O), and La-1 (X).

with surface hydroxyl groups is affected
by water and incorporated cations (16-20,
23). Active Bronsted-type acidic groups
transform above ~550°C into Lewis centers
owing to dehydroxylation. This kind of

@
el o ]
g gauss 0 gavss

PAPP, KALLO, AND SCHAY

transformation is practically completed at
the temperatures of our experiments. We
could not find, however, any reference in
the literature as to the structure of the
catalytically active sites thus formed, nor
to the effect exerted upon them by cations,
1.e., to the question of what detailed catalytic
mechanism may be attributed to the sur-
face formations present at such high
temperatures.

Our kinetic results show that the reaction
proceeds by an identical mechanism on
clinoptilolite catalysts with their mobile
ions exchanged in different ways. The values
of the activation energies as well as the
heats of adsorption of benzene and toluene
also proved to be identical on all three
catalysts. This leads to the conclusion that
all the active formations are energetically
equivalent, which points presumably to
their structures being identical.

The changes in the number of surface
hydroxyl groups as a function of tempera-
ture were investigated by ESR. ESR spectra

h/’""”‘

00 gause
—_—

G gavss
——

F1c. 8. ESR spectra of La-1 catalysts at —196°C; the samples were pretreated in vacuo at 400 (a), 500 (b).

600 (¢), and 700°C (d).
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determined at —196°C at A =3.2 cm
wavelength of La-1 catalyst samples pre-
treated in vacuo at different temperatures
(400, 500, 600, and 700°C) then irradiated
by +-rays, are shown in Fig. 8. Upon +y-ir-
radiation, H atoms are formed from the
hydroxyl groups whose doublet appears in
Fig. 8 to the right and left of the complicated
central signal. Comparison of Figs. 8(a),
(b), (¢), and (d), shows that the hydroxyl
coverage does not change essentially up to
500°C, while at 600°C there is a sharp de-
crease, and at 700°C the surface becomes
free of hydroxyls. ESR spectra of the cata-
lysts K-30 and Mg-1 follow the same pattern.

These experimental results and literary
data (19, 20) point to the presence of the
following formations of active sites on a
clinoptilolite catalyst above 600°C: (a) in
the absence of mobile cations
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selected temperature or better characterized
by the relative values *k;o of their pre-
exponential factors which are: 2.24 for Mg-1
and 2.63 for La-1 when taking *kx.30,0 =
1.00. Further, if the active sites of the
different catalysts are energetically identical,
the activities related to a single active site
should also be identical, i.e., *ko = *kio/N;
(where N, is the number of active centers
in 1 g of catalyst; *kp is the pre-exponential
factor of the rate constant referred to a
single active site) should have the same
value for all catalysts. In other words, we
have to find appropriate values of N; (or
values proportional to N;) which reduce the
different *k; , (or either the k;) to a common
value.

On the basis of the foregoing structural
considerations, we may try to set N; pro-
portional to the number of exchangeable

H H
SN N
/ \\ // \\
U\ N /0\ /O\ /0 c 0\ \ /U\ /0
NSNS NS NS DE00C; —H,0 \ ® N/ \@/
Al S S AN —m————2s A S5 S Al (a)
- 7\ /1 4 ~ ’ ¥ 2y ;
AR S0 S AN
| | I i ¢

(b) in the presence of some multivalent
cation (e.g., Mg?t)

bivalent cations and one and half the num-.
ber of trivalent cations, both referred to.

/\—-Mg [HZO ______ VA Mgo

0. 0 " 0
0 0

\ ’ ’
NSNS\ SN vee-He N g/ N

Al S Si Al Al i S Al (B)
/ot /1 A 70 ~ /1 2 S /1
SRS S /; .

1 7 )
0050450 0504504570,

Similar to (b), three active sites are formed
in the environment of two trivalent cations
(dehydration—-dehydroxylation cannot occur
with monovalent cation substitution).

It follows that Bronsted sites cannot be
involved in the reaction above 600°C, and
the energetic homogeneity of the catalytic
centers is not really surprising if the above
surface structures A and B are considered.

It can be shown that catalytic activity is
correlated to the above structural formation.
Catalytic activities may be compared on the
basis of the rate constants k; (: meaning
K-30, Mg-1, La-l, respectively) at any

1 atom Si, but we obtain then different
values for *k;o/N.. Plotting, however, *k; ,
as a function of the exchangeable potassium
content, i.e., of the potassium content
present in the clinoptilolite phase, denoted
(K)o, there results a quite satisfactory
linear correlation represented by the straight
line I in Fig. 9. It is evident from the figure
that the catalyst will possess some so-called
residual activity even after maximal ion
exchange, i.e., on introducing 134 + 1 meq
K+*/g-atom silicon (see the value marked §
in Fig. 9).

Presumably this residual activity may be.
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Fi1a. 9. Catalytic activity as a function of cation
concentrations (K*). (O) and (Mgt + Ca2t +
La*t), (@).

aseribed to formation A (see above) since
removal of the hydroxyl groups initially
present on the catalyst will result in forma-
tions identical with the active centers
generated by bi and trivalent cations.

From the ion-exchanging properties of
the catalyst there follows the stoichiometric

tquauuu

const — (K*)a

for the cation equivalents referred to the
silicon content, thus the *k; ; values lie on a
straight line (line I in Fig. 9) with a course
opp051te to II It should be noted that k;

values per La,uuug to a given temperature,
plotted in this manner, lie also on a straight
line and that the few rate constants which
we have determined on natural and deca-
tionized (OCl and DCI in Table 1) clino-
ptilolite eatalysts, respectively, fit com-
pletely into the sequence.

Straight line I in Fig. 9 can be represented
by the following equation:

*kio = 14.5 (Me) + 0.60, (9)

where (Me) is given by Eq. (8) and the
intercept 0.60 represents the so-called rema-
nent activity, when (Me) = 0.

Rearranging Eq. (9), we obtain

a5+

(Mg + Ca?t
€
2

_|_
= (M

N

)

eq/atom Si

el
p

)

7

_ *kt,o
T (Me) + 0.041’

where 0.041 is the number of active sites
responsible for the residual activity per 1
atom of silicon. Substitution of the respec-

tive (Me) cation coneentrations in F‘n (1(\\

/100
\1v)

oL Oils 11l

gives
1 s 225 g 202 oo
0063 ~ o155~ Yo T

for the *kg’ values of K-30, Mg-1, and T.a-1
catalysts, respectively. The f(ur agreement
of these three values is another expression
of the linear relationship revealed by Fig. 9.

It appears thus confirmed that ecata-
Iytically active sites are generated In a
number proportional to the equivalent
amounts of bi and trivalent eations intro-

duced hv 1on exchanee: the active siteg thue
QUCEG DY 10N excnange, tne acilve sites thus

formed are all equivalent and thus inde-
pendent of the other properties of the cations
(ionic radius, electrostatic potential, ete.).
The catalysts bear, on the other hand, addi-
tional active formations A which are pre-
dominant in the case of exchange by K+
ions. Validity of Eq. (10) as well as the
identity of the activation energies proves
the equivalence of the active formations A
and B illustrated above.

2. The Micromechanism of the Reaction

Our kinetic results show that the rate-
determining step of the hydrodemethylation
of toluene on clinoptilolite is the irreversible
reaction between adsorbed toluene and a
hydrogen molecule attacking from the gas

Tha atiidy of the eatalva lad +4 tha
1€ 8tuay o1 wne bcualymn 184 10 tne

nhaan
Pllabc
conclusion that the active catalyst forma-
tions comprise a nuecleophilic (AlO,~) and
two vicinal electrophilic (SiOst; AlO;)
groups. The electron octet of the former is
complete and the configuration is sterically
shielded while the latter two have an electron
sextet and are sterically more accessible; it is
thus certainly the latter two which partici-
pate in the catalytic proeess.

The electrophilic character of the cata-
lysts, i.e., their extraordinarily strong
electron affinity, has been experimentally
proven. The ESR investigations made in
connection with the hydroxyl coverage



revealed an unusually strong radical stabiliz-
ing effect in clinoptilolite catalyst samples
pretreated above 600°C (21): The adsorbed

hvdrogen atoms generated }\v ~a-irradiation
AYGrogen atoms generavea y-1Irraqiation

from hydroxyl groups were observable for
several hours even at room temperature.

A similarly strong radical stabilizing effect
could be detected for methyl radicals formed
by the catalytic decomposition of diisobutyl
peroxide as well as for ethyl and methyl
radicals generated by radiolysis of ethyl and
uxt;uuyl ui‘OI‘muc, respecuvely These effects
have to be aseribed to a strong single elec-
tron bond which may be attributed to the
high electron affinity of the catalyst.

The electronic characteristics of the re-

[

of the benzene ring can be easily ‘“‘pumped
off” perpendicular to its plane. Owing to
electron suction, the C,romaticCretny1 bond

“rnalznnq the sleetron avqfnm of the l’\nnvona

ring tends to reassure 1ts original strueture
and this completion entails a shift of the
binding electrons.

According to our assumption, the hydro-
gen molecule coming from the gas phase
attacks the loosened group, i.e., the polarized
toluene molecule, in a four-center reaction.
In this (‘,Oﬁugmauuu, pULaﬂzauiGﬁ simul-
taneously facilitates the dissociation of the
hydrogen molecule, resulting in an adsorbed
molecule of benzene and one of methane
going immediately into the gas phase (22).

Ho H
sy 905" Hl___lé(”l e
Rp
() A

actants and products, such as ionization
potentials and molar polarizations, together
with the strong electrophilic effect of the
catalysts suggest, in agreement with our
kinetic results, that the eatalysts will inter-
act strongly with toluene or benzene, result-
ing in the chemisorption of the latter. The
high rates of chemisorption of toluene and
benzene are probably due to the fact that

anly ona alantrnn hao 0 he ghiftad ar franc-
OIliy One €ieCiron nas 10 06 SNlIteG Or rans

mitted in the process. It is the benzene ring
naturally which has to be made responsible
for this property so that the toluene molecule
adsorbs probably by insertion of the ring
plane between the two electrophilic groups
of the catalyst:

H
CH

A
V 0’/

In this conﬁguratlon the electron system

X

I

Owing to the escape of the methane, this
process is naturally irreversible and thus
meets the kinetie requirement that the rate-
determining surface reaction should be
irreversible. The catalytic eyele is elosed
by a fast desorption of benzene.

It may also be assumed, as an extreme
case of the above mechanism, that the
loosened methyl group splits off as a radical,

loavinge a

nhenvl ecation ar hv roadmigeinn
Laving a y

pheny! ecation or, by readmission
of the eleetron from the catalyst to the
aromatic system, a phenyl radical on the
surface. Collision in the gas phase between
a hydrogen molecule and the methyl radical
leads to the formation of methane and a
hydrogen atom. The latter had to react
immediately with the adsorbed phenyl
cation \01‘ puf‘;ﬂfy'x 1a,du,au) in order that the
reaction cycle should be completed in
accordance with the correct kinetic equa-
tion. The collision probability for the latter
step is, however, very slight, and thus,
though a radieal ionic or radical rearrange-
ment cannot be definitely excluded on the
basis of our results, it may be regarded as an

llllplUUdUIU exu eIne case.
Further investigations of the catalyst
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transformations and of the electronic charac-
ter of the catalysts were initiated by the
kinetic study outlined here.
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