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Alkylation of toluene with methanol and toluene disproportionation have been carried out over
HZSM-5 zeolites modified by chemical vapor deposition of silicon alkoxide. As the silica amount
increased, the selectivity to m- and o-xylenes decreased, whereas that to p-xylene increased. The
fraction of the para isomer in xylenes increased to more than 98%. From adsorption measurements
and test reactions, it was found that this modification resulted in the narrowing of the pore-opening
size and the inactivation of the external surface. The high para-selectivity was caused primarily by

the narrowing of the pore-opening size.

INTRODUCTION

p-Xylene is a valuable aromatic com-
pound because of its demand for production
of polyester fibers via terephthalic acid. Se-
lective formation of p-xylene is thus a reac-
tion of great industrial interest. In recent
years, techniques for producing p-xylene
selectively over modified HZSM-5 catalysts
have been reported (I-10). Kaeding and co-
workers (I-3) have proposed that HZSM-5
catalyst loading with oxides of P, Mg, or B
produces p-xylene selectively. Yashima and
co-workers (4, 5) have found that p-xylene
is produced with high selectivity, when
HZSM-5 catalyst is steamed at 1223 K.

We have previously proposed that chemi-
cal vapor deposition (CVD) of silicon alkox-
ide is a useful method for controlling pore-
opening size of zeolites. This method was
applied to mordenite (/1) and HZSM-5 (12),
and their selectivities were effectively im-
proved in cracking and the methanol con-
version, respectively. In particular, the
HZSM-5 catalyst thus modified (SIHZSM-5)
increased the fraction of the para isomer in
xylene products up to 97% in the methanol
conversion. The StHZSM-5 would thus be a
para-selective catalyst when used in toluene
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alkylation as well as in toluene dispropor-
tionation.

Kaeding and co-workers (/-3) have pro-
posed that the reduction in pore size is re-
quired for the selective formation of p-xy-
lene, while Yashima and co-workers (4, 5)
have suggested that the para-selectivity is
ascribable mainly to the acidic property on
the zeolite. However, since Si(OCH,), de-
posits only on the external surface, the CVD
method changes neither the pore size nor the
acidic property in the pore. The deposited
silica narrows the pore-opening size and si-
multaneously deactivates the external sur-
face, because the inert silica coats the exter-
nal surface. Thus, the shape-selectivity over
the SiHZSM-5 catalyst would be enhanced
either by the narrowing of the pore-opening
size or by the inactivation of the external
surface.

In this study, we report that the CVD
method is a useful and practical modification
for producing p-xylene selectively in alkyl-
ation and disproportionation reactions. Fur-
thermore, we explore whether the selective
formation of p-xylene over the SIHZSM-5
catalyst is caused by the reduction in pore-
opening size or by the inactivation of the
external surface.
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EXPERIMENTAL METHOD

Catalyst. The as-synthesized ZSM-5 was
ion-exchanged in an ammonium nitrate solu-
tion three times, and the ammonium form of
the zeolite was transformed into the H-form
(HZSM-5) by calcining it at 673 K in a flow-
ing mixture of oxygen and nitrogen (1 : 1 mo-
lar ratio). The Si/Al atomic ratio of HZSM-5
was 21.0, and the Na/Al atomic ratio was
less than 0.008. The average crystal size of
HZSM-5 measured with a scanning electron
microscope (SEM) was 0.250 um. The ex-
ternal surface area of HZSM-5 determined
by a benzene-filled pore method (13) was
11.0m? g~ L.

Chemical vapor deposition. The deposi-
tion of alkoxide was performed by a method
described in a previous paper (/2). The ap-
paratus consisted of a vacuum system
equipped with a conventional quartz spring
balance. HZSM-5 was set in a quartz basket
hung on the balance and evacuated at 673 K
until the decrease of weight was not ob-
served. Then, the alkoxide was deposited at
593 K. For the highly deposited zeolite, the
deposition of alkoxide was repeated after
the evacuation of the gas phase. After the
deposition, the zeolite was calcined in situ
in 26.7 KPa of oxygen at 673 K to remove
coke formed on the zeolite through the
deposition.

Alkylation of toluene and isomerization
of o-xylene. The apparatus consisted of a
continuous fixed-bed reactor packed with
0.1 g of 24/48 mesh catalyst. The catalyst
was dehydrated at 773 K for 1 h in a helium
stream, and reactants were fed into the cata-
lyst bed with a microfeeder after the temper-
ature was decreased to 673 K. Contact times
defined by W/F were 6.85 and 8.08 gh mol ™!
in the toluene alkylation and the o-xylene
isomerization, respectively. Products were
analyzed by GC with a column of Bentone
34 operating from 343 K to 393 K.

Disproportionation of toluene and crack-
ing of 1,3,5-triisopropylbenzene. These re-
actions were performed by a pulse tech-
nique. The catalyst was pretreated with
helium at 773 K for 1 h. Reactants were
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FiG. 1. Changes of toluene conversions with time-
on-stream over HZSM-5 (O) and SiHZSM-5 with 1.72
(@), 4.13 (@), 6.02 (), 8.44 (M), 11.1 (A), and 13.3(V)
wt% of silica amount.

injected at 673 and 573 K in the dispropor-
tionation of toluene and the cracking of
1,3,5-triisopropylbenzene, respectively.

Sorption experiments. Adsorption rates
of p- and o-xylenes at 393 K were measured
with a gravimetric apparatus. 0.1 g of the
catalyst was evacuated at 673 K for 2 h and
then used for adsorption at 393 K by keeping
it in contact with 0.5 KPa of xylene vapor.
The rate constant of the adsorption was ob-
tained from the equation

V.In{VJ(V, - V)} = V =k, (1)

where V and V, are adsorption amounts at
time ¢ and at equilibrium, respectively, and &
denotes the rate constant of the adsorption.

RESULTS
Alkylation of Toluene

Alkylation of toluene with methanol was
carried out over HZSM-5 and SiHZSM-5
catalysts. Changes of toluene conversion
with time-on-stream are shown in Fig. 1.
Conversions remained unaltered over 5 h
of operation over HZSM-5 and SiHZSM-5
with less than 8.44 wt% of silica but de-
creased gradually with time-on-stream over
SiHZSM-5 with more than 11.1 wt% of sil-
ica. The deactivation was probably due to
the coke deposition on the catalyst, because
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TABLE 1
Alkylation of Toluene with Methanol over HZSM-5 and SiHZSM-5

Catalyst HZSM-5 SiHZSM-5 SiHZSM-5 SiHZSM-5 SiHZSM-5  SiHZSM-5  SiHZSM-5
Amount of silica (wt%) 0.00 1.72 4.18 6.02 8.44 11.1 13.3
Conversion (%)

methanol 100.00 99.80 100.00 99.85 99.92 97.15 99.83
toluene 13.45 11.43 11.45 11.21 9.89 7.64 6.75
Selectivity of aromatic product (%)
benzene 2.54 2.59 2.24 2.10 1.99 2.21 2.37
ethylbenzene 0.82 0.92 0.73 0.73 0.78 2.36 1.34
xylene para 19.66 24.13 24.88 32.63 42,74 74.94 81.33
meta 38.47 35.76 37.30 32.72 24.45 4.68 1.43
ortho 18.99 16.37 15.52 12.71 8.78 2.09 0.27
ethyltoluene para 2.94 3.36 3.03 3.45 5.03 8.84 9.15
meta 3.68 4.03 4.58 4.02 3.31 0.85 0.00
ortho 1.00 0.99 0.79 0.16 0.00 0.00 0.00
1,3,5-TMB 1.12 0.98 0.13 0.00 0.00 0.00 0.00
1,2,4-TMB 5.70 5.22 5.31 6.02 5.79 3.01 1.95
1,2,3-TMB 1.50 1.62 1.79 1.66 2.23 0.98 0.00
1,2,3,5-TTMB 3.50 3.63 3.37 3.47 4.59 0.00 0.00
1,2,4,5-TTMB 0.00 0.35 0.26 0.28 0.23 0.00 0.00
Other aromatics 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Yield of xylene (%)
para 2.65 2.75 2.85 3.65 4.22 572 5.49
meta 5.17 4.08 4.27 3.66 2.41 0.35 0.09
ortho 2.55 1.87 1.77 1.42 0.86 0.16 0.01
Fraction of para in xylene isomers (%)
25.48 31.60 32.05 41.80 56.34 91.81 98.21

Note. Toluene/methanol molar ratio: 8. W/F: 6.85 g h mol~!. Reaction temperature: 673 K. Reaction pressure: 1 atm.

its color was found to be dark after the ex-
perimental run.

Details of the catalytic activity after 20
min of operation are summarized in Table
1. Methanol was completely reacted at any
amount of deposited silica. The conversion
of toluene, however, decreased with in-
creasing amount of silica. The principal
products were xylenes. Small amounts of
benzene, ethylbenzene, ethyltoluene, and
tri- and tetramethylbenzenes were also
formed. The change of xylene distribution
with the deposition of silica is shown in Fig.
2. The ratio of xylenes over the HZSM-5
was in good agreement with that predicted
from thermodynamics (p-xylene 23.5%, m-
xylene 52.2%, o-xylene 23.9% at 673 K). But
the deposition of silica drastically changed
their distribution. Increasing the silica
amount enhanced the yield of p-xylene and
reduced that of m- and o-xylenes. Espe-
cially, the vyield of p-xylene over the
SiHZSM-5 (13.3 wt%) was approximately
twice as much as over the HZSM-5. Similar

trends were observed for ethyltoluenes. o-
Ethyltoluene was initially suppressed, and
m-ethyltoluene was then inhibited. At 13.3
wt% silica, the fraction of p-ethyltoluene in
total ethyltoluenes was 100%. In addition,
1,2,4-trimethylbenzene was formed selec-
tively among A, aromatics. A, aromatics
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Fi16G. 2. Change of xylene distribution with increasing
silica amount. Yields of p- (O), m- (A), and o-xylene
Q.
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FiG. 3. Plot for fraction of para isomer in xylenes
against conversion of toluene over HZSM-5 (O) and
SiHZSM-5 with 13.3 wt% of silica (@).

were not formed. Hence, SIHZSM-5 con-
taining 13.3 wt% silica selectively produces
the isomer with the smallest dimensions in
each class of alkylaromatics.

Figure 3 shows the change of the fraction
of para isomer (in total xylenes) with de-
creasing toluene conversion. In this case,
the conversion was controlled by changing
W/F. The selectivity over the SiHZSM-5
(13.3 wt%) was much higher than that over
the parent HZSM-5 at any conversion level.
Hence, the selective formation of p-xylene

HIBINO, NIWA, AND MURAKAMI

over the SiHZSM-5 is not caused by the
decrease in the catalytic activity.

Disproportionation of Toluene

The parent HZSM-5 and SiHZSM-5 cata-
lysts were also used for the disproportiona-
tion of toluene. Results are summarized in
Table 2. Toluene was mainly converted to
benzene and xylenes. A small amount of
ethylbenzene was observed as a byproduct.
The deposition of silica did not change selec-
tivities to benzene and xylenes but drasti-
cally altered the distribution of xylenes. As
the silica amount increased, yields of m-
and o-xylenes decreased, but that of p-xy-
lene increased. In particular, the yield of p-
xylene over the SiHZSM-5 (13.3 wt%) was
approximately double that over the
HZSM-5. SiHZSM-5 is, hence, a para-se-
lective catalyst in toluene disproportiona-
tion also.

Figure 4 shows the relationship between
the toluene conversion and the fraction of
para isomer (in total xylenes) over
HZSM-5 and SiHZSM-5 (13.3 wt%). The
selectivity to p-xylene over the SiIHZSM-5
was much higher than that over the
HZSM-5 in the conversion range of 0.17
to 1.97%.

TABLE 2

Disproportionation of Toluene over HZSM-5 and SiHZSM-5

Catalyst HZSM-5 SiHZSM-5 SiHZSM-§ SiHZSM-5 SiHZSM-5  SiHZSM-5  SiHZSM-5
Amount of silica (wt%) 0.00 1.72 4.18 6.02 8.44 11.1 13.3
Conversion of toluene (%)

1.97 1.89 1.63 1.27 1.38 0.82 1.08
Selectivity of aromatic product (%)
benzene 53.44 54.81 55.22 55.00 57.25 57.77 54.15
ethylbenzene 0.00 0.42 0.00 0.00 0.00 2.33 1.40
xylene para 12.28 12.55 14.04 14.61 22.29 37.44 38.47
meta 24.32 23.07 22.46 22.32 15.62 1.95 0.54
ortho 9.94 9.13 8.27 8.04 4.81 0.48 0.16
Other aromatics 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Yield of xylene (%)
para 0.24 0.23 0.22 0.18 0.30 0.31 0.42
meta 0.48 0.43 0.36 0.28 0.21 0.01 0.00
ortho 0.19 0.17 0.13 0.10 0.06 0.00 0.00
Fraction of para in xylene isomers (%)
26.37 27.71 30.98 32.14 52.63 94.18 98.57

Note. W/F: 4,72 mg min ml~!. Reaction temperature: 673 K. Reaction pressure: I atm.
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Fi1G. 4. Plot for fraction of para isomer in xylenes
against conversion of toluene over HZSM-5 (O) and
SiHZSM-5 with 13.3 wt% of silica (@).

Isomerization of o-Xylene

In order to clarify the mechanism for shift-
ing the product distribution into smaller
molecules in the above reactions, isomeriza-
tion of o-xylene was performed over the par-
ent HZSM-5S and SiHZSM-5 catalysts. Re-
sults after 20 min of operation are
summarized in Table 3. In this case, the
conversion of o-xylene was drastically de-
creased by the deposition of silica. p- and
m-xylenes were main products. Benzene,
ethyltoluene, and trimethylbenzenes were
also obtained. As the silica content in-
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creased from 0 to 13.3 wt%, the fraction of
para isomer (in p- and m-xylenes) increased
from the equilibrium value (31.0% at 673
K) to 98.68%. In addition, selectivities to
benzene, toluene, and ethylbenzene in-
creased with silica amount. The formation
of large trimethylbenzenes was completely
suppressed.

Sorption of p- and 0-Xylenes

Adsorption measurements of p- and o-xy-
lenes were carried out on the parent
HZSM-5 and SiHZSM-5. Linear plots of
Eq. (1) are shown in Fig. 5. Rate constants
of adsorption are summarized in Table 4. As
the silica content increased from 0 to 13.3
wt%, the rate constant for p-xylene (k,) de-
creased from 1.49 to 0.63 mmol min~' g~ !,
while that for o-xylene (k,) decreased by
three orders of magnitude. Thus, the ratio
of k, to k, became significantly larger as
the silica amount increased (Fig. 6). On the
other hand, adsorption amounts of p- and o-
xylenes at equilibrium changed little due to
the deposition of silica.

Cracking of 1,3,5-Triisopropylbenzene

Amounts of acid sites on the external sur-
faces of HZSM-5 and SiHZSM-5 were mea-
sured by the cracking of 1,3,5-TIPB. The
kinetic diameter of 1,3,5-TIPB (0.85 nm) is

TABLE 3
Isomerization of o-Xylene over HZSM-5 and SiHZSM-S

Catalyst HZSM-5 SiHZSM-5 SiHZSM-5 SiHZSM-S SiHZSM-5  SiHZSM-5  SiHZSM-5
Amount of silica (wt%) 0.00 1.72 4.18 6.02 8.44 11.1 13.3
Conversion of o-xylene (%)

58.34 54.12 42.61 28.39 8.02 1.42 0.88
Selectivity of aromatic product (%)

benzene 0.37 0.40 0.47 0.63 1.71 6.65 7.65
toluene 1.18 0.97 0.75 0.76 0.96 2.41 3.01
ethylbenzene 0.08 0.10 0.13 0.20 0.67 2.36 2.81
xylene para 31.31 33.60 36.22 41.06 56.09 78.68 84.70
meta 65.68 64.25 61.91 56.95 40.36 9.82 1.75
1,3,5-TMB 0.12 0.01 0.00 0.00 0.01 0.00 0.00
1,2,4-TMB 1.11 0.67 0.48 0.35 0.17 0.06 0.00
1,2,3-TMB 0.10 0.00 0.00 0.00 0.00 0.00 0.00
other aromatics 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fraction of para in p- and m-xylene isomers (%)
32.28 34.34 36.90 41.87 58.21 90.24 98.68

Note. W/F: 8.08 g h mol~!. Reaction temperature: 673 K. Reaction pressure: 1 atm.
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FIG. 5. Plot for adsorption rate of (a) p-xylene and (b) o-xylene derived from Eq. 1 over HZSM-5 (O)
and SiHZSM-5 with 4.18 (+), 8.44 (A) and 13.3 wt% (LJ) of silica amount.

larger than the pore size of ZSM-5 zeolite
(0.54-0.56 nm). The cracking of this mole-
cule takes place only on the external sur-
face, and the conversion of 1,3,5-TIPB cor-
responds to the relative amount of acid sites
on the external surface (/4). As the silica
content increased, the conversion de-
creased gradually and reached a near-zero
value over the SIHZSM-5 with 13.3 wt% of
silica (Fig. 6).

DISCUSSION

The fractions of para isomer in xylenes
produced in the alkylation and dispropor-
tionation of toluene, the isomerization of o-
xylene, and the conversion of methanol are
summarized in Fig. 7. All fractions in-
creased similarly with increasing silica con-
tent, indicating that the CVD method leads

to the selective formation of p-xylene with-
out influence of the type of the reaction.
The alkylation of toluene on HZSM-S5 has
been extensively studied. Kaeding and co-
workers have proposed that an equilibrium
mixture of xylenes is formed as the primary
product in the pore of the HZSM-5 (I-3).
Hence, the narrowing of the pore size is
required for the improvement in para-selec-
tivity. On the other hand, Yashima and co-
workers have reported that only p-xylene is
formed as the primary product in the pores
of HZSM-5 and then isomerized into xy-
lenes with the equilibrium distribution on
strong acid sites in the pores (¢, 5). Accord-
ingly, the reduction of strong acid sites in
the pores causes the high para-selectivity.
Furthermore, Paparatto et al. have sug-
gested that p-xylene is selectively produced

TABLE 4

Adsorption Measurements of p- and o-Xylenes over HZSM-5 and SiHZSM-5

Catalyst HZSM-5 SiHZSM-5 SiHZSM-5 SiHZSM-5

Silica amount (wt%) 0.00 4.18 8.44 13.3
Adsorption amount at equilibrium (mmol g~ !)

p-xylene 0.45 0.45 0.36 0.42

o-xylene 0.43 0.42 0.42 0.41
Adsorption rate (mmol min g~ ')

p-xylene (k) 1.49 0.87 0.89 0.63

o-xylene (k,) X 10° 1770 381 21.4 2.82
Ratio of k, to k, (—)
kp/ko 84 228 4158 22340

Note. Temperature = 393 K. Vapor pressures of p- and o-xylenes = 1.73 and 1.25 Torr, respectively.
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in pores of HZSM-5, and the secondary
isomerization of p-xylene proceeds only on
the external surface (9). This means that the
high para-selectivity results from the inacti-
vation of the external surface. We herein-
after discuss how the CVD method im-
proves the para-selectivity.

From sorption measurements, the deposi-
tion of silica was found to suppress the ad-
sorption of o-xylene more remarkably than
that of p-xylene (Fig. 5). Assuming that the
cation site density of HZSM-5 is 8.9 nm~2
and the deposition site is the same as the
cation site, the number of silica layers corre-
sponding to the 13.3 wt% silica would be
13.6 (15). Since the monolayer thickness is
ca. 0.3 nm, the average crystal size would
increase from 0.250 to0 0.258 um by 13.3 wt%
silica. However, the subsequent investiga-
tion indicates that a significant amount of
alumina exists as a contaminant on the ex-
ternal surface of the parent HZSM-5 (16).
Most of the deposited silica appears to be
spent in covering the alumina surface. Thus,
the average crystal size would be practically
less than 0.258 um. Olson and Haag have
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shown that when the average crystal size
increases from 0.05 t0 0.7 wm, the diffusivity
of o-xylene at 393 K does not change re-
markably (6). Thus, the increase in the crys-
tal size by the silica is not enough to explain
the decrease in the adsorption rate of o-
xylene by a factor of 1000. However, 13.6
silica layers is a sufficient number for nar-
rowing the pore opening. Based on the
above considerations, the decrease in the
adsorption rate of o-xylene is caused by the
reduction in the pore-opening size.

On the other hand, the cracking of 1,3,5-
triisopropylbenzene testified that acid sites
on the external surface of the HZSM-5 were
deactivated by the deposited silica (Fig. 6).
Therefore, the high para-selectivity is
caused either by the narrowing of the pore-
opening size or by the inactivation of the
external surface.

The para-selectivity increase slightly at
less than 4.18 wt% (Fig. 7). In this range,
the pore-opening size was scarcely nar-
rowed (Fig. 6), but the amount of acid sites
on the external surface was reduced to half
its initial value (Fig. 6). The para-selectivity
increased largely with increasing silica
amount from 4.18 to 8.44 wt%. In this range,
the pore-opening size was largely narrowed,
but the number of acid sites on the external
surface was not much remarkably reduced.

100 = vaA Y]

50

I

0 5 10
Weight increose by C.V.D  (wt%)

Fractions of para isomer in xylene products (%)

FiG. 7. Changes of fractions of para isomer in xylene
products with increasing silica amount in toluene alkyl-
ation (O), toluene disproportionation ((7), and o-xylene
isomerization (A).
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Therefore, the para-selectivity results
mainly from the narrowing of the pore-open-
ing size until the silica amount is 8.44 wt%.
The para-selectivity was more than 98% at
13.3 wt%. At this silica amount, the pore-
opening size was further narrowed, so that
only p-xylene could escape from the pore.
Large aromatics were isomerized or dealky-
lated into small p-xylene, benzene, toluene,
and ethylbenzene in the pore. In addition,
the external surface was completely deacti-
vated, so that the p-xylene product was not
further isomerized. Based on the above
findings, we conclude that the selective for-
mation of para isomer over the SiHZSM-5
is caused primarily by the narrowing of the
pore-opening size. Yashima ef al. have re-
ported that a high para-selectivity is not
achieved only by poisoning selectively the
external surface with 2,4-dimethylquinoline
(4). This finding supports our conclusion in
the present study.

The narrowing of the pore-opening size
changes the activity for the disproportiona-
tion relative to the isomerization also (Table
2,3). Over the parent HZSM-5, the activity
for the disproportionation was lower than
that for the isomerization. This is due to
the restricted transition state selectivity (6).
However, over the SIHZSM-5 (13.3 wt%),
the disproportionation occurred with the
higher activity than the isomerization. The
passage of o-xylene through the narrowed
pore-opening is restricted more remarkably
than that of toluene. That is, hence, due to
the reactant selectivity.

CONCLUSION

When the alkylation of toluene with meth-
anol or the disproportionation of toluene
was carried out over the SiHZSM-5, more
than 98% para isomer in xylene products
was obtained. The CVD method is an effec-
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tive and practical modification for the selec-
tive formation of p-xylene. The deposited
silica reduced the pore-opening size and de-
activated acid sites on the external surface.
The high para-selectivity results primarily
from the narrowing of the pore-opening
size.
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