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Shape Selective Reactions with Zeolite Catalysts
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Data are presented for para-selective and nonselective formation of xylenes from alkylation of
toluene with methanol and toluene disproportionation over ZSM-5 class zeolite catalysts. Possible
mechanisms leading to para-selectivity are discussed. Isomerization of the pure xylene isomers has
been used as a mechanistic probe. Distinctly different reaction paths (i.e., isomer composition
curves) for xylene isomerization have been observed for para-selective in comparison to nonselec-
tive catalysts. Reaction paths followed by the para-selective catalysts are probably a consequence
of diffusional effects possibly superimposed on the sterically altered intrinsic kinetics, both of
which favor formation of the more rapidly diffusing para isomer.

INTRODUCTION

The selective preparation of para-substi-
tuted benzene derivatives by means of vari-
ous modified zeolite catalysts has recently
been reported (/ —4). In particular, ZSM-5
class zeolites have been of considerable in-
terest because the channel dimensions are
approximately the same as the molecular
dimensions of many aromatic molecules
(1, 2, 5, 6). By altering catalyst and reac-
tion parameters, high concentrations of
para isomer in the xylene product have
been obtained. We have recently reported
the selective alkylation of toluene by meth-
anol over various modified ZSM-5 type ze-
olites, which gave greater than 90% para
isomer in the xylene product (/):

$Hy CHy
©+cn,ou — @ + Hyo (1)
CH,

para-Xylene was also produced by the
selective disproportionation of toluene over

1 present address: Air Products and Chemicals,
Inc., P.O. Box 538, Allentown, Pa. 18105.

modified ZSM-5 catalysts. Approximately
equimolar amounts of benzene and para-
rich xylenes (70-90% para) were observed

(2):

CHS CH 3
S0
CH,

Certain shape-selective reactions cata-
lyzed by modified ZSM-5 class zeolites
have been reviewed recently (5-8). It has
been proposed that para selectivity is a
result of selective diffusion of the smaller
para isomer and/or selective steric effects
favoring the formation of para-xylene
(1, 2,5, 6).

We wish to report some additional data
on alkylation of toluene with methanol and
toluene disproportionation over ZSM-5 cat-
alysts. In addition, reaction pathways (i.e.,
isomer composition curves) for isomeriza-
tion of pure xylene isomers have been de-
termined in an attempt to elucidate the re-
action mechanism. An accompanying paper
develops a mathematical theory for en-
hanced para selectivity (9).
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SELECTIVE REACTIONS WITH ZEOLITE CATALYSTS

EXPERIMENTAL

Catalysts. The synthesis of ZSM-5 has
been reported previously (/0). The para-
selective catalysts modified with phos-
phorus, designated as PZSM-5, were made
by impregnation of the hydrogen or ammo-
nium form of ZSM-5 with solutions of tri-
methylphosphite, phosphoric acid, chloro-
diphenylphosphine, or dichlorophenyl-
phosphine, as previously described (7).
Techniques for modification with boron (/)
and magnesium (2) have also been re-
ported. Catalysts (with the exception of
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H,PO,/SiO;) were calcined at 500-550°C
for 2—4 hr before use.

Apparatus and procedure. Nichrome-
heated quartz or stainless-steel tubular flow
reactors were packed with 5.0 g of 14/20
mesh catalyst. Temperatures were mea-
sured in a thermowell extending axially
through the bed. Liquid mixtures were fed
and controlled with a Milton Roy Minipump
or Sage syringe pump and passed through a
preheater to vaporize the charge. Analyti-
cal procedures have been described previ-
ously (/, 2).

Rate calculations. Approximate relative

TABLE 1

Toluene Disproportionation over ZSM-5 Catalysts®

Catalyst Temp. (°C) WHSV® Toluene Xylene isomer
conversion (%) composition (%)

para meta ortho
HZSM-5¢ 450 3.6 8 24.7 51.9 23.4
500 3.5 20 24.3 52.3 23.4
550 3.5 40 24.2 51.6 24.2
600 3.5 52 24.1 51.3 24.6

HZSM-5, 550 30 13.2 35 46 19

large crystal?

5% HZSM-5/ 600 364 0.5 49.3 38.2 12.4
95% SiO, 600 171 1.7 331 48.7 18.2
600 38 5.8 27.5 50.6 21.9
B-ZSM-5¢ 600 2.8 20.8 28.2 50.9 20.9
650 2.8 24.5 349 48.0 17.1
700 2.8 20.2 73.0 21.1 5.9
700 2.8 13.1 87.2 10.1 2.7
Mg-ZSM-5°¢ 500 0.9 19.0 54.9 34.6 10.5
(11.5% Mg) 500 1.7 13.1 63.7 28.2 8.1
500 7.0 3.9 82.4 14.0 3.6
550 1.7 26.4 56.3 33.8 9.9
550 3.5 15.8 74.3 20.2 5.4
550 7.0 9.4 80.0 16.0 4.0
550 9.8 4.6 88.1 9.6 2.3
600 3.5 23.6 70.4 23.3 6.3
600 9.8 10.9 84.6 12.3 3.1
Equilibrium* 427 23.5 52.1 24.4
527 23.1 51.35 25.6
627 22.8 50.6 26.6

¢ Atmospheric pressure.

® Weight hourly space velocity, g feed/g catalyst/hr.
¢ Ref. (2).

4 Ref. (3).

¢ Ref. (23).
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rates of the various reactions were calcu-
lated assuming first-order dependence on
the aromatic and zero-order dependence on
methanol (if present). Contact time was as-
sumed to be inversely proportional to total
molar feed rate.

RESULTS
Toluene Disproportionation

In general, unmodified ZSM-5 type cata-
lysts give nearly equilibrium xylene mix-
tures (24% para) in toluene disproportiona-
tion [Eq. (2)] (Table 1) (2, 3,5, I1). An
exception which has been reported is the
35% para isomer concentration in the
xylene product produced by large crystal
HZSM-5 (3). In addition, we have observed
that at very high temperatures and space
velocities, xylene mixtures containing up to
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50% para isomer are produced at low con-
version of toluene over unmodified HZSM-
5 (Table 1). In contrast, certain modified
ZSM-5 type catalysts have been shown to
disproportionate toluene to produce ben-
zene and xylenes with the para isomer con-
tent greater than 80%, far in excess of the
equilibrium level (Table 1) (2).

For most selective ZSM-5 catalysts, the
proportion of para-xylene in the xylenes
has been found to increase with increasing
temperature (2). This effect is shown in Fig.
1 and Table 1 for magnesium and boron
modified ZSM-5 catalysts. Each modified
catalyst is characterized by a set of toluene
conversion/para-xylene in xylenes/temper-
ature curves of the type shown in Fig. 1.
When only the xylene isomer compositions
are considered, however, all catalysts ex-
amined, regardless of their toluene conver-
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FiG. 1. Toluene disproportionation over ZSM-5 catalysts.
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sion vs para-xylene selectivity perfor-
mance, fall on the same xylene composition
curve, with points falling between pure
para-xylene and the equilibrium composi-
tion (Fig. 2). Thus the low selectivity un-
modified HZSM-5 and large crystal HZSM-
5 (3) fall on the same isomer composition
curve as the highly para-selective Mg-ZSM-
5 (Fig. 2). These data were obtained at
widely varying temperatures, space veloci-
ties, and pressures.

Alkylation of Toluene with Methanol

In a manner similar to selective toluene
disproportionation, unmodified ZSM-5 type
catalysts usually give near-equilibrium
xylene mixtures in the alkylation of toluene
with methanol [Eq. (1)], as shown in Table 2
(1), although large crystal ZSM-5 has been
reported to give 46% para-xylene in total
xylenes produced (3). Modified ZSM-5 cat-

OR

421

alysts are capable of giving very high para-
xylene selectivities. In fact, some catalysts
have been shown to produce greater than
90% para-xylene in xylenes (Table 2) (/). In
toluene alkylation by methanol as in selec-
tive toluene disproportionation, para-
xylene selectivity generally increased with
increasing temperature (Fig. 3).

In sharp contrast to toluene dispropor-
tionation, however, many different xylene
isomer composition curves were observed
for alkylation of toluene by methanol over a
variety of selective and nonselective cata-
lysts (Fig. 4). At low temperatures, many
modified ZSM-5 type catalysts produced
ortho-rich xylene product mixtures (Fig. 4).
These xylene isomer compositions appear
to approach the ratio, ortho/metalpara =
60/14/26, shown to be the initial xylene
isomer composition in low-temperature
Friedel-Crafts catalyzed methylation of tol-

HO

® Equilibrium [23]

© Large Crystal HZSM-5 [3]
A B-ZSM-5 [2]

® Mg-2SM-5 [2]

O HZSM-5, 5% /95% Si0,
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FiG. 2. Xylene isomer composition in toluene disproportionation over ZSM-5.
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TABLE 2

Reaction of Toluene with Methanol over ZSM-5 Catalysts

Catalyst Temp. WHSV® Toluene/ Toluene Xylene isomer Xylenes in
°C) methanol(mole) conversion composition (%) aromatic
(%) product
para meta ortho (Wt%)
HZSM-$5 400 3.7 1.5 38 24 54 22
450 5.4 1.4 44 24 53 23
HZSM-5, 500 6.6 2.0 39 46 36 18 88¢
large crystal®
PZSM-5 400 28.2 1.4 9.1 35.1 24.4 40.5 86.7
(62PC1, 2.9% P) 450 28.3 1.4 8.1 46.0 22.8 31.2 77.1
500 28.3 1.4 12.4 56.1 20.9 23.0 78.5
550 28.3 1.4 15.9 725 153 12.2 84.6
600 11.3 1.4 8.3 91.2 4.7 4.1 90.0
PZSM-5 250 5 0.5 1.8 29.1 21.4 49.5 91
(3.2% P) 300 5 0.5 11.9 30.9 23.4 45.7 83
350 5 0.5 33.9 32.5 26.4 41.1 77
400 5 0.5 42.6 38.0 34.0 28.0 75
PZSM-5 550 22.2 \ 20.4 83.0 9.4 7.6 86
(5.4% P) 550 9.8 1 32.0 83.1 11.4 7.5 86
550 4.4 1 3R.1 71.2 19.2 9.6 86
PZSM-5 550 16.5 1 32.6 70.3 16.9 12.8 80
(3.3% P) 550 8.3 1 45.1 546 289 16.5 78
PZSM-5 550 16 1 45,9 49.8 326 17.6 80
2.9% P) 550 34 1 39.1 57.4 25.5 17.1 82
PZSM-5 550 17 1 9.9 92.6 4.4 3.0 91
(5.6% P) 550 5 1 25.8 91.2 5.5 33 91
PZSM-5 550 16 1 48.1 36.4 44.0 19.6 81
(2.4% P) 550 34 1 45.7 48.2 34.6 17.2 81
PZSM-5 550 21 1 15.7 81.1 10.2 8.7 82
(6.0% P) 550 9 1 28.8 80.1 11.6 8.3 84
550 4 1 34.7 75.1 15.7 9.2 84

® Weight hourly space velocity, g feed/g catalyst/hr.

® Ref. (3).

° 4.3 wi% benzene in aromatic produci.

uene (/2). The xylene product composi-

tions obtained at low temperatures over
madifiad 7Q1\ll

produced by sﬂlca—alumma catalyst (Fig.
4). At higher temperatures, selective cata-
lysts tend toward 100% para-xylene,
whereas less selective catalysts generally

tand fnuynrr] the nnn-l-hr inim yvlens comno-
tena towara tne cquuiorium Xy:enc compo

sition as shown in Fig. 4. At a temperature
of 550°C, several phosphorus-modified
ZSM-5 catalysts generated xylene isomer
compositions which fall on one curve lead-

jever Framm INNCL nava ta ansilihrinim Tha 1ens
g irom 100% para (¢ equuiorium. i n i1s¢

mer composition curves discussed above

are also cimilar to those
aiso simuar o tnose

are representative of the general types ob-

served for selective alkylation of toluene
with methanol. However, many more were

..... Caiianii. 1Y diQily A0 W

observed, depending on catalyst modifica-
tion and reaction conditions.

Isomerization of Pure Xylene Isomers

Tn nrrh:n- to l—\nftnr nnr‘nr
411 WL iliNiwl UL AL

mechanisms which lead to the variety of
isomer composition curves illustrated
above for toluene disproportionation and
alkylation of toluene with methanol (Figs. 2

and 4) icomerization exneriments were car-
QLI T, ISUIVIILALIVIL CAPUCLIIIVIILSG Wie v

ried out starting with the pure xylene iso-

nd ther rpar-hnn

(91934
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Fi16. 3. Alkylation of toluene with methanol over
PZSM-5.

mers using para-selective and nonselective
zeolite catalysts (Table 3). A graphical rep-
resentation of the data for the pure xylene
isomers (Fig. 5), shows that at least two
reaction paths (isomer composition curves)
exist for each xylene isomer. One set of
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curves (A,B,C) defines reaction paths for
the nonselective catalysts, while a second
set (A',B’,C") defines paths for the para-
selective zeolite catalysts. The selective
path A’ for ortho-xylene which deviates to
the para side of the straight-line 100%
ortho-to-equilibrium path appears to be un-
precedented in the literature. Even at low
ortho-xylene conversions, para-xylene is
formed in excess of meta-xylene. The im-
plications of this will be discussed later. An
intermediate curve was observed for ortho-
xylene isomerization over unmodified
HZSM-5 which was only slightly para-se-
lective in toluene disproportionation (Fig.
5). This curve (A”) was generated using
feeds of pure ortho-xylene, ortho-xylene/
methanol, and ortho-xylene/water.

Among the catalysts which fit the nonse-
lective curves (A,B,C) are AP zeolite (13),
nickel/silica—alumina (/4), partially rare

ORTHO

@ Equilibrium [23]
@ Friedel- Crafts [12]

® PZSM-5 (29% P)
© PZSM-5 (3.2% P)

® PZSM-5 (several,24-6.0% P}

A Si0, - Al 0y
Y Si0, * ALL,05 [4]
O Large Crystals ZSM-5 [3]

F1G. 4. Xylene isomer composition in alkylation of toluene with methanol.
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TABLE 3

Xylene Isomerization over ZSM-5 Catalysts

Catalyst Feed Temp. WHSV* Xylene isomer Xylenes in
Q) composition (%) aromatic
product (wt%)
para meta ortho
PZSM-5 (3.9% P) 0-Xylene 550 13 10.1 12.2 77.7
550 6 16.0 23.5 60.5
550 3 20.3 37.2 42.5
550 3 21.3 40.7 38.0
PZSM-5 (2.9% P) m-Xylene 550 3 3.9 94.1 2.0
500 3 5.6 91.5 29
PZSM-5 (1.2% P) p-Xylene 500 22 93.1 5.3 1.6
410 22 97.6 2.0 0.4
410 3 81.0 15.5 3.5
MgZSM-5 (9.4% Mg) o-Xylene 550 3 8.6 10.2 81.2
550 7 5.3 4.5 90.2
550 14 3.2 2.2 94.6
550 29 1.7 1.1 97.2
H3PO/SiO, o0-Xylene 550 1.9 1.6 7.9 90.6
550 1.9 3.0 16.2 80.8
550 0.7 2.2 12.3 85.5
550 0.7 0.6 1.7 97.5
550 0.3 0.75 1.7 97.5
550 0.2 1.2 2.5 96.2
HZSM-5 o-Xylene 300 26 2.8 8.8 88.4 99.8
300 19 10.2 25.6 64.3 99.6
300 13 15.1 36.0 48.9 99.1
300 13 9.4 21.5 69.1 99.4
o-Xylene/water® 300 13¢ 4.5 14.8 80.7 99.5
300 13¢ 9.2 27.0 63.8 98.4
a 300 13¢ 8.7 24.0 67.3 97.8
0-Xylene/methanol® 300 12¢ 0.3 2.2 97.4 98.0
300 12¢ 1.2 5.1 93.8 97.3
300 24° 0.3 1.2 98.5 97.3
PZSM-5 (7.1% P) p-Xylene 600 8.3 90.9 6.8 2.3
p-Xylene/methanol’ 600 7.7¢ 86.2 10.3 3.5
600 5.2¢ 81.7 13.5 4.9
600 3.4 71.8 20.5 7.6
p-Xylene/water® 600 5.7 83.7 12.0 4.3

@ Weight hourly space velocity, g - feed/g - catalyst/hr.
% 0-Xylene: H,O = 3.2 (mole).

¢ WHSYV of o-xylene.

4 0-Xylene : H,O = 0.082 (mole).

¢ 0-Xylene : methanol = 4.0 (mole).

f p-Xylene : methanol = 4.0 (mole).

2 WHSV of p-xylene.

2 p-Xylene : water = 4.9 (mole).

earth-exchanged Y zeolite (/5), and phos- olites (Table 3). The data for AP catalyst
phoric acid on kieselguhr (Table 3). The were generated at 260°C for liquid phase
para-selective catalysts which generated the reaction. As will be discussed later, the re-
new selective curves (A’,B’,C’) were phos- action path for AP catalyst has been shown
phorus and magnesium-modified ZSM-5 ze- to shift somewhat toward the selective
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F1G. 5. Reaction paths for isomerization of pure xylene isomers. Paths A,B,C, nonselective cata-

lysts; paths A’, B’, C’', selective ZSM-5 catalysts.

curve (A') with increasing temperature and
crystal size (/3).

Relative Reaction Rates

A comparison was made of relative rates
of isomerization of ortho-, meta-, and para-
Xylene in the presence of methanol over a
para-selective PZSM-5 catalyst. Methanol
was cofed in order to simulate toluene-
methanol alkylation conditions where the
presence of water or surface OCHj, or
isomerization via trimethylbenzenes (alkyl-
ation/dealkylation) might influence the ap-
parent reaction paths. The results in Table 4
show that the relative reactivities of the
Xylene isomers are in the order: para- >
meta- > ortho-xylene. The major reaction
in each case was isomerization although in
the case of para-xylene, a significant
amount of further alkylation to 1,2,4-tri-

methylbenzene (pseudocumene) was ob-
served. In addition, it may be noted that
isomerization of ortho-xylene gives para-
xylene in excess of meta-xylene, and isom-
erization of meta-xylene gives para-xylene
in large excess over ortho-xylene.

The relative rate of alkylation of toluene
by methanol was also calculated for the
same PZSM-5 catalyst used for isomeriza-
tion (Table 4). This catalyst was highly para
selective for alkylation (>90% para). The
observed rate of alkylation (k,) was about
three times the rate of isomerization of
para-xylene and 7-15 times the rates of
isomerization (k;) of meta- and ortho-
Xylenes. A comparison of toluene-metha-
nol alkylation and xylene isomerization
rates was also made using an unmodified
HZSM-5 catalyst (Table 5). With this cata-
lyst the opposite was found: the observed
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TABLE 4

Xylene Isomerization in the Presence of Methanol® over PZSM-5

Feed p-Xylene/ m-Xylene/ m-Xylene/ o0-Xylene/ Toluene/
methanol methanol methanol methanol methanol
Feed rate
{mmol/hr/g cat)
Aromatic 73 73 22 22 82
Methanol _18 _18 _6 _6 _20
91 91 28 28 102
Temperature (°C) 600 600 600 600 600
Product composition (mole %)
Benzene 0.38 0.33 0.41 0.45 0.07
Toluene 0.56 — 0.23 — 85.56
p-Xylene 93.14 1.67 3.56 1.68 12.62
m-Xylene 2.76 97.64 94.79 0.63 0.74
0-Xylene 0.75 0.05 0.19 96.51 0.39
p-Ethyltoluene 0.29 — — — 0.08
1,2,4-Trimethylbenzene 2.11 0.31 0.83 0.72 0.53
Relative rates?®
Isomerization 5.0 2.4 1.6 1.0
Total loss 6.5 2.2 1.5 1.0 16

% 4:1 (mole) aromatic : methanol.
® Assumed that reaction is first order in aromatic,
proportional to total molar feed rate.

rate of isomerization was 10— 15 times faster
than alkylation.
para-selective ZSM-5 catalyst
Unmodified ZSM-5 catalyst

ko> ki
ka<ki

DISCUSSION

To put these results in perspective, the
relative rates of xylene isomerization, tolu-
ene disproportionation, and alkylation of
toluene with methanol over HZSM-5 zeo-
lite catalysts were estimated. The results
shown in Table 5 indicate that ortho-xylene
isomerization is about 13 times faster than
alkylation of toluene with methanol for the
parent (unmodified) HZSM-5 catalyst. An
estimate of the relative rates of toluene dis-
proportionation and alkylation of toluene
with methanol can be made from the data in
Tables 1 and 2. For toluene disproportiona-
tion over unmodified HZSM-5, the toluene
conversion was 8% at 450°C, 3.6 WHSV,
for alkylation of toluene with methanol the

zero order in methanol, and contact time is inversely

toluene conversion was 44% (theoretical =
71% because of limiting methanol) at
450°C, 5.4 WHSV. This gives a rate ratio,
toluene alkylation/disproportionation, of
about 10. Thus the reactivity order over un-
modified HZSM-5 is

Toluene
Xylene Toluene—-methanol dispropor-
isomerization > alkylation > tionation
ky k, kq
~100 10 : 1

This is roughly consistent with the rate ratio
of xylene isomerization/toluene dispropor-
tionation, k,/k 4, of ~1000 reported by Haag
and Dwyer for HZSM-S (5,6, 11, 16)
which apparently reflects the difficulty of
achieving the bimolecular transition state
required for transalkylation (disproportion-
ation) within the ZSM-5 structure. This has
been termed ‘‘restricted transition state se-
lectivity’’ (6) and is believed to be the ma-



SELECTIVE REACTIONS WITH ZEOLITE CATALYSTS

TABLE 5

Xylene Isomerization and Toluene Alkylation with
Methanol over Unmodified HZSM-5

Feed o0-Xylene/ Toluene/
water methanol/
water
Feed rate
(mmol/hr/g cat)
Aromatic 80 82
Water 967 533
Methanol - _20
1047 635
Temperature (°C) 300 300
Product compositon
(mole %)
Benzene 0.19 —
Toluene 0.70 94.97
p-Xylene 8.53 1.48
m-Xylene 23.47 1.34
o-Xylene 65.94 1.41
p-Ethyltoluene — 0.05
1,2,4-Trimethylbenzene 1.14 0.63
Others — 0.12
99.97 100
Relative rate® 13 1

¢ Assumed that reaction is first order in aromatic,
zero order in methanol, and contact time is inversely
proportional to total molar feed rate.

jor factor responsible for the high selectiv-
ity in the ZSM-5 isomerization process
(5, 16). Over larger pore zeolites such as
zeolite Y (faujasite), k,/k4 is about 10-20
(rather than 1000) which leads to much
poorer xylene selectivity in xylene isomeri-
zation (5, /6). Bolton has reported that
xylene isomerization over zeolite Y pro-
ceeds via a bimolecular (i.e., transalkyla-
tion) mechanism involving a diphenylmeth-
ane-type transition state and that the degree
of isomerization is proportional to the
amount of transalkylation (/5). In the 1-
methyl-2-ethylbenzene/zeolite Y system,
Csicsery has found that isomerization oc-
curs by both intramolecular and intermo-
lecular (transalkylation) mechanisms (/7).

Over para-selective PZSM-35, the reactiv-
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ity order observed was (Table 4)

Toluene—-methanol

alkylation > Xylene isomerization
ka ky
16 : 1-7

This is a reversal of the reactivity order ob-
served for unmodified HZSM-5 (Table 5).
In order for net para-xylene isomerization
to occur, the larger, more slowly diffusing
meta- and ortho-xylene isomers [diffusivity
of para-xylene is ~1000 times greater than
that of meta- and ortho-xylenes (3)] formed
within the pores must escape from the zeo-
lite crystal. This becomes increasingly
more difficult as modification of the ZSM-5
crystal increases the diffusional resistance.

With the alkylation reaction, which is es-
sentially nonreversible, the smaller mole-
cules of toluene and methanol easily diffuse
into the crystal and react, and the larger
product xylenes must diffuse out of the zeo-
lite crystal. If the net alkylation rate is
mainly controlled by the rate of reaction of
toluene and methanol, and not by the rate
of diffusion of the product xylenes, then the
alkylation will be slowed less than xylene
isomerization by increasing diffusional re-
sistance of the catalyst.

Diffusional discrimination between xy-
lene isomers [‘‘reactant selectivity’’ (6)]
is illustrated by the relative rates of isomeri-
zation of the three xylene isomers over a
highly para-selective PZSM-5 catalyst (Ta-
ble 4). The relative rates of isomerization
were
para-xylene:meta-xylene:ortho-xylene

~5:2.5:1
This is consistent with the more rapid diffu-
sion of the smaller para isomer into the zeo-
lite pores, followed by the interconversion
to the other xylene isomers.

Xylene isomerization paths over the
non-shape-selective catalysts, SiO,—Al,O;,
H,P0O,/Si0;, and AP zeolite (at 260°) (paths
A,B,C, Fig. 5) appear to be consistent with
stepwise intramolecular methyl shifts [Eq.
(3)]. This mechanism has been confirmed
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FiG. 6. Reaction paths for isomerization of pure xylene isomers over AP zeolite (/3). Path A,
nonselective catalysts; path A’, selective ZSM-5 catalysts (see Fig. 5).

by labeling of the methyl groups for xylene
isomerization over SiO,—Al,Q; catalyst
(I4). The kinetics observed for Xxylene
isomerization over small crystal AP cata-
lyst at lower temperatures were also con-
sistent with this mechanism (/3).

Xylene isomerization over AP zeolite
generated several reaction paths which
were dependent on temperature and crystal
size (Fig. 6) (13). As temperature and crys-
tal size were increased, reaction paths for
ortho-xylene isomerization were observed
to shift somewhat toward the ‘‘para-selec-
tive”’ reaction path observed for para-se-
lective ZSM-5 zeolite catalysts (A’, Figs. 5
and 6). It was found that at 200°C, small
crystal zeolite AP catalyst exhibited kinet-
ics entirely consistent with stepwise 1,2-
methyl shifts:

CH3 CH3
CH,
@ - - 3
Cl
CH, Hy 9
However, with increased crystallite size
and temperature; -the apparent kinetics re-

quired a small contribution for a direct
ortho-xylene to para-xylene path:

5
/ CHy ‘\\
cH, Z o @
C:‘cu 3 h @cua

These results were explained in terms of
a diffusional alteration of the intrinsic kinet-
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ics whereby in the larger crystallites, mole-
cules remain in the zeolite pores long
enough for several isomerization steps to
occur. The observed products are thus par-
tially the result of multistep reactions.
Since para-xylene diffuses much faster than
meta- and ortho-xylene, enhancement of
para-xylene will occur. Thus as Wei has
shown, in the presence of diffusional ef-
fects, the apparent kinetics may change
from that of a single series reaction [Eq. (3)]
to the more complex reaction scheme [Eq.
(4)] which incorporates an apparent direct
1,4-methyl shift (ortho- to .para-xylene)
(18). The temperature effect on reaction
paths for AP catalyst (Fig. 6) has also been
explained in terms of a diffusional alteration
of the intrinsic kinetics (/3). For the usual
case where the activation energy for reac-
tion exceeds that for diffusion, diffusional
effects increase with increasing tempera-
ture (19).

It has not been determined whether
xylene isomerization over ZSM-5 catalysts
is intramolecular or bimolecular. However,
because of severe steric restrictions to for-
mation of a bimolecular transition state
within the ~6A channels of ZSM-5, as
shown by the high & /k 4 as discussed above,
we suggest that xylene isomerization oc-
curs primarily via stepwise intramolecular
1,2-methyl shifts [Eq. (3)]. The unusual re-
action path observed for ortho-xylene isom-
erization over highly para-selective ZSM-5
zeolites (curve A’, Fig. 5) may then be ex-
plained by diffusional effects much more
pronounced than those observed for AP ze-
olite. This results in multistep interconver-
sions within the zeolite cavity along with a
diffusional selection highly in favor of the
smaller para isomer. The net effect is an
apparent direct ortho- to para-xylene con-
version pathway [Eq. (4)]. Even at low
ortho-xylene conversion over a highly para-
selective PZSM-5 catalyst, these effects re-
sulted in preferential formation of para-
xylene, rather than the stepwise iso-
merization product, meta-xylene (Table 4).
The various other reaction pathways for
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xylene isomerization over ZSM-5 (curves
B’,C’, and A", Fig. 5) are also consistent
with the occurrence of extensive diffusional
selection among isomers, which results in
the apparent reaction scheme described by
Eq. (4).

Selective Toluene Disproportionation

As discussed above, xylene isomeriza-
tion is about 1000 times faster than toluene
disproportionation in ZSM-S catalysts (3).
We suggest that toluene disproportionation
to give high selectivity to para-xylene oc-
curs as shown in Scheme 1 (2, 3).

The transalkylation reaction to form ben-
zene and xylenes within the pores is rela-
tively slow. Benzene diffuses out of the
pores rapidly. The xylenes isomerize rap-
idly within the pores. para-Xylene diffuses
out moderately fast while the ortho and
meta isomers move within the pores rela-
tively slowly and further convert to the
para isomer before escaping from the chan-
nel system. Zeolite-mediated steric effects
in the xylene-forming transition state may
also enhance the amount of para isomer
formed initially within the pores.

Further evidence for diffusion control of
para-xylene selectivity in toluene dispro-
portionation over ZSM-S§ catalysts has been
described by Olson and Haag (20). They
have reported that for several ZSM-5 cata-
lysts including large crystallite and inor-
ganic-modified ZSM-5, a good correlation
exists between a diffusion-related parame-
ter (the sorption rate of ortho-xylene) and
the para-xylene selectivity in toluene dis-
proportionation (5, 20).

The increase in para-xylene selectivity
with increasing temperature can be ex-
plained in terms of changes in the parame-
ter kK(R¥D) (20). Itis expected that selectiv-
ity between species of differing diffusivities
will increase as the modulus A(R%¥D) in-
creases, where k& is a reaction rate, R is the
crystallite radius, and D is the diffusivity
(5, 20). The activation energies for diffu-
sion of meta- and ortho-xylene have been
reported to be in the range of 9-14 kcal/



430

YOUNG, BUTTER, AND KAEDING

fast

fast
_—

fas(

H3
—————> slow

——> slow

moderate

SCHEME 1

mole (5, 21). The activation energy for tolu-
ene disproportionation can be estimated
from the data in Fig. 1 and Table 1 to be
>20 kcal/mole. Since the activation energy
for reaction (k) is greater than the activa-
tion energy for diffusion (D), the modulus
k(R¥D), and consequently the diffusional
effects, are expected to increase with in-
creasing temperature. Thus the enhanced
para-xylene selectivities observed for tolu-
ene disproportionation at elevated tempera-
tures are consistent with the diffusion
mechanism discussed (Scheme 1).

The relative amounts of meta- and ortho-
xylene isomers generally observed for tolu-
ene disproportionation over para-selective
ZSM-5 catalysts, meta-xylene > ortho-
xylene (Table 1) are also consistent with
diffusional control of product selectivity.
Gorring has found that activation energies
for diffusion of meta-xylene and ortho-
xylene in Na-ZSM-5 are 14 and 9 kcal/mole,
respectively (5, 2/). From these data and
the observation that sorption rates of mera-
and ortho-xylene are similar at 120°C (22),
it seems reasonable to speculate that at ele-
vated reaction temperatures the diffusivity

of meta-xylene > ortho-xylene and thus the
diffusivity of para-xylene > meta-xylene >
ortho-xylene.

The observation of a single isomer com-
position curve for toluene disproportiona-
tion over a variety of ZSM-5 catalysts (Fig.
2) is consistent with a slow transalkylation
of toluene to form benzene and xylenes (of
unknown composition), followed by rapid
interconversion of the xylenes with diffu-
sional selection among the xylene isomers
(Scheme 1). If the rate of interconversion of
the xylenes is fast compared to the rate of
diffusion out of the crystal, then the compo-
sition of the initially formed xylenes will not
be important, and the product selectivity
will be primarily controlled by relative dif-
fusion rates.

Selective Alkylation of Toluene by
Methanol

Alkylation of toluene by methanol over
various selective and nonselective ZSM-5
catalysts generated a number of different
xylene isomer composition curves in con-
trast to the single curve observed for selec-
tive toluene disproportionation (Fig. 4 vs
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Fig. 2). At low temperatures, the xylene
product compositions are ortho rich, ap-
proaching those of non-shape-selective cat-
alysts such as silica-alumina, and similar to
the calculated primary product distribution
for low temperature Friedel-Crafts methyl-
ation of toluene (Fig. 4) (12). At high reac-
tion temperatures (>550°C), the reaction
path becomes similar to those observed for
para-xylene isomerization and selective tol-
uene disproportionation over para-selec-
tive catalysts (Fig. 4) (/, 2).

As discussed above, the apparent rate of
alkylation of toluene by methanol is about
one-tenth that of ortho-xylene isomeriza-
tion over unmodified HZSM-5 at 300°C (Ta-
ble 5). For a para-selective PZSM-5 cata-
lyst, however, alkylation was about twice
as fast as isomerization of para-xylene (Ta-

CHy

@ + CHyoH  —low
temp.
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ble 4). This has been discussed above in
terms of increased diffusional resistance in
the para-selective catalyst which restricts
the entry and exit of the larger xylene iso-
mers from the zeolite crystal, and thus de-
creases the rate of isomerization. It is ap-
parent that depending on the ZSM-5
catalyst chosen, the alkylation rate can be
similar to the isomerization rate.

Thus at low temperature, the rate of al-
kylation of toluene by methanol may be
greater than the rate of xylene isomeriza-
tion and can be carried out under conditions
where the modulus (see above, K(R?%D), is
sufficiently small that the diffusional effects
are small (5). Under these conditions,
ortho-rich product compositions approxi-
mating the primary product formed within
the pores can be observed (Fig. 4):

CH3 CH 3
CH3
- ;
CH3 CH 3
CHj

Major

As temperature is increased, reaction rates
increase and diffusional resistance in-
creases to the point where the xylene prod-
uct distribution is determined mainly by
diffusional effects as in selective toluene
disproportionation (Scheme 1).

It is also possible that positional selectiv-
ity of the initial alkylation (‘‘transition state
selectivity’’) changes at higher temperature
to favor formation of the para isomer.
However, it is not necessary to invoke this
to explain the observed reaction paths.

SUMMARY AND CONCLUSIONS

Appropriately modified ZSM-5 class zeo-
lites are capable of generating uniquely se-
lective product compositions. Intrinsic re-
activities and selectivities are considerably
altered with these modified catalysts. A
large amount of data for xylene isomeriza-

tion, selective toluene disproportionation,
and selective alkylation of toluene by meth-
anol is consistent with diffusional control of
product selectivities.
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