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The alkylation of toluene with methanol and the isomerization of xylene were investigated
separately and in detail on zeolite H-ZSM-S$ as catalyst. The influence of crystal size alone on rates
and product distributions was studied for two Si/Al ratios in the zeolite at 573 and 723 K in a
gradientless batch-reactor. The isomer distribution in the xylene resulting from toluene methylation
is constant from zero up to at least 50% conversion of the methanol in a stoichiometric mixture,
H-ZSM-S being always para-selective. para-Xylene prevails increasingly in the products when
either crystal size, temperature, or Al content in the zeolite increase; essentially pure p-xylene can
be obtained in the limit with unmodified H-ZSM-5 as catalyst. The rate of isomerization of xylene
alone to an equilibrium mixture of isomers was found to be roughly proportional to the extent of the
(external) surface of the zeolite crystals, the ratios of the rates of different reactions in the triangu-
lar scheme of isomerization being nearly independent of crystal size. The observations can
be understood as resulting from the interaction of reaction and diffusion in the volume of the

crystals.  © 1993 Academic Press. Inc.

INTRODUCTION

The ample literature on shape-selectivity
in zeolite catalysis has been reviewed at in-
tervals by Csicsery (/, 2). Shape-selectivity
was first described by Weisz and Frilette (3)
and explained as a molecular sieve effect
leading to a sharp screening of either reac-
tants or products according to molecular
size and shape. This concept was then elab-
orated in experiment and theory by Weisz
et al. (4). A more subtle form of shape-se-
lectivity was described by Chutoranski and
Dwyer (5), who found that the kinetics of
isomerization of xylenes in a zeolite cata-
lyst depends on the size of the crystals and
could be represented by a mathematical
model assuming different diffusivities of the
xylene isomers in the crystals. In this case
none of the reactants or products are ex-
cluded entirely from entering or leaving the
zeolite crystals, but differences in diffusivi-
ties of isomers affect kinetics and product
composition. Chen and Garwood (6) pro-
posed to explain the selectivities observed

' To whom correspondence should be addressed.

for various reactions in zeolite H-ZSM-3
not as resulting from sharp molecular siev-
ing but from differences in intracrystalline
mobility due to steric hindrance, as did also
Chen et al. (7) when they observed en-
hanced formation of para-xylene in the
methylation of toluene on zeolite H-ZSM-5
only in larger crystals or after ‘‘modifica-
tion”’ of the zeolite with phosphorus. A
concise theory of enhanced para-xylene se-
lectivity in this system was presented by
Wei (8) in the form of a mathematical model
representing the Kkinetics of simultaneous
intracrystalline alkylation and subsequent
isomerization of xylenes, assuming linear
kinetics and different diffusivities of xylene
isomers in the zeolite crystals. It follows
from this theory that a variation of crystal
size alone (all other parameters being con-
stant) can influence the product composi-
tion of toluene methylation at low conver-
sion. However, when other properties of
the zeolite catalyst such as its chemical
composition are altered, then a change in
product composition is not necessarily due
to different conditions of intracrystalline
mass transfer, because also the rate coeffi-
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cients of intracrystalline reactions will de-
pend on catalyst composition.

The literature concerning the methyla-
tion of toluene on zeolite H-ZSM-5 is abun-
dant (7, 9-24); the objective of many inves-
tigations seems to have been the attainment
of high para-selectivity through modifica-
tion of catalyst composition. Isomer com-
position of product xylene was mostly ob-
served in integral reactors at complete or
unknown conversion of one reactant, so
that selectivities reported are influenced by
secondary isomerization to an unknown ex-
tent. In view of the fundamental interest in
diffusion mediated shape-selectivity, we
have investigated the kinetics and selectiv-
ity of methylation of toluene with methanol
in zeolites H-ZSM-5 of constant composi-
tion but different crystal size and separately
the kinetics of xylene isomerization on the
same catalysts. A great number of observa-
tions was required in order to obtain de-
tailed information of product composition
as function of contact time and conversion
for different catalysts at several tempera-
tures. The kinetic experiments were there-
fore conducted in a well mixed closed
system (batch-reactor), where product
composition can be obtained in one run for
a wide range of conversion and contact
time through periodic analysis of the gas
phase.

EXPERIMENTAL
(a) Zeolites

Zeolites ZSM-5 were synthesized by
crystallization with either tetrapropylam-
moniumbromide (Si/Al = 160) or n-propy-
lamine and triethylamine (Si/Al = 44) as
templates without agitation within 4 days
under autogenous pressure. Gel composi-
tion corresponded to

Al(SQy); - k SiO; - m NaOH - n H,O,

with k¥ = 88 or 320, m = 7-24, and n =
2000-4000. The molar amount of template
added corresponded to about 1 m (in case
of Si/Al = 160) or 2 m (Si/Al = 44). Differ-
ent crystal sizes were obtained by variation
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of crystallization temperature (433 to 458
K) and of pH. The resulting crystalline ma-
terials were shown by XRD to correspond
to the MFI-structure with 100% crystallin-
ity. The zeolites were calcined in air at 823
K for 20 h, then exchanged three times with
excess 1 M NH,CI solution at 373 K for 4 h,
washed, and dried at 393 K. Through sub-
sequent calcination at 823 K in air for 20 h
the ammonium form was converted to the
hydrogen from (H-ZSM-5). Composition
was determined by wet chemical analysis,
crystal size by SEM; characteristic length L
is defined as the ratio of volume to (exter-
nal) surface of the crystals; SEM micro-
graphs are shown in Fig. 1; aluminium dis-
tribution was determined by electron
microprobe. The results reported in the fol-
lowing were obtained with the zeolites
listed in Table 1, which showed no inhomo-
geneity (zoning) in Al distribution and are
of the same shape for a given composition.
It was thus possible to compare catalytic
properties of zeolites which vary only with
respect to crystal size L. It should be noted,
however, that it is not possible to prepare
strictly monodisperse crystals. The value of
the size parameter L has to be understood
as an approximate average. The zeolites
were pressed into pellets (1900 bar) without
binder, the pellets were crushed, a particle
size fraction of 0.5 to | mm was obtained by
sieving and used as catalysts.

(b) Observation of Kinetics

Reaction kinetics and product distribu-
tion were observed in a well mixed batch-
reactor system (Fig. 2) containing the zeo-
lite catalyst in contact with a gas phase
consisting mainly of nitrogen as inert gas.

TABLE 1
Zeolites
Designation Si/Al  Crystal size (um) L (um)
S44 (small) 44 9x3x3 0.64
L44 (large) 44 36 x 10 < 10 22
S160 (small) 160 [ p dia 0.12
L.160 (large) 160 2.3 pm dia 0.33
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FiG. 1. SEM micrographs of zeolites used as catalysts. (a) S160, (b) L160, (c) S44, and (d) L44.
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FiG. 2. Gradientless batch reactor system, schematic. M: mixing loop and radial blower (at 433 K):

R: quartz reactor at temperature T.

To start an experiment liquid reactants (37
to 789 ul) are injected with a syringe
through a Teflon-backed septum at r = 0
and the composition of the gas phase is then
analyzed periodically through capillary gas
chromatography. The gas is circulated at a
rate of more than 2 liter/s through a mixing
loop M of 6.6 liter volume by means of a
radial blower with a two-stage rotator
(14,000 rpm). The pressure difference of 65
mbar in the mixing loop is sufficient to drive
a flux of 0.13 liter/s through the reactor
loop R containing the catalyst in a quartz
reactor heated to reactor temperature T,
and through the gas sampling valve, which
is held at 503 K. The reactor operates in the
differential mode, so that the entire system
can be considered as well mixed. The mix-
ing loop M as well as all connecting lines
are made of stainless steel and are heated to
433 K to prevent condensation of reactants
or products. The principle of the experi-
mental method has been described previ-
ously (25); details of the improved version
of the apparatus used in the present work
are described in Ref. (26).

The procedure in the experiments was as
follows: the zeolite catalyst (between 20
and 500 mg) is placed on the quartz frit in
the reactor and heated to 823 K in nitrogen
(99.999%) for 12 h, the reactor being dis-
connected from the mixing loop M, which
is evacuated and filled with nitrogen to a

pressure of 20 mbar above ambient. The
catalyst is then brought to reactor tempera-
ture T and the reactants are introduced into
the mixing loop M. Their partial pressures
are obtained from the amounts injected and
verified by reading the pressure increase
following the injection through a capaci-
tance manometer. Hydrocarbons p-, m-,
and o-xylene and toluene were obtained
from Fluka Chemie as puriss. grade; metha-
nol p.a. 99.8% from Merck AG. A sample
of the mixture in M is analyzed by GC and
the reactor is then connected at ¢+ = 0 with
volume M; thereafter the composition of
the gas phase is analyzed periodically, two
sample loops (0.5 cm® each) being used al-
ternately. An experimental run lasts be-
tween 3 and 8 h. Afterwards the reactor is
disconnected and the catalyst is heated to
823 K in a stream of dry air for 12 h to burn
any carbonaceous deposits before another
run is started; the initial activity is always
regained through treatment with air at 823
K. The mixing volume M is flushed with
nitrogen until no hydrocarbon can be de-
tected. From the gas-chromatographic
analysis one obtains the partial pressure p;
of component / relative to the initial partial
pressure pap of reactant A in the closed
system as a function of time:

pdt} _
Pao

fialth (1)
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The conversion X, of reactant A is then

Xa=1= fan, 2)
and the mass-specific rate of reaction of re-
actant A (m = mass of catalyst) is

(Fo)a = — _1. . i’.’.ﬁ — dXa .
TmIA = T Tde T damy A0
_ dXx  pap s
= Jum)  mbar 1.83 x 107* mol,

(3)
where n4 o has been expressed through the
ideal gas law with V = 6600 cm®, T = 433 K,
the volume of the quartz reactor being neg-
ligible compared to that of the thermostated
mixing loop M.

Results obtained with different amounts
of catalyst can be represented on the com-
mon timescale t - m. The yield y; of product
i relative to the initial amount n4  of reac-

tant A is
_ o _ .
Yi Nao ft.A’

4)

and for the mass-specific rate of production
of i we have
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The isomer composition of xylene is de-
scribed in the following by the ratio x; of the
amount n; of isomer i (i = o0, m, or p) to the
total amount of xylene in the gas phase:

n; _ fi
f;) +fm

o, o, ton,

(6)

X

+ /5
RESULTS

(a) Isomerization of Xylene

The evolution of the distribution of xy-
lene isomers with time in the closed system
is shown in Fig. 3 for a catalyst temperature
of 723 K and two zeolites with the same Si/
Al-ratio of 44 but different crystal size. Ob-
servations on catalysts with Si/Al = 160
and different crystal size are represented in
Fig. 4 as reaction paths in triangular coordi-
nates, where observations with the same
catalyst but different initial compositions
are also shown. All reaction paths led to an
equilibrium distribution x* agreeing with
values calculated from thermodynamic data
(27):

i 1 dn,-
Fm =" dr T e e @ G
(5) — S e
dyia  Pap 573 24 243 54 541
= —==% . S 83 % 1074 mol. ; 2 o : 5
d(tm) mbar 723 .23 .236 .53 .525
Xi ’ ‘ T = 723K S44 L44
08 b Dt .. .i{Pxo =10 mbarj | & ©° X
: H . o Xm
“\, v Xo
\, :
ol RN
o2 - L A
0 0 5 0 5B 20 25 30 35 4’0 4:5 50
t+m/(min-g)

F1G. 3. Isomerization of para-xylene to equilibrium mixture on catalysts S44 and L44 at 723 K: mole
fractions x; of different isomers as function of modified time ¢ - m; px = 10 mbar.
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p—xylene

® S160
© L160

T=723K

pxo = 10 mbar
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—
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F1G. 4. Reaction paths in triangular coordinates representing mole fractions of xylene isomers.
Catalysts S160 (@) and L160 (O); T = 723 K: px = 10 mbar.

The rate of conversion towards equilibrium
depends on crystal size (Fig. 3), whereas
the composition of the ternary system
moves from a given initial point to equilib-
rium along a path which depends mainly on
temperature and zeolite composition (Si/Al
ratio). For five initial compositions (pure
isomers and mixtures 0 + p and 0 + m in
1:1 ratio, partial pressure of xylene 10
mbar) the kinetics of isomerization was ob-
served at 573 and 723 K on all four zeolites
and found to be reproducible within experi-
mental accuracy (3% in x;). The detailed
data are listed and graphs of the resulting 40
reaction paths are shown in Ref. (26). At
723 K all reaction paths were found to be
independent of crystal size within the limits
of experimental error. At the lower temper-
ature of 573 K a slight dependence of the
reaction paths on crystal size was reprodu-

n, —(kpm + k[m)
Ny | = kpm
n, k[m

—(kHI[) + klnu)

cibly noticeable, as shown in Fig. 5 for zeo-
lites S160 and L160.

Side reactions such as disproportionation
of xylene to benzene and trimethylbenzene
were insignificant, involving less than 10%
of the initial amount of xylene. The kinetics
of xylene isomerization can be represented
as a triangular network of reactions which
are first order in the concentrations of the
respective isomers in the gas phase:

p-xylene

ko kmp
Kpar kpu ’
&,

o-xlylene &=——= m-xylene
Ko

Following Wei (8), the system of simulta-
neous rate equations can be written in ma-
trix form

kmp kup Cp
knm Cm (7)

kmu _(k|!/l + kmn) C,
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Fi1G. 5. Reaction paths on catalysts Si60 (@) and L{60 (O) at 573 K, py = (0 mbar.

or
A .
E = kpm K¢ 8)
where - column vector of rates n; in

mol - s~! (n; = amount of gas-
eous isomer {).

column vector of gas-phase con-
centrations ¢; of xylene isomers
in mol - cm™3,

rate constant &, in cm? g~! s7'.
matrix of dimensionless rate co-
efficients k;; with &/, = ki;/kpm -

2t

kpm:

K:

The reaction path in the triangular simplex
depends only on the dimensionless matrix
K. which determines the ratios of the rates
of individual reactions in the triangular
scheme, observed as a change of gas phase
composition.

First-order rate coefficients k; were ob-
tained by computerized multiple linear re-
gression from the observed dependence of
¢ on t - m. They are listed in Table 2 as
defined in Eqgs. (7) and (8) and they repre-
sent the observations correctly as shown by
the solid lines in Figs. 3, 4, and 5 (the effect
of deactivation during one run being ne-

TABLE 2

Kinetic Coefficients of Xylene lsomerization

Zeolite T

ko
(K) (cm*g 's Y
~1.40
SI60 573 2.40 1.00
40
—1.45
Li60  S73 151 1.00
45
S160 723 162 LA
Li60 723 7.36 1.00
31
~1.30
S44 T3 8.82 .00
30
~1.36
L44  5T3 2.02 1.00
36
S44 723 232 127
L4 3 7.91} 1.00
27

K
.44 .43
.65 .50
21 ~.93
44 48
—.60 38
16 ~.86
44 .30
—.60 .35
6 ~.65
44 32
—.51 .18
073 ~.50
.44 39
—.54 .25
10 .64
.44 .26
-.51 .16
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glectable), which have been calculated from
the data in Table 2. For a given Si/Al ratio
in the zeolite and T = 723 K only one ma-
trix K for small and large crystals is listed in
Table 2, since the reaction paths in the tri-
angular simplex did not depend on crystal
size at 723 K within experimental accuracy.
The entries in the matrix K should be con-
sidered as reliable within +5%, although K
was obtained from observations with five
widely different initial compositions in each
case. Whereas the reaction path for a given
Si/Al ratio appears to be almost indepen-
dent of crystal size, the rate of approach to
equilibrium is strongly dependent on crys-
tal size as shown by the values of the scalar
factor %,,, in Table 2.

(b) Methylation of Toluene

Conversion Xy of methanol and the cu-
mulative yield yx of xylenes on zeolites
S160 and 1.160 at 573 K are shown as func-
tion of modified time m - ¢ in Fig. 6, the
isomer distribution in the product xylene as
function of methanol conversion in Fig. 7.
Results obtained at different temperatures
(573 and 723 K) for all four zeolites fol-
lowed the same pattern, illustrated in Figs.
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6 and 7 as an example. This pattern can
essentially be summarized as follows.

(1) Conversion of methanol is much
faster than conversion of toluene, so that
even with a 2: 1 excess of methanol in the
reactants less than 30% of toluene has been
converted to xylene when only 5% of the
methanol is left. Methanol disappears
mainly by reacting to aliphatic hydrocar-
bons (MTG-process), as has been pointed
out by Chen (20).

(2) The isomer distribution in the product
xylene is essentially constant up to a
conversion of methanol of 50%, with all
three isomers generated simultaneously,
the ratios of their respective rates of
formation (isomer selectivity) being con-
stant as long as the partial pressure of re-
actant methanol is sufficient. The isomer
distribution approaches equilibrium when
the methanol has been nearly consumed
(Xm > 0.8).

(3) Toluene is also alkylated to trimethyl-
benzene and disproportionates. However,
less than 20% of the toluene converted dis-
appears in these or other side-reactions.

In order to quantify the observations with
different catalysts under different condi-

XM) ¥x

0.2 |foden

L [TEETK o
: ! : i |pro= WO mbar| : :
0.6 |-l i .
: : i |pwo = 20 mbar :
: : ; i T ; : a a

S160

L160

0.33 L/um
x~ .......
¥x

t+m/(min-g)

Fi6G. 6. Conversion Xy of methanol (A, () and yield y of xylene (A, () on catalysts S160 (A, A) and
L160 (B, OJ) as function of modified time t - m at 573 K; pyo = 20 mbar, pry = 10 mbar.
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F1G. 7. Mole fraction x, (A, B) and x,, (A, 3) of para- and meta-xylene in product xylene as function
of conversion Xy of methanol. Catalysts S160 (A, A) and L160 (B, O): T = 573 K pyo = 20 mbar,
pro = 10mbar. x, = 1 — (x, + x,,).

Rate and Selectivity of Reaction of Toluene with Methanol

TABLE 3

Catalyst T Pto PMmo (ra)g (r¥n
(K) (mbar) (mbar) (mol g~'s™") (mol g=!' s 1)
S160 573 10 S 1.2 x 10°% 1.2 x 10°#
10 10 2.3 x 10-F 1.9 x 10°¢
10 20 3.9 x 10°° 2.1 x 10°¢
20 20 38 x10°° 21 x10°
40 20 3.7 x 10°° 3.5 x 10°®
L160 573 10 5 0.8 X 10°° 0.9 x 10°¢
10 10 1.5 x 10°¢ 1.0 x 10°¢
10 20 2.6 X 107§ 1.4 x 10-®
20 20 4.2 x 10°° 2.7 x 10°¢
40 20 3.6 x 10~ 3.6 x 10°¢
723 20 20 9.4 x 10°* 1.4 x 10-%
40 1.9 x 1074 1.8 x 10°*%
S44 573 10 b 3.4 x 1079 3.9 x 106
10 10 1 x10°° 4.1 x 10°®
10 20 I x 10°4 4.5 x 10°®
L44 573 10 5 2.5 x 10°° 1.9 x 10°¢
10 10 35 x10° 2.0 x 10¢
10 20 7.9 x 10°° 1.9 x 10-¢
20 20 8.1 x 10°° 5.5 x 10°¢
20 40 1.4 x 1074 5.8 x 10°¢
723 20 20 2.0 x 1074 2.5 x 103
20 40 39 x j0~ 3.0 x 10°°

(xp.

.54

.55
.55
51
Sl
.64
.64
.66
.66
.66
.84
.85

9
92
92

92
92
92
93
92
.95
95

K s

.20
19
19
.20
.20

15
15
.14
15
.14
.09
.08

.05
.04
.08

.04

22geRe

Xodypens = Xo

.26
.26
.26
.28
.29

21
21
.20
.19
.20
.07

.07

.04
.04
.03

.04
.04
.04
.03
.04
.02
.02
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tions the following data are listed in Ta-
ble 3:

—initial mass specific rates of conversion
of methanol! (rM), and of formation of xy-
lene (rX)oin mol g~' s7!;

—isomer distribution (selectivity) in the
range 0 < Xy < 0.5.

For a given zeolite the rate of conversion of
methanol appears to be proportional to its
partial pressure; the rate of formation of xy-
lene increases with py as well as with pr,
but less strongly than proportionality would
require. At 573 K methanol conversion on
catalyst S44 is faster than on L160 under
otherwise identical conditions by a factor of
4.2 = 0.1; for xylene formation the ratio is
3.7 = 0.6, whereas the ratio of Al-content is
160:44 = 3.6. A dependence of the ob-
served rates of reaction on crystal size be-

ND RIEKERT

yond the scatter of the data is clearly dis-
cernible only if the rates observed for the
more active catalysts with Si/Al = 44 but
different size (S44 versus L44) are com-
pared: at 573 K the average ratio of rates
under otherwise identical conditions is
1.5 = 0.2 for methanol conversion and
2.2 = 0.2 for xylene formation, whereas the
inverse of the ratio of characteristic lengths
is 2.2:0.64 = 3.4. Much more pronounced
is the influence of crystal size on the isomer
distribution of the product xylene. para-Se-
lectivity increases conspicuously with crys-
tal size, as shown by the data for zeolites
5160 and L160 in the last column of Table
3. It also increases with temperature and
mass-specific activity (Al-content) of the
zeolite, which means with the mass-specific
rate constant of xylene formation. The de-

®
t-m (
g-min
2t
8._
4100
1 I *
0 B e IA L A1 0
0 0.2 0.4 0.6 0.8 1
Xu
1 N H
yyyyyyy o FRE ! :
X; [ AR N
0.8 : b
Lo e V,_w
0.6 i . A i I
- . ‘p”):ZO mbar || L44 L160
: ! . . o
0.4 : . \f“’: 20 mbar 5 o e
0.2 : .
l._‘;o,...‘,... [ SN _%—
S PN — -
0
4] 0.2 0.4 0.6

FiG. 8. Mole fraction x, (@, @) and x,, (O, O) of paru- and metu-isomers in product xylene as
function of conversion Xy of methanol. x, = | — (x, + x,): (@, O) catalyst L44, T = 723 K, pry =
Ppmo = 20 mbar; (M, D) catalyst L160, T = 573 K, pry = pmo = 20 mbar. Clock time ¢ and modified time
t - m as function of the independent variable X\ are shown in the upper part of the diagram for

observations on catalyst L160.
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pendence of para-selectivity on crystal size
is thus less pronounced with the more ac-
tive zeolites S44 and L44, where it exceeds
already 90% on the smaller crystals.

All four zeolites were found to be para-
selective in the sense that the content of
para-isomer in the xylene generated ex-
ceeded by far the equilibrium value as long
as enough methanol was present to sustain
xylene formation. Integral and differential
isomer selectivity then coincide practically
and correspond to initial selectivity as
shown in Fig. 8 for zeolites with Si/Al of
160 and 44. It may be noted that this char-
acteristic feature of methylation of toluene
on zeolite ZSM-5 cannot be observed if
product composition is observed only at the
exit of an integral reactor at full conversion
of methanol.

DISCUSSION

From the experimental observations re-
ported here, two conclusions can be drawn
which appear essential concerning the influ-
ence of intracrystalline mass transfer on
rates and product distribution in alkylation
of toluene and concomitant isomerization
of xylene. These are as follows:

(1) The isomer distribution of xylenes, re-
sulting from the reaction of toluene with
methanol is constant from zero up to at
least 50% conversion of methanol starting
from a stoichiometric mixture; it depends
on the size of the crystals for a given Si/Al
ratio. The para-isomer prevails in the prod-
ucts increasingly when crystal size, temper-
ature and/or Al content increase, so that
essentially pure p-xylene can be obtained in
the limit with unmodified H-ZSM-5 as cata-
lyst.

(2) The reaction paths observed for the
isomerization of xylene to an equilibrium
mixture are independent of crystal size at
723 K and depend only slightly on crystal
size at 573 K. The ratio of the mass-specific
rate coefficients k,, (Table 2} for given Si/
Al ratio and temperature corresponds
roughly to the ratio of surface/mass (pro-
portional to 1/L, Table 1). The rate of isom-
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erization is thus found to be approximately
proportional to the extent of the surface of
the crystals.

The dependence of product distribution on
crystal size alone leads immediately to the
conclusion that selective intracrystalline
mass transfer (of products or some interme-
diates) has an effect on selectivity. The size
of the zeolite crystals cannot have an influ-
ence on rate coefficients pertaining to any
differential element of volume or surface,
but only on the kinetics of mass transfer.
The gaseous products of toluene methyi-
ation will undergo isomerization to an equi-
librium mixture of xylene isomers in a sec-
ondary reaction, because zeolite H-ZSM-S
is a catalyst for alkylation and for isomeri-
zation. The rate of secondary isomerization
appears to be much smaller than the rate of
xylene production from toluene and metha-
nol, unless the latter almost ceases due to
exhaustion of reactant methanol (Fig. 8).
This conclusion also results from a compar-
ison of the observed rate of para-xylene
production observed during alkylation,
(dn,/d(t - m))ax, with the rate of secondary
isomerization of para-xylene

( dn,, )
d(tm)/ iso
= -(kpm + kpu)('p + kmp('m + /\'up(b (9)

evaluated with rate coefficients &; obtained
independently for the same catalyst (Table
2). For zeolite S160 at 573 K and pyy = 10
mbar, pyo = 20 mbar we obtain for differ-
ent degrees Xy of conversion of methanol
the values listed in Table 4. By subtracting
the rate of the simultaneously occurring
isomerization of para-xylene from the ob-
served rate of formation of para-xylene a
corrected value of para-xylene formation
from methylation of toluene is obtained,
which is listed in the last line of Table 4.
The rate of isomerization is less than 10%
of the net rate of production observed dur-
ing toluene alkylation up to Xy = 0.8; the
corrected rate of production of para-xylene
due to alkylation alone remains constant up
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to Xy = 0.4. The isomer distribution ob-
served in toluene alkylation over an ex-
tended range of methanol conversion corre-
sponds to the distribution in the limit of
Zero conversion.

Whereas the isomer distribution (selec-
tivity) of toluene alkylation depends on
crystal size, the reverse appears to be true
for the isomerization of xylenes on the
same catalysts, where reaction paths were
found to depend but slightly on crystal size
and only at the lower temperature of 573 K.
These observations can be understood as a
consequence of coupled reaction and diffu-
sion in the zeolite crystals, according to the
theory expounded by Wei (8). In the case of
alkylation as well as in isomerization the
matrices of rate coefficients and the prod-
uct composition which are effectively ob-
servable should depend on the same set of
generalized Thiele numbers, but in ways
that are different for alkylation and isomeri-
zation. Assuming that the diffusivity of
para-xylene is much higher than that of the
ortho- and meta-isomers, the alkylation
of toluene alone should yield pure para-
xylene in the limit of very large crystals,
whereas the reaction paths for isomeriza-
tion of xylenes should for sufficiently large
crystals be independent of crystal size, cor-
responding to a constant matrix of relative
rate coefficients.

In order to visualize how this result fol-
lows from theory let us consider the simpler
(hypothetical) case of only two isomers
(e.g., para and ortho), which are generated
in a zeolite crystal (slab of thickness 2 L;
one-dimensional geometry) by alkylation in
unknown relative proportions x,', and x, = 1
— x,,. In the zeolite they can also isomerize

according to
k.
o==p.

From the local material balances at steady
state

dc
L=y x, + kec, — k¢,
ot dc

L 9%

+ D, 5k

=0 (10a)
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ac, .
a7 =ra(l — x,) + k_cp
a%c,
—kic, + D, =—— =0 (10b)
ox-
we have
de d,
m+Q¢E%+DWZ%=Q (11)

where x is the distance from the center
plane and r, the rate of alkylation per unit
of volume. Taking r, to be constant over x
(as seems to hold approximately for the ze-
olites with Si/Al = 160), integration of Eq.
(11) yields

- (b, % -

which simply means that the total flux n' of
xylenes per unit of area through a plane at x
equals the rate of production in the volume
enclosed by this plane. The concentration
profiles for ¢, and ¢, resulting under the as-
sumption D, > D, are shown schematically
in Fig. 9 for boundary condition ¢, = ¢, = 0
at x = L, that is, for zero conversion of
reactants. The p-isomer is continuously
withdrawn from the alkylation and from the
reversible isomerization in the interior of
the crystal, leaving towards the gas phase.

de, .,
D,,g;) =ra-x=n', (12)
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F16. 9. Concentration profiles (schematic) in flat
plate for alkylation leading to two isomers of different
mobility. x = distance from center plane, zero conver-
sion of reactants.
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Fi1G. 10. Fluxes n, per unit area in flat plates of half thickness L, and L, = L,/2 for alkylation
producing two isomers of different mobility (schematic).

The o-isomer does not contribute to the to-
tal flux due to its relatively small mobility,
except in a region near the surface, where
its concentration gradient would otherwise
become negative infinite, i.e., the o-xylene
which is formed by alkylation in the interior
of the crystal is isomerized there to para-
xylene, leaving towards the gas phase from
the interior as para-xylene. The pattern of
corresponding fluxes of both isomers is
shown schematically in Fig. 10 for two val-
ues of crystal size. The flux of the less mo-
bile o-isomer into the gas phase is not af-
fected by the size parameter L, whereas the
flux of the p-isomer at x = L increases with
L. Essentially pure p-isomer will be ob-
tained as gaseous product in the limit when
crystal size L increases. The total flux »’ at
x = L and concomitantly the mole fraction
of the p-isomer in the gaseous product
should also increase with temperature and/
or Al content of the zeolite, as has been
observed. The irreversible alkylation of tol-
uene is an internal source of xylene isomers
in the zeolite, which is the driving force im-
posing the concentration profiles depicted
schematically in Fig. 9. In the case of isom-
erization of xylene from the gas phase this
driving force is absent and we have from
Eq. (12) with ry = 0

de,

' '
ac T Do

de,

dx =0

D, (13)

For a gas phase not in isomer equilibrium
consisting of pure p-isomer a concentration
distribution as shown schematically in Fig.
11 can be expected in the crystal. Here the
isomers will be in mutual equilibrium in the
interior of the crystal, net isomerization re-
action being restricted to a region near the
surface. The fluxes of either isomer are
coupled according to Eq. (13); diffusivity of
the less mobile isomer together with the in-
tracrystalline rate coefficients of isomeriza-
tion determines the restricted depth & of
penetration of the reaction. For L > § the
rate of isomerization will become propor-

| Gas
i

C; T :
i
i
! Cp
i
i
i
i
i
i
1 (Cp)gos
i
! 6
! ]
i
0 — X L

Fi1G. 11. Concentration profiles (schematic) in flat

plate for isomerization, intracrystalline equilibrium
condition (x,/x,)% = k,/k = 1 assumed.

intra
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tional to the extent of surface of the zeolite
crystals and the reaction path in the case of
more than one relatively immobile isomer
will then be independent of crystal size L.

Wei’s theory of enhanced para-selectiv-
ity stipulates in essence that the relatively
immobile ortho- and meta-isomers emanat-
ing into the gas phase are generated within
a restricted depth & of penetration into the
zeolite, the interior volume of the crystal
being a source of the more mobile para-
isomer in the case of alkylation. All experi-
mental observations reported here can be
understood on the basis of this theory if one
assumes that the thickness & of the layer
exchanging the less mobile ortho- and
meta-xylenes with the gas phase is smaller
than the characteristic length L of the larger
crystals for each Si/Al ratio.

An alternative explanation of the ob-
served selectivity patterns can be based on
the assumption that the volume of the zeo-
lite crystal and its surface are different loci
of catalytic activity with distinct properties,
meta- and ortho-xylene being generated or
reacting only on the surface. Isomerization
would in this case be restricted to the sur-
face, alkylation would occur on the surface
and in the volume, the volume contributing
only para-xylene to the products, so that
the latter preponderates with increasing
volume/surface ratio. This explanation of
observed selectivity as due to sharp molec-
ular screening has been proposed by
Fraenkel and co-workers (/3, 23) and also
by Nunan et al. (28). It can be considered
as an extreme case within the theory ex-
pounded by Wei (8), the thickness & of the
surface-near region exchanging all three
isomers with the gas phase being then zero.
The conclusion 8 < L resulting from our
observations includes the extreme case 8 =
0 as a possibility.

A stringent discrimination between either
coupling of reaction and diffusion in the ze-
olite crystal on the one hand, or sharp mo-
lecular screening on the other hand as
the adequate concept explaining product
shape-selectivity would require evaluation
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of the concentration profiles in the crystal
from experimental data. For this purpose
one needs as an input besides rate of reac-
tion and selectivity also the intracrystalline
diffusion coefficients of all three xylene iso-
mers and their equilibrium distribution in
the crystal under reaction conditions.
These data are not available. From sorption
kinetics it can be concluded that the mobil-
ity of para-xylene in ZSM-5 is much greater
than that of ortho-xylene; however it was
not possible to obtain a diffusivity for tran-
sient uptake of the ortho-isomer (29, 30). A
ratio D,/D, =~ 10 has been quoted repeat-
edly in the literature (e.g. (8, 13, 31)), but it
is not clear how it has been observed.
Moreover, the diffusivities under condi-
tions of reaction depend on the mobilities
and concentrations of all compounds in the
zeolite, including reactants; the rates of
mass transfer will thus be interdependent,
as has been shown by Qureshi and Wei
(32). Reliable equilibrium sorption iso-
therms have not been obtained for ortho-
and meta-xylene in ZSM-5; the intracrys-
talline equilibrium constants cannot there-
fore be deduced from the data valid for the
gas phase. The question to what extent
ortho- and meta-xylene react or are gener-
ated in the volume and on the surface of the
zeolite crystals, respectively, cannot there-
fore be answered rigorously in a quantita-
tive way on the basis of existing knowl-
edge. However, isomerization of xylene
and production of the meta- and ortho-iso-
mers cannot be entirely restricted to the
crystal surface, because not only para- but
also meta- and ortho-xylene are sorbed in
the volume of ZSM-5 (20, 29, 30, 33). their
intracrystalline diffusivity being different
from zero, as has been specifically demon-
strated by Chen (20). Mirth and Lercher
(34) observed by IR-spectroscopy that the
concentrations of m- and o-xylene exceed
that of p-xylene in the volume of ZSM-S
during methylation of toluene. The slight
but reproducible dependence of the reac-
tion paths of xylene-isomerization on crys-
tal size at 573 K indicates that the reactions
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involve an exchange also of the less mobile
isomers between the volume of the crystal
and the gas phase.
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APPENDIX: NOTATION

Variables

c Amount concentration (mol - m™)

fia Ratio of partial pressure of compo-
nent i relative to the initial partial
pressure of reactant A (—)

k;; Mass-specific rate constant (cm?
glsh

k Volume-specific rate constant
(s7"

m Mass of catalyst (g)

n Amount of substance (mol)

n Amount flow rate (mot - s7)

n’ Amount flow rate per unit area

(mol - m~2s7)
p Pressure (bar)
Mass-specific rate of reaction or
production (mol - g=! s71)
Volume-specific rate of alkylation
(mol - ecm™3s7)
t Clock time (s)
Coordinate (m)
X; Fraction of isomer i in total xylene
()
Yield (—)
Intracrystalline diffusivity (m?s~1)
Matrix of dimensionless rate coef-
ficients
Characteristic length (m)
Temperature (K)
Conversion (—)
Depth of penetration of the reac-
tion (m)

- e =

@ b N

Subscripts and Superscripts

m meta-Xylene
o ortho-Xylene

*Ox»{gﬁ

10.

1.

12.
13.

4.

15,

I6.

17.

18.
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para-Xylene
Methanol
Toluene
Xylene
Attimet =0
At equilibrium
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