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Xylenes have been converted using a LaY
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zeolite catalyst at a temperature, 350°C, where

transalkylation, as well as isomerization, occurs. The relative rates of the isomerization reactions

were calculated using the Wei—Prater method.

Relative selectivities calculated from the relative

rates (Wei—Prater) agree very well with those calculated from rates obtained by extrapolation to
low conversions. The trimethylbenzenes obtained at low conversions are those expected from

methyl-group-directing influence for the ortho-

xylene and para-xylene reactants; however, with

meta-xylene an equilibrium trimethylbenzene composition was obtained even at very low conver-
sions. The results are consistent with a series reaction path for the isomerization reaction.

INTRODUCTION

Xylene isomerization has been widely
studied because of the importance of this
process in aromatics production as well as
the academic interest in the kinetics of the
interconversions within a three-component
system. The catalyst system has ranged
from low-temperature liquid-phase homo-
geneous acid catalysts, e.g., aluminum
chloride, to high-temperature liquid- or gas-
phase heterogeneous catalysts, e.g., silica-
alumina or zeolites.

A number of investigators, for example,
Chutoransky and Dwyer (/), found their
isomerization data were consistent with a
simple consecutive, reversible 1,2-methyl
shift mechanism:

ortho &= meta <= para.

Others used a triangular reaction scheme to
calculate their rate constants (e.g., Ref.
(2):

ortho
AN

para meta

The Wei-Prater (3) technique is extremely
useful for calculating relative rate constants
for a triangular reaction network.

In addition to isomerization, xylenes un-
dergo disproportionation to toluene and tri-
methylbenzenes as well as lesser amounts
of more extensive disproportionation. Dis-
proportionation, relative to isomerization,
usually increases with increasing tempera-
ture.

Lanewala and Bolton (4) proposed that
xylene isomerization occurred by a trans-
alkylation mechanism. Their dispropor-
tionation results, at low conversion, show
that: ortho-xylene yielded only 1,2,4-tri-
methylbenzene; meta-xylene  vielded
mostly 1,2,4-trimethylbenzene but also
significant  1,3,5-trimethylbenzene; and
para-Xylene yielded only 1,2,4-trimethyl-
benzene.

The purpose of the present study was to
obtain xylene isomerization rate data with
an acidic zeolite catalyst and to compare
these data with those reported for an amor-
phous silica—-alumina catalyst. The reaction
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temperature used in the present study was
sufficiently high for disproportionation to be
a significant reaction, allowing us to pay
particular attention to the trimethylbenzene
disproportionation products obtained at
low conversions. The Wei-Prater (3) tech-
nique was used to obtain kinetic rate con-
stants.

EXPERIMENTAL

A commercial NaY zeolite was multiply
exchanged with a lanthanum nitrate solu-
tion. The exchanged zeolite was stored as a
wet cake. It was activated in situ by heating
the wet cake in the reactor for 6 h at 500°C
in an air flow.

The catalyst (1 g wet cake) was held in a
plug flow reactor by glass wool plugs. Glass
beads were placed on top of the catalyst
bed to act as a preheater section. A syringe
pump was used to pass the reactant over
the catalyst at atmospheric pressure. Lig-
uid products were collected at intervals.
Analysis of the aromatics was by gas chro-
matography using a diisononylphthalate-
Bentone-34 column with temperature pro-
gramming. Initially the temperature was
held at 80°C for 7 min, then raised to 120°C
at 10°C/min, and held at 120°C until all of
the compounds had eluted.

After a run was completed, the catalyst
was regenerated. First, the catalyst was
flushed with nitrogen at the reaction tem-
perature. After 1 h, the nitrogen flow was
replaced by an air flow. The air flow was
maintained at reaction temperature for 1 h;
the temperature was then increased to
500°C and held at 500°C with air flow for at
least 4 h. The catalyst was then cooled to
reaction temperature in an air flow. A more
detailed description of the procedure is
given in Ref. (5).

RESULTS

The isomerization of xylene with the LaY
catalyst is complicated by secondary re-
action(s), for the most part disproportion-
ation. In addition to the xylene isomers,
trimethylbenzenes and toluene are major
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FiG. 1. Formation of disproportionation products,
toluene and trimethylbenzene, at increasing conver-
sion of each xylene isomer (straight line is theoretical
one for disproportionation; reactant is: B, ortho; @,
meta; A, para).

products. Smaller quantities of benzene and
tetramethylbenzenes are also formed. The
data in Fig. 1 clearly show that, with all
three Xxylene reactants, toluene and tri-
methylbenzenes are formed in equal molar
quantities for all conversions leading up to
the xylene equilibrium point (for clarity,
only a few of the experimental points are
plotted in the figure).

Plots of the conversion of one xylene iso-
mer to the other two isomers (Fig. 2) show
that ortho-xylene isomerizes most rapidly
while meta- and para-xylene isomerize at
about the same rate. Xylene also dispropor-
tionates to trimethylbenzenes (and toluene)
more rapidly than do the meta- and para-
xylene isomers; the latter two isomers dis-
proportionate at about the same rate.

A plot of the conversion of each of the
three xylenes to the other two xylene iso-
mers versus the amount of trimethylben-
zene (Fig. 3) also emphasizes the greater
reactivity of ortho-xylene. Isomerization is
about 2.9 times faster than disproportion-
ation for ortho-xylene. For meta- and para-
xylene, isomerization is only 1.6—1.7 times
greater than disproportionation.
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FiG. 2. Influence of space velocity (1/F sec™!) on the isomerization of each of the three xylene
isomers to the other two xylenes at 350°C; reactant is: A, ortho; O, meta; O, para.
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FiG. 3. Isomerization of each xylene isomer to the other two xylene isomers versus disproportion-
ation to trimethylbenzenes (left, ortho -xylene with slope 2.9; middle, mera -xylene with slope 1.7; right,

para-xylene with slope 1.6).
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FiG. 4. Wei—Prater plot of the approach to the equilibrium composition for the isomerization of each

xylene isomer and xylene isomer mixtures.

A triangular plot for xylene isomerization
shows the curved reaction line for the con-
version of each isomer at 350°C and atmo-
spheric pressure (Fig. 4). In this plot all
nonxylene products are disregarded in cal-
culating the percentage composition; Sil-
vestri and Prater (2) showed that this is
justified. The ortho—meta axis straight-line
reaction path was obtained experimentally
by estimating the straight-line ortho~meta-
xylene mixture from the tangent of each
improved trial straight-line reaction path
mixture. The fourth attempt gave the first
straight-line vector:

ortho
X, = (0.39, 0.61, 0.0) | meta |.
para

The equilibrium vector, calculated from
Ref. (6) was

ortho
X, = (0.233, 0.530, 0.237) | meta |.
para

The X, vector was calculated; the appropri-
ate ortho-para-xylene mixture was pre-
pared and converted to give the experimen-
tal points plotted along the previously
calculated line X,E. The experimental
points fit this calculated line very well. Fol-
lowing the technique of Wei and Prater (3),
these reaction vectors were used to calcu-
late the relative rate constants defined in
the scheme:

0
K% N
K23
e —
P wmss— 1
K32
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TABLE 1

Relative Rate Constants

Rate  Silica—-alumina® AP LaYe

con- catalyst®

stant <35% >35%
ko, 27.2 19.3 10.9 3.88
ks 13.0 7.27 4.79 1.70
kog 37.1 16.3 8.08 3.36
ks, 17.3 7.11 3.61 1.50
kig 1.0 1.0 1.00 1.00
ksy 1.03 1.16 1.02 1.02

¢ Data from Ref. (2).

b Data from Ref. (/).

¢ This work: <35% data calculated from data with
less than 35% meta-xylene in products; >35% was
from those data with more than 35% meta-xylene.

Table 1 contains these constants as well as
those reported by other authors with other
catalysts (/, 2).

Data obtained for the isomerization prod-
ucts from each of the pure xylene isomers
are presented in Tables 2, 3, and 4. Repre-
sentative data from these tables are plotted
in Fig. 4. Two sets of calculated reaction
lines are also presented in this figure. These
two lines were calculated using the isomeri-
zation data obtained starting with the pure
ortho-xylene reactant and the value for X,
and E given above. For the broken lines,
the xylene isomer compositions containing
35% or more of the meta isomer, starting
with the ortho reactant, were used in the
Wei-Prater calculation. The solid lines
were calculated using only those composi-
tions containing less than 35% of the meta-
xylene product. It is clear that neither set of
curves will fit the full range of data; how-
ever, the calculated solid curves do fit the
data for all three starting isomers at the
lower conversions. Furthermore, the higher
conversion data from the conversion of
both the ortho and para isomers change to
fit the broken curve.

Chutoransky and Dwyer (/) calculated
the ortho -xylene: para -xylene intercept for
a number of temperatures for an AP cata-
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F1G. 5. Influence of temperature on the intercept of
the straight-line reaction path on the ortho-para-
xylene axis (@, data from Ref. (7); x, present study).

lyst (a zeolite in an alumina matrix); the
calculated intercepts were in excellent
agreement with their experimentally mea-
sured intercepts. The ortho fraction for the
ortho —para axis intercept from Ref. (/) is
plotted versus temperature in Fig. 5. It is
noted that the value we obtained experi-
mentally at 350°C is only slightly higher
than the value obtained by extrapolation of
the data from Chutoransky and Dwyer.
The approach of the xylene isomerization
to equilibrium is presented as a function of
total conversion of the pure xylene reactant
in Fig. 6. From this plot, it is clear that the
meta isomer is converted to the ortho and
para isomers at nearly equal rates; further-
more, the ortho—para selectivity does not
change up to 40% conversion. The conver-
sions of para-xylene and ortho-xylene are
similar since both form meta-xylene faster
than the other xylene isomer. The rate of
approach to equilibrium of the ortho -xylene
(from para-xylene) and para-xylene (from
ortho-xylene) is initially low. Each of these
rates increase with increasing total conver-
sion to approach the rate obtained for the
formation of the respective isomer from the
meta-xylene reactant. The rate of the meta
isomer approach to equilibrium with total
conversion is the same for the ortho-xylene
and the para-xylene reactants.
Disproportionation is a major reaction
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FiG. 6. Approach to equilibrium composition for the two xylene products for increasing total
conversion of each xylene reactant for (a) this study (left, ortho reactant; middle, meta reactant; right,
para reactant; X, is equilibrium percentage of xylene isomers; X is percentage of xylene at each
conversion) and (b) data from Ref. (4) (figure notation is the same as that for (a)).

TABLE 2

Conversion Products for the Conversion of ortho -Xylene over LaY at 350°Ce

Benzene Toluene Xylene Trimethylbenzene

para- meta- ortho- 1,3,5- i,2,4- 1,2,3-
1.82 223 7.96 24.6 23.6 4.65 13.1 2.00
1.01 16.3 6.04 25.2 36.2 3.28 10.1 1.88
0.81 13.7 5.03 25.4 42.2 2.62 8.83 1.40
0.8 11.6 4.45 253 45.8 2.35 8.18 1.44
0.61 9.55 3.57 21.3 54.0 2.04 6.86 2.03
1.65 20.5 8.36 24.8 253 477 12.3 2.67
1.04 16.7 6.01 24.3 34.7 3.84 11.0 2.51
0.40 2.98 0.89 10.0 82.4 0.11 2.62 0.58
0.37 2.73 0.82 8.83 83.9 0.11 2.46 0.76
0.34 2.69 0.81 8.51 89.9 0.09 2.36 0.76
1.52 16.8 6.03 24.0 35.6 3.51 10.8 1.77
0.69 10.9 3.61 22.4 49.0 2.50 7.99 1.47
0.82 12.2 2.81 24.4 47.6 2.19 8.61 1.33
0.49 5.09 1.34 13.8 74.1 0.37 4.01 0.77
0.64 6.40 1.34 16.8 68.8 0.51 4.71 0.73
0.52 5.06 1.29 13.4 74.7 0.33 3.95 0.73
0.41 3.28 0.95 9.84 78.1 0.15 2.83 0.73
0.38 3.22 0.95 9.46 779 0.13 2.72 0.69
0.36 2.93 0.97 8.77 83.5 0.13 2.61 0.75
0.30 2.82 0.95 8.31 83.9 0.09 2.71 0.96
0.50 12.3 3.18 21.2 50.2 2.39 8.45 1.51
0.71 10.8 2.98 19.8 55.5 1.72 7.37 1.22
0.63 9.20 2.55 18.6 60.0 1.36 6.58 1.08
3.36 257 9.66 253 13.9 6.51 13.6 1.98
1.57 20.1 7.41 26.4 21.7 7.49 13.4 2.00
1.30 18.8 6.63 27.2 27.6 4.43 12.3 1.77
0.99 16.3 5.64 27.2 31.8 4.95 11.3 1.82
1.36 18.1 6.65 27.2 30.2 3.96 11.0 1.59
0.84 12.1 4.24 25.7 43.6 4.18 7.92 1.38
0.66 10.7 3.94 26.6 47.6 1.58 6.53 1.02

@ Mole%.
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pathway for xylene conversion with LaY at
350°C. With the para isomer (Fig. 7) both
1,3,5- and 1,2,3-trimethylbenzene concen-
trations extrapolate to zero at low conver-
sions; thus, the only initial product is the
1,2,4-isomer. However, when 15-20
mole% trimethylbenzenes have been
formed, an equilibrium trimethylbenzene
mixture is obtained. Thus, the trimethyl-
benzenes formed from para-xylene reach
equilibrium at a lower total conversion than
that required for the xylene to reach equi-
librium; ortho-xylene produces a different
initial trimethylbenzene composition at low
conversion than para-xylene. With the
ortho-xylene reactant, the 1,3,5-trimethyl-
benzene concentration approaches zero at
low conversion while both 1,2,3- and 1,2,4-
trimethylbenzenes are initial products.
Again, the trimethylbenzene equilibrium
composition is attained after about 15% dis-
proportionation has occurred. The tri-
methylbenzenes obtained from mera-
xylene at low conversion differ from that
obtained with either of the other xylene
isomers. With the meta-xylene reactant, it
appears that an equilibrium trimethylben-

TABLE 3

Products from the Conversion of meta-Xylene over LaY at 350°C¢

Benzene Toluene Xylene Trimethylbenzene

para- meta- ortho- 1,3,5- 1,2,4- 1,2,3-
1.35 22.0 11.0 34.4 12.4 4.29 12.3 2.1
0.61 17.7 10.8 44.2 11.5 3.83 9.79 1.60
0.42 14.7 9.10 51.0 11.7 3.30 8.37 1.35
0.36 13.6 8.48 55.7 9.51 3.11 8.06 1.20
0.03 2,96 2.08 88.9 2.99 0.77 2.00 0.27
0.03 3.34 2.12 88.3 3.30 0.85 2.05 0.22
0.03 2.80 2.07 88.0 3.02 1.07 2.27 0.81
0.03 3.53 2.09 87.5 3.57 0.94 2.16 0.23
0.05 4.80 3.41 83.5 4.05 1.23 2.83 0.37
0.05 4.89 3.60 82.5 4.31 1.25 3.03 0.38
0.14 8.24 5.68 71.7 6.67 1.91 4.99 0.66
0.12 7.75 5.47 73.2 6.26 1.89 4.69 0.61
0.11 7.72 5.37 74.4 6.27 0.89 4.71 0.58
0.27 11.6 7.86 62.1 8.52 2.43 6.73 0.92
0.27 11.5 7.36 62.3 8.21 2.22 6.83 0.95

4 Mole%.
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TABLE 4
Products from the Conversion of para-Xylene with Lay at 350°C*
Benzene Toluene Xylene Trimethylbenzene
para- meta- ortho- 1,3,5- 1,2,4- 1,2,3-

1.08 21.6 29.1 20.0 7.47 4.51 13.8 2.37
0.64 19.6 37.2 18.7 6.19 4,01 11.6 2.13
0.42 18.5 43.6 17.5 4.61 3.07 10.9 1.42
0.03 3.29 89.5 3.83 0.47 0.23 2.48 0.15
0.03 3.58 88.6 3.99 0.55 0.33 3.32 0.21
0.03 3.32 89.5 3.77 0.50 0.24 2.52 0.18
0.15 12.8 60.5 13.9 2.17 1.72 9.47 1.25
0.12 11.0 66.4 12.2 1.69 1.28 6.91 0.53
0.10 10.0 64.6 14.2 1.75 1.32 6.77 1.18
0.04 5.53 80.6 7.31 1.03 0.44 4.34 0.75
0.03 4.41 85.1 6.05 0.72 0.24 3.45 0.62
0.04 4.31 83.8 6.89 0.77 0.29 3.80 0.29
0.01 2.23 90.2 3.47 0.78 0.23 2.17 0.93
0.07 6.73 76.4 9.30 1.21 0.47 5.1 0.67
0.08 7.45 73.9 10.3 1.43 0.69 5.72 0.45
0.07 6.55 75.0 9.89 1.28 1.32 5.32 0.60
0.20 10.9 61.3 15.6 3.26 0.64 7.60 0.52
% Mole%.

zene mixture is obtained even at very low
(1-3%) conversions.

DISCUSSION

The set of relative rate constants for the
interconversion of the xylene isomers with
the LaY zeolite catalyst is different from

that calculated by Silvestri and Prater (2)
for an amorphous silica—alumina catalyst.
Chutoransky and Dwyer (/) calculated a
set of relative rate constants for their zeo-
lite catalyst that was in reasonably good
agreement with that obtained by Silvestri
and Prater (2) for an amorphous silica—alu-

TABLE 5

Xylene Isomerization Products for the LaY Catalyst Used in This Study and Previously Reported Results

Reactant Selectivity LaY AP catalyst? Silica—alumina®
High¢ Low® Wei-Prater
<35%¢ >35%¢
para-Xylene meta/ortho 7.0 2.0 8.1 34 16.3 37.1
meta-Xylene ortho/para 1.3 1.3 1.3 1.1 1.02 0.75
ortho-Xylene meta/para 9.7 2.0 11 3.8 16.6 26.2

¢ See text for definition of high and low.

® Calculated from data starting with ortho -xylene reactant and only those data sets with less than 35 mole%

meta-xylene.

¢ Same as footnote b except only use those data sets with more than 35 mole% meta-xylene.

4 Calculated from data in Ref. (/).
¢ Calculated from data in Ref. (2).
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mina catalyst even though the ratios in Ta-
ble 5 are lower for the Ref. (/) data. How-
ever, different temperatures were used for
the three studies described above: the
results of the present study were obtained
at 350°C, those of Chutoransky and Dwyer
were at 205°C, and those of Silvestri and
Prater were at 510°C. The amorphous sil-
ica—alumina has a lower activity than the
zeolite catalysts; hence, the higher reaction
temperature is required to obtain a reason-
able conversion. Because of the limitation
of attainable space velocity and the xylene

analysis, temperature is a process variable |

readily changed to study catalysts with
widely varying activity. It appears that a
similar set of relative rates is obtained for
Xylene isomerization using amorphous and
zeolite silica—alumina if one operates in the
lower temperature region where a similar
space velocity gives a measurable conver-
sion.

Since the straight-line reaction path inter-
cept we obtained is in excellent agreement
with the ones predicted by extrapolating the
data of Chutoransky and Dwyer, it seems
likely that our kinetic data for xylene isom-
erization are in good agreement with those
of Chutoranksy and Dwyer. However, our
data in Table 5 show a lower selectivity than
do the data of Chutoransky and Dwyer. This
indicates that as temperature is increased
within the temperature window that space
velocity and analyses permit one to operate
in, the rates of the slower reactions approach
those of the faster reactions. This could arise
because of diffusional limitations or because
adsorption-disguised kinetics are altering the
true rate constants (7). To distinguish the
importance of each of these effects is a com-
plex problem that has not been resolved.

The selectivity (ratio of the relative rates
of formation of the two xylene isomeric
products from the reactant xylene isomer)
can be calculated from the slopes in Fig. 6
and from the relative rate constants ob-
tained by the Wei-Prater method. The data
in Table 5 show that for meta-xylene con-
version the two calculation methods give

COLLINS ET AL.

the same selectivity. Two selectivities, one
for low and one for high conversion, are
obtained with the data in Fig. 6 for the
conversion of the ortho- and para-xylenes.

The lower conversion data provide selec-
tivity ratios that show a higher rate of for-
mation of the meta-xylene isomer starting
with either ortho-xylene (meta /para ratio)
or para-xylene (meta Jortho ratio) reactant.
The ratio of slopes for the >35% conver-
sions is lower than that for the <35% con-
versions and both ratios for the >35%
conversions approach one. A selective
disproportionation of one (or two) of the
xylene isomers does not appear to be re-
sponsible for the change of the (meta/para)
and (meta/ortho) ratios to approach one
since (a) trimethylbenzene equilibrium is at-
tained at a lower total conversion than is
the xylene equilibrium and (b) the experi-
mental equilibrium point is in excellent
agreement with the one calculated from
Ref. (6) data.

The experimental data used for Wei-
Prater calculations were divided into two
sets since we did not obtain a good fit of the
data to curves calculated with one set of
rate constants. The rate constants calcu-
lated using the Wei-Prater method with the
>35% conversion data show higher
meta/ortho and meta/para ratios than
those calculated from the ratio obtained
from the lower conversion slopes in Fig. 6.
The selectivities calculated from the Wei-
Prater rate constants obtained using the
higher conversion data are in good agree-
ment with the values calculated from the
ratio of slopes of Fig. 6 (low LaY values of
Table 5). Thus, the low and high selectivi-
ties obtained from plots of the approach to
equilibrium are in good agreement with the
corresponding selectivity calculated from
Wei-Prater rate constants obtained using
the low and high conversion data. How-
ever, additional data are not needed to cal-
culate the six relative rate constants using
the Wei-Prater method but would be re-
quired in order to use the approach to equi-
librium plots for this purpose. Thus, the
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Wei-Prater technique
method.
Forelectrophilic substitution, the ring po-
sitions ortho and para to a methyl group
are activated. The initial products from
ortho-xylene (1,2,3- and 1,2,4-trimethyl-
benzene) and para-xylene (1,2,4,-tri-
methylbenzene) are the ones predicted
from the directing effect of methyl groups.
In contrast, an equilibrium trimethylben-
zene composition is obtained even at very
low conversions when meta-xylene is the
reactant even though 1,2,3- and 1,2,4-tri-
methylbenzene are the only products pre-
dicted by directing effects. Secondary isom-
erization of the initial products from
meta-xylene cannot account for the equilib-
rium distribution since the trimethylben-
zene products, once formed, should isomer-
ize at a similar rate whichever of the three
xylenes are used as reactant. Since ortho-
xylene and para-xylene products do not ex-

is the preferred

ortho-xylene =—=

and the transalkylation and xylene isomeri-
zation being parallel reactions

/ toluene + trimethylbenzene
xylene isomer'\
other xylene isomers
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