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Transport and Isomerization of Xylenes over HZSM-5 Zeolites

GABRIELE MIrTH. Jiri CEJKA.! AND JOHANNES A. LERCHER®

Institut fiir Physikalische Chemie, Technische Universitiat Wien, Getreidemarkt 9, A-1060 Vienna, Austria

Received April 14, 1992 revised July 14, 1992

The diffusion. adsorption, and reaction of xylenes on HSZM-5 was investigated by means of time-
resolved in sitnr FTIR spectroscopy and gas chromatography. The different diffusion coefficients
determined for the three xylene isomers (p:o:m = {000:10:1) were found to influence the
isomerization rate above 523 K under the reaction conditions employed. Below that temperature.
reactant diffusion played a minor role. For all xylene molecules, the intramolecular mechanism of
isomerization suffices to account for all observations. The selectivity of m-xylene isomerization was
found to depend primarily upon the transition entropy {1ransition state selectivity). The selectivity in
o- and p-xylene depends upon the surface concentration of the primary product. m-xylene. Its
concentration is a function of the activity of the catalyst and the diffusional constraints m-xylene
faces. The decrease of the effectiveness of ZSM-5 above 523 K due to reactant diffusional constraints

can be seen in lower coverages of m- and o-xylene in comparison to p-xylene.

Press, Inc.

INTRODUCTION

Over the last 20 years, the shape-selective
formation of substituted aromatic molecules
over medium-pore zeolites were intensely
studied by industrial as well as academic
institutions (e.g., /-8). Starting with the pi-
oneering work of Chen ¢t al. (9) the interest
was mainly focused upon ZSM-5 as catalyst
and was leading to several commercial pro-
cesses (/0-13). Thus, the kinetics of the
alkylation, disproportionation, and isomer-
ization reactions of aromatic molecules
leading to xylenes and diethylbenzenes are
well established (e.g., 2-4, 7, 8, [4) and
several models to explain the catalytic reac-
tivities and selectivities have been ad-
vanced. The unique property of ZSM-5 [and
in particular of chemically modified ZSM-5
(1,2,5,15, 16)] is to produce p-dialkylben-
zenes in selectivities exceeding the thermo-
dynamic values by far. Because the kinetics
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of these reactions are, however, diffusion
disguised, it is difficult to extract the reasons
for this selectivity from the kinetic analysis
of the overall process (/7).

Based on these kinetic experiments, it
was advanced that the transport limitation
of the more bulky isomers (m-, ¢0-) permits
the faster diffusing products (p-) to escape
from the catalyst at a higher rate and, thus,
a higher selectivity toward the p-products
was observed (/, 4, 18). In contrast, it was
also suggested that the transition state lead-
ing to p-substituted products is more favor-
able than that for the other isomers (/, /15,
19). While there is increasing evidence that
at least at higher temperatures diffusion
plays a key role, the conclusions are not
generally accepted. At this point it should
be emphasized that the selectivity strictly
depends upon the conversion (20) reaching
equilibrium values when the conversion
reaches equilibrium.

We have shown in a previous paper by
using in situ IR spectroscopy (8) that the
reaction in the pores may vary considerably
with the reaction temperature and that it is
difficult to extrapolate conclusions over a
wide temperature range. The method has
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the distinct advantage over standard cata-
lytic techniques that the surface coverage
and the reaction rate can be determined si-
multaneously and independently from each
other. In this paper we report results on the
xylene 1somerization over HZSM-5 under
steady-state and non-steady-state condi-
tions.

EXPERIMENTAL

Material

For all investigations, a zeolite HZSM-S
with a Si/Al ratio of 35.5 (corresponding to
2.6 Al atoms per unit cell) was used. As
determined by scanning electron micros-
copy, the size of the nearly spherical poly-
crystalline zeolite particles is approximately
I wm. The sample was provided in the am-
monium exchanged form and was converted
to the protonic form by heating the zeolite
in vacuum (pressure below 10~°mbar) up to
923 K or in He flow (~20 ml/min) up to 773
K with a heating rate of 10 K/min.

FTIR Spectroscopy

The sample was analyzed in situ during
all treatments by means of transmission ab-
sorption IR spectroscopy using a Bruker
IFS 88 FTIR spectrometer (resolution 4
c¢m '), For the IR measurements the zeolite
was pressed into self-supporting wafers and
placed in a sample holder in the center of
the furnace of the IR cell. The spectra were
normalized for the sample thickness by
comparing the intensities of the absorption
bands of the adsorbate with the intensities
of the lattice vibration bands of the zeolite
between 2090 and 1740 cm ~'. Two different
types of experiments were designed to show
the adsorption/desorption and reaction be-
havior under static and flow conditions:

(i) For the first type of experiments (static
conditions) a sample compartment, which
could be evacuated to pressures below 1076
mbar, was used (27). The xylene isomers
were introduced into the vacuum system via
a gas inlet manifold. The activated zeolite
was contacted with 1 mbar of the adsorbate

at constant temperature until adsorp-
tion—desorption equilibrium was achieved.
During adsorption, IR spectra were col-
lected with time resolutions between 10 s
and 10 min, depending on the rates of ad-
sorption of the substances. The coverage of
the strong Brgnsted acid sites (Si—-OH-Al
groups) with xylenes was determined from
the decrease in the intensity of the OH
stretching vibration at 3610 cm ™ ' upon inter-
action with the xylene molecules. The tem-
perature of adsorption was varied from 373
to 573 K. From the time-dependent uptake,
the diffusion coefficients were estimated.
(ii) For the second type of experiments
(flow conditions) an IR cell, which approxi-
mates a continuously stirred tank reactor
(volume = 1.5 cm?), equipped with -in.
gas inlet and outlet tubing and CaF, win-
dows, was used (8). The effluent gas stream
was sampled in 16 sample loops of a
multiport valve and subsequently analyzed
by means of gas chromatography (HP 5890
II, capillary column DBWAX, 30 m). This
experimental setup allows a simultaneous
analysis of the product inside the zeolite
pores (IR spectroscopy) and in the gas phase
(GO). The experiments were carried out in
continuous-flow mode in a temperature in-
terval from 473 to 573 K. To achieve xylene
conversions in the range 1-10% for all ex-
periments, partial pressures of helivm and
xylene of 0.984 and 0.016 bar were used,
respectively. For the characterization of the
surface species in the zeolite pores during
the reaction, IR spectra of the catalyst were
recorded as the activated zeolite was con-
tacted with a xylene containing He stream
(with an initial time resolution of 30 s and of
5 min after 5 min time on stream). Simulta-
neously, samples of the effluent gas stream
were collected in the 16 sample loops of the
multiport valve with a time resolution of
30 s during the first 5 min and of 10 min
afterward. After 1 h time on stream, the feed
was switched to pure He for 15 min at the
same temperature. Thus, all molecules with
a mean residence time smaller than 15 min
should desorb from the zeolite pores.
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F1G. 1. IR spectra of (a) the activated zeolite HZSM-
S at 373 K and (b) p-xylene adsorbed at HZSM-5 at
373 K.

RESULTS

The IR spectrum of the activated zeolite
HZSM-S (see Fig. la) showed two bands
of OH stretching vibrations at 3610 cm™'
(attributed to the Si—-OH-AI groups, the
strong Bronsted acid sites) (22, 23) and 3745
cm ™! (attributed to silanol groups) (24).

(i) Adsorption of Pure Xylene Isomers
wunder Static Conditions
The wavenumbers of the adsorption max-
ima of the characteristic IR bands (25, 26)
of the adsorbed xylene isomers at 373 K are
compiled in Table 1. The band shifts due to

temperature and coverage effects were in
the range of *5cm™".

p-Xylene. For all adsorption tempera-
tures, adsorption—-desorption equilibrium
was achieved within a few seconds after
contact of 1 mbar p-xylene with the zeolite.
The OH band of the zeolite at 3610 cm ™!
was broadened and shifted to lower wave-
numbers due to hydrogen bonding between
the Si—-OH-Al group and the aromatic ring
of the xylene molecule (see Fig. 1b). The
shift was approximately 425 cm ™! (3610 —
3185 ¢m ™ "), which indicates that hydrogen
bonds of substantial strength exist between
the Brgnsted acid sites and the aromatic
molecule (27, 28). In contrast, the band of
the OH stretching vibration of the Si-OH
groups was shifted only by about 145 cm ™!
(3745 — 3600 ¢cm™') upon interaction with
xylene, suggesting much weaker interac-
tion. The coverage of the strong Brgnsted
acid sites and of the silanol groups was com-
plete at 373 K and 1 mbar of p-xylene. At
473 and 573 K, approximately 60 and 12%
of the Si-OH-ALl groups were covered, re-
spectively. Only small amounts of p-xylene
were adsorbed on the silanol groups above
473 K. It should be noted that although the
intensity of the band at 3610 cm ' decreased
by about 129% at 573 K after admission of |
mbar of p-xylene, only CH- and ring vibra-
tion bands of low intensity were found in
the IR spectra. This might be speculatively
attributed to high mobility of the molecules

TABLE |

Wavenumbers of the Characteristic IR Bands of the Adsorbed Xylene Isomers
(at 373 K) at the Zeolite HZSM-5

T=1313K CH-Stretching Ring CH-Deformation
p = 1 mbar vibrations vibrations vibrations
HZSM-5 (cm™Y (em™") (em™"

p-Xylene 3050, 3025, 3007 1518 1379

2927, 2872
m-Xylene 3053, 3032 1610 1381

2926, 2868 1485
o-Xylene 3072, 3031 1604 (weak) 1390

2977, 2951, 2931 1496. 1466

2877

Note. The bands used for the identification of the isomers are underlined.
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within the zeolite pores. At 373 and 473 K,
adsorbed reaction products were not de-
tected in the zeolite pores. The low coverage
at 573 K did not permit an identification of
adsorbed isomerization products.

o-Xvlene. Adsorption—-desorption equi-
librium of 1 mbar o-xylene with the zeolite
was achieved after about 4 h contact time at
373 K. after 40 min at 473 K and after a few
minutes at 573 K. The coverage of the strong
Bronsted acid sites was complete at 373 K,
approximately 60% at 473 K and 10% at
573 K. The characteristic IR bands for o-
xylene adsorbed on HZSM-5 (see Fig. 2) are
compiled in Table 1. Bands that could be
assigned to compounds other than o-xylene
were not detected under the experimental
conditions used.

m-Xvlene. Equilibrium of 1 mbar m-xy-
lecne with HZSM-5 at 373 K was achieved
after approximately 14 h, at 473 K after
3.5h.and at 573 K after 5 min. The coverage
of the strong Bronsted acid sites achicved
after adsorption of 1 mbar of m-xylene at
373 K was 65-70%. At 473 K, ~60% of the
Brgnsted acid sites were covered. At 573 K,
the decrcase of the intensity of the
Si-OH-AIl groups upon interaction with
m-xylene was approximately 129%. m-Xy-
lene also adsorbed on the silanol groups at

ABSORBANCE

e} e

373 K, but only a small fraction of the
Si—OH groups interacted with the aromatic
molecules at 473 and 573 K.

(ii) Diffusion of the Xvlene Isomers

From the time-dependent uptake of the
pure xylene isomers at constant tempera-
ture, the diffusion coefficients were esti-
mated according to Refs. (29, 30). The
uptake (Q) was detecrmined from the nor-
malized intensities of the characteristic IR
band of the adsorbate. Since the values of
the effective non-steady-state diffusivitics
are highly temperature and concentration
dependent (37), all measurements were car-
ried out at 373 K at a xylene partial pressure
of 1 mbar. Assuming that our catalyst con-
sists of spherical particles (ry = 0.5 um). the
following cquation was used to estimate the
diffusion coefficients for the xylene isomers:

0,0, = 6/ry - (Dtim)">.

In this equation, Q, denotes the uptake at
time (7) and @, the uptake after equilibra-
tion. The slope of the linear part of the curve
(from Q,/Q, = 0.3 t0 0.6) was used to esti-
mate the diffusion coefficients (D). As an
cxample, the normalized intensity of the
ring vibrations of o-xylene at 1496 + 1466
cm s plotted versus the square root of the

3400 3000

2600

2200 1800

WAVENUMBERS [cm~1]

Fia. 2. Time-resolved IR spectra of the adsorption of o-xylene on HZSM-S at 373 K (time resolution

of 0.5 min. no equilibration).
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FiG. 3. Normalized intensity of a ring vibration of

o-xylene plotted versus the square root of the equilibra-
tion time (7 = 373 K).

equilibrium time (¢) in Fig. 3. Because the
diameter of the pore openings of the zeolite
HZSM-5 (0.56 nm) is approximately of the
size of a benzene ring (32, 33). substituted
aromatic molecules, e.g.. xylenes, can face
quite significant sterical hindrance within
the confines of the zeolite pores. At 373 K
and 1 mbar partial pressurc, for p-xylene
(the molecule with the smallest kinetic diam-
eter). the diffusion coefficient was D =
6.10 71> cm™/s. This was two to three orders
of magnitude higher than that for the bulkier
isomers o-xylene (D = 6 x 10 '""cm?¥/s)and
m-xylene (D = 7 x 10 " cm/s) ([, 3. 16,
34). The values of the diffusion coetficients
at 373 and 473 K are given in Table 2. The
energies of activation tor the diftusion of m-
and o-xvlene were determined to be approx-
imately 30 kJ/mol (35).

(iii) Xvlene Reactions under

Flow Conditions

The reaction of the pure xylene isomers
was studied in a continuously stirred tank
reactor. The reaction rates for the xylene
isomerization were normalized for the con-
centration of the strong Brensted acid sites
(= turnover frequency, TOF, [molecules/
site - s]}. The values (= 10%) of the TOFs
after | h on stream determined at reaction
temperatures between 473 and 573 K ure
summarized in Table 3.

Reaction at 473 K. At 473 K, after | h

TABLE 2

Values of the Diffusion Coefficients at 373 and 473
K (p, = 1 mbar)

D (cm¥s) at D (cm/s) AE,

373 K al 473 K (kd/mol)
p-Xylene 6 x 1o 1? — —
o-Xylene 6.5 x oM S x 10 " 30
m-Xylene 7 % 10" S x 10 29

time on stream, approximately 70% of the
Bronsted acid sites were covered when p-
and o-xylene were isomerized. while 559 of
these sites were occupied in the case of
m-xylene isomerization. The analysis of the
time-resolved IR spectra showed that
adsorption/desorption  equilibrium — was
reached after | min with p-xylene and after
a few minutes of o-xylene. With m-xylene.
approximatcly 50% of the acid sites were
covered within the first [0 min. With n-
creasing rcaction time, the coverage in-
creased slightly to reach 559 after 1 h (see
Fig. 4).

Analysis of the IR spectra of the adsorbed
phase revealed that in alt cases the reacting
isomer was the main adsorbate. However,
a buildup of m-xylene in the zeolite pores
(indicated by the appearance of the charac-
teristic bands at 1610 and 1485 ¢m ') with
increasing time on stream was found for o-
and p-xylene isomerization (see Fig. 35).
After | htime on stream. approximately 8%
(in the case of p-xylene reaction) and 159%
(in the o-xylene isomerization) of the acid
sites were covered with m-xyvlene mole-
cules. When m-xylene was the reactant. the

TABLE 3
Reaction Rates Normalized per Acad Stte for the
Xylene Isomerization over HZSM-5 between 473 and
§73 K after I h Time on Stream {TOF 2 1(7)

TOF (= 10/7) 1

473K 7 S2¥K 7 STR K
(moleculesssite s)
p-Xylene 0.0012 0.0044 0.0088
m-Xvlene L0013 0.0037 0.0054
o-Xylene 0.0011 0.0044 0.0067
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FiG. 4. Time-resolved [R spectra of the adsorption/reaction of im-xylene with HZSM-5 at 473 K under

flow conditions.

intensities of the bands of isomerization
products were below the detection limit.
This indicates that comparable surface con-
centrations of the reactant were observed
for all three isomers after | htime on stream.

The analysis of the effluent gas stream
showed that the turnover frequency, defined

as the reaction rate per acid site of the cata-
lyst, gave similar values for all three iso-
mers, i.e.. ~1.2 x 107 * molecules/site - s.
For m-xylene, the increase in the reaction
rate (TOF) was found to be directly propor-
tional to the increase in coverage as deter-
mined from the IR spectra (see Fig. 6). With

2600

3000

3400

2200 1800 1400

WAVENUMBERS [cm—1]

FiG. S. Time-resolved difference IR spectra of the adsorption/reaction of o-xylene with HZSM-5 at
473 K under flow conditions (time resolution 20 s).
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F1G. 6. Reaction rate of the m-xylene isomerization
at 473 K (determined from the gas analysis) plotted
versus the coverage as determined from the IR spectra.

p-xylene as reactant, this correlation was
not observed. While the coverage raised up
to nearly 60% immediately after admitting
p-xylene into the reactor, a slower increase
in the concentration of the products in the
gas phase was observed within the first mi-
nutes on stream. The transient behavior for
o-xylene isomerization was found to be sim-
ilar to that noted for p-xylene in the first
minute of reaction. Additionally, an increas-
ing reaction rate with increasing coverage
was found for the following minutes.

The ratio of the isomerization products in
the gas phase after 1 h time on stream was
found to be p/o = 2 for the isomerization of
m-xylene, m/o = 5 for the reaction of
p-xylene, and m/p = 3.5 for the reaction of
o-xylene. It should be especially empha-
sized that for the isomerization of m-xylene,
the concentration of p-xylene in the gas
phase was twice as high as that of o-xylene.
Disproportionation products, i.c., toluenc
and trimethylbenzene isomers, were not de-
tected in the gas phase or in the adsorbed
phase.

After reaction, IR spectra were monitored
during purging the catalyst with pure He at
reaction temperature for 15 min. After o-
and p-xylene isomerization, the unreacted
molecules desorbed within a few minutes
and the m-xylene molecules produced dur-
ing the reaction desorbed at a much lower
rate. In the case of m-xylene isomerization,
nearly all adsorbed m-xylene molecules de-

sorbed during the 15 min of purging; only
low concentrations of an unknown hydro-
carbon species with IR bands at 2925, 1685,
1633, 1585, and 1450 cm~! (formed during
the reaction in the zeolite) remained at the
surface.

Reaction at 523 K. From the changes in
the IR spectra recorded during reaction
at 523 K it was concluded that after 1 h
time on stream, about 15% of the acid sites
were covered during m-xylene isomeriza-
tion and approximately 259z during o- and
p-xylene isomerization. Adsorption-de-
sorption equilibrium was achieved within
the first minutes of contact for all three iso-
mers. The analysis of the adsorbed phase
indicated that during the o- and p-xylene
isomerization (in addition to the adsorbed
reactant molecules) about 33 and 25% of the
adsorbed molecules were m-xylene. respec-
tively. It should be noted, however, that the
coverages were determined with an accu-
racy of =10 rel.% only.

From the gas-phase concentrations of the
products, the TOF for the isomerization re-
action was calculated tobe 4.4 x 10 Y mole-
cules/site - s for o- and p- xylene and slightly
lower for m-xylene. The changes of the reac-
tion rates of the different isomers with in-
creasing temperature are shown in Fig. 7.
For m-xylene, the product composition de-
termined after 1 h time on stream (p/o = 2)
did not change comparced to the situation
at 473 K. For the o-xylene and p-xylene

rates [motecules/site . 8]
873K

0.001

0.0017 0.0018 0.0022

FiG. 7. Changes of the reaction rates of the xylene
isomers with increasing temperature. () p-xylene, (*)
m-xylene. (A) o-xylene.
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isomerization, the m/p and m/o xylene ratio
shifted to lower values (0, 3.5— 1.8:p,5—
3.8).

IR bands assigned to adsorbed xylene
molecules were not observed after purging
the catalyst for a few minutes. The re-
maining adsorbed species blocked about
3-5% of the strong Brgnsted acid sites and
had absorption bands at 2925 and 1585
cm™ !,

Reaction at 573 K. At 573 K, the IR spec-
tra showed only low intensities of the bands
attributed to adsorbed surface species.
After 1 h time on stream, approximately
3-5% of the acid sites were covered when
m-xylene was used as reactant. In the case
of o- and p-xylene isomerization, a xylene
coverage of about 11 and 13% with xylene
molecules was achieved, and about 45 and
35% of these were found to be m-xylene,
respectively. The difference to 100% was
the reactant isomer. With increasing time on
stream a buildup of low concentrations of
unidentified hydrocarbon species was
noted. The isomerization rates were differ-
ent for the three xylene isomers. For p-xy-
lene the highest TOF (8.8 x 10~ * molecules/
site - ) was determined, for o-xylene it was
about 6.7, and for m-xylene it was 5.4 X
107 * molecules/site - s.

DISCUSSION

The adsorption kinetics of the single xy-
lene isomers on HZSM-5 under nonreactive
conditions (373 K) confirm previous conclu-
sions (e.g., 1, 2, 36) that the pore structure
of medium-pore zeolites imposes sterical re-
strictions on the transport of m- and o-sub-
stituted aromatic molecules relative to the
para-isomers. The estimation of the diffu-
sion coefficients from IR measurements of
the pure xylene isomers indicated a ratio of
the diffusion coefficients for p : o : m-xylene
of 1000:10: 1. The difference in the diffu-
sion coefficients of p- and m-xylene by a
factor of 1000 is in excellent agreement with
the assumption of Wei (34). However, Wei
(34) and Chen (4) assumed equal values for
o- and m-xylene. This differs from the 10

times higher diffusion coefficient we found
for o-xylene than for m-xylene. A similar
result was reported by Choudhary and
Akolekar (37).

Although big differences in the rate of
adsorption were found for the three isomers,
the equilibrium surface coverage found for
p-. m,-, and o-xylene was identical at ele-
vated temperatures. This indicates identical
adsorption constants for all three isomers.
At low adsorption temperatures (373 K), in
contrast to the complete coverage achieved
with p- and o-xylene, only 65-70% of the
Brognsted acid sites were covered with m-
xylene molecules. Because we concluded
from the measurements at 473 and 573 K
that all three xylene isomers have identical
adsorption constants, the lower coverage of
m-xylene at 373 K can only be explained by
steric hindrance of the adsorption at a part
of the Brgnsted acid sites. Note that the
identical adsorption constants were also
confirmed by adsorption experiments of
equilibrium mixtures of the xylenes at 373
K (7). A partial exclusion of m-xylene from
the pores of ZSM —5 at low temperatures
(423 K) has already been reported by Chen
(4), but no explanation for this phenomenon
was given,

The rate of isomerization of m-xylene was
found to increase in parallel with the cover-
age under steady state and transient condi-
tions. Consequently, it was concluded that
all sites that adsorb m-xylene catalyze the
isomerization with the same rate. When o-
or p-xylene were used as reactants, differ-
ences in the transient behavior of the isom-
erization reaction were observed. After the
stepwise pressure increase. a high initial re-
actant uptake and an accumulation of
m-xylene in the pores was detected, but low
turnover frequencies were determined
within the first minutes of time on stream.
These low initial TOF values are concluded
to be caused by the accumulation of m-xy-
lene in the zeolite pores. Thus, only a part
of the products formed was released into
the gas phase. It should be emphasized that
during the transient stage, this accumulation
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leads to an increase in the rate of diffusion
of m-xylene and of the secondary isomeriza-
tion to o-xylene and p-xylene.

Under steady-state conditions, all re-
acting xylenes had the same surface concen-
tration and the same reaction rate at 473 K.
Thus, we concluded that the rate constant
was identical for all three isomers. It also
shows that the surface reaction and not the
diffusion of the reactants is the rate-
determining step of the overall reaction. The
reactant isomer was the main species ad-
sorbed on the catalyst. For p- and o- xylene,
additional accumulation of m-xylene mole-
cules in the pores was observed. The rela-
tive concentration of adsorbed m-xylene
directly determines the extent of the second-
ary reaction. These results are consistent
with the proposal (2, 3) of a unimolecular
mechanism of the xylene isomerization over
HZSM-5. For zeolites with a low Si/Al ratio
and narrow channels, Corma and Sastre (38)
proposed that xylene isomerization pro-
ceeds via the unimolecular 1.2, methyl shift.

At 573 K, the reaction rate for the isomer-
ization decreased in the sequence p-xylene
> p-xylene > m-xylene, demonstrating that
the diffusivity of the reactant molecules in-
fluences the overall reaction rate. The differ-
ences in the diffusivity are also reflected in
the different reactant coverages which are
directly proportional to the catalyst effi-
ciency (20) (coverages p = 8.59%, o = 6%,
m = 3%). With p- and o-xylene as rcactants,
approximately 35 and 45% of the molecules
adsorbed at steady state were m-xylene.
Again, the relative surface concentration of
m-xylene reflects qualitatively the amount
of secondary reactions. The m/o ratio was
approximately 3 (reacting p-xylene), while
the m/p ratio was approximately 1.7 (re-
acting o-xylene). Note that the relative cov-
erage of m-xylene and the extent of the sec-
ondary reaction increase with the reaction
temperature. We emphasize that these re-
sults are in perfect agreement with the
model assuming the isomerization of the xy-
lenes in medium pore zeolites to proceed via
an intramolecular 1,2 methyl shift (2, 3, /7).

For m-xylene isomerization, the ratio p/o
was 2 for all temperatures investigated. This
suggests that both reactions (i.e., the m-xy-
lene isomerization to p- and to o-xylene)
have the same apparent energies of activa-
tion. Thus, the differences in the preexpo-
nential factor in the Arrhenius equation
must account for the selectivities observed
and are tentatively attributed to differences
in the transition entropy. One would expect
that the transition state to form o-xylene
is more bulky than that to form p-xylene.
Molecular modeling indeed shows that the
minimum kinetic diameters of the transition
state complexes in the meta — para and
meta — ortho xylene isomerization are 0.62
nm and 0.67 nm, respectively. Thus, the
constraints for the formation of the transi-
tion state should be larger for the meta —
ortho-intermediate than for the meta —
para-intermediate. Hence, the transition en-
tropy (and therefore the preexponential fac-
tor) should be lower for the mera — ortho-
transition state. This suggests that the p/o
ratio of 2 in the m-xylene isomerization can
be explained by restricted transition state
selectivity. Note that (in the absence of
these constraints) m-xylene isomerization
over amorphous silica—alumina catalysts
exhibited p/o ratios of 1.2 (39).

CONCLUSIONS

Investigations of the adsorption kinetics
of the pure xylene isomers under nonreac-
tive conditions resulted in differences in the
diffusion coefficients of the isomers of
pro:m = 1000:10: 1. Despite the big dif-
ferences in the rates of transport, compara-
ble adsorption constants were found for all
three isomers.

In the isomerization reactions of the pure
xylene isomers over HZSM-5, equal rates
of reaction were detected for all three xy-
lenes at low temperature. These identical
values of the reaction rates suggest the ab-
sence of reactant diffusion limitation at 473
K. The reaction rates were found to be di-
rect proportional to the surface concentra-
tions of the reactant isomers. Thus, all three
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xylene isomers are converted with the same
reaction constant. With increasing reaction
temperature, a transition from a surface re-
action-controlled regime to a reactant diffu-
sion-controlled regime was noted. The sur-
face concentration of the reactant isomer
and in parallel the reaction rate increased
with increasing diffusivity of the reactant,
i.e.. in the order p-xylene > o-xylene >
m-xylene. The results are in perfect
agreement with the model of the unimolecu-
lar reaction mechanism in xylene isomeriza-
tion. Secondary isomerization reactions
gained in importance when the m-xylene
coverage (for isomerization of p- and 0-xy-
lene) and the reaction temperature in-
creased. A product ratio p/o of 2 in the casc
of m-xylene reaction was observed for all
temperatures investigated and concluded to
be caused by restricted transition state se-
lectivity.
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