JOURNAL OF CATALYSIS 140, 150-167 (1993)

Cracking and Isomerization of Hydrocarbons with Combinations of
HY and HZSM-5 Zeolites

Z. ZAINUDDIN, F. N. GUERzONI, AND J. ABBOT

Chemistry Department, University of Tasmania, Hobuart, Tasmania, Australia

Received November 15, 1991; revised June 26, 1992

Catalytic reactions of n-octane on sequential combinations of HY and HZSM-S, as well as on
random mixtures of the zeolites, have been examined. Theoretical product distributions have been
calculated for reactions on these catalyst combinations by assuming relative contributions based
on the individual product distributions as well as the conversions on the individual components.
Effects due to interactions of products of one catalyst with the other in a binary combination can
be identified by comparing theoretical and observed product distributions. Predicted values from
this approach provide a good approximation when considering the product distributions in terms of
total hydrocarbons formed at each carbon number. Significant differences are found between
observed and predicted values in the relative proportion of paraffins and olefins al a particular
carbon number, and also in the ratios of branched 1o linear paraffin isomers. Reaction processes
attributable for these deviations have been identified as hydrogen transfer processes, particularly

on HY, and paraffin isomerization on HZSM-5.

INTRODUCTION

There have been numerous studies of
cracking and isomerization reactions of pure
hydrocarbons on individual zeolite catalysts
(1-5). Kinetic phenomena relating conver-
sions of feedstocks to variables such as cata-
lyst to feed ratios and reaction times have
been extensively studied. These studies
have taken into account factors such as
aging characteristics of the catalyst, as ac-
tive sites are poisoned, and competitive ad-
sorption on the available sites, which may
give rise to product inhibition. Product se-
lectivity has also been examined for many
systems, providing details of initiation pro-
cesses at low conversion and also at higher
conversions revealing secondary reaction
phenomena, where primary products partic-
ipate in further reactions. Such investiga-
tions have been extended to include studies
of simple mixtures of hydrocarbons (6-8) on
individual catalysts, as well as very complex
gas oils (9) which contain hundreds of indi-
vidual components.

Although commercial cracking catalysts
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are composed of a mixture of solid compo-
nents which can exhibit catalytic activity
(10-12), there have been few detailed stud-
ies which have attempted to relate the resul-
tant effect of the composite catalyst to that
of the individual components. For the past
two decades cracking catalysts have con-
tained a form of Zeolite Y. More recently
there has been interest in addition of a small
proportion of a second zeolite component,
in particular the pentasil HZSM-S (13-22).
There have, however, been very few re-
ported studies of reactions on individual hy-
drocarbons on binary zeolite mixtures. For
example, in a study by Buchanan (22), the
cracking of C,~C,, normal paraffins and ole-
fins on combinations of zeolites was investi-
gated. It was reported that the pentasil addi-
tive plays an active role in the isomerization
and cracking reactions of olefin species,
while the reactivity toward paraffins is
limited.

In the present study we have examined
the behaviour of n-octane under cracking
conditions in the presence of faujasite—
pentasil combinations (HZSM-5 to HY ra-
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tios ranged from 0.3 to 1.8) at 400°C. Previ-
ous studies on cracking with zeolite combi-
nations have generally focused on the effect
of the presence of a second zeolite on the
product distribution obtained on a single ze-
olite. Our aim is to develop a methodology
based on adding together product distribu-
tions from individual catalysts. This should
permit us to identify additional effects in
which the products from reaction on one
zeolite interact with the other zeolite. The
use of n-octane as a feedstock is well suited
for this purpose, as the cracking distribu-
tions obtained are simple enough to be ana-
lyzed in detail.

EXPERIMENTAL

The feedstock, n-octane (99.7%), was ob-
tained from Aldrich and used without fur-
ther purification. Impurities in the feedstock
were n-hexane (0.2%), 2-methylheptane
(0.08%), and isopentane (0.029%).

HY zeolite (97.3% exchanged) was pre-
pared from NaY (Linde Lot No. 45912,
SK40; Si/Al = 2.4) by repeated exchange
with 0.5 M ammonium nitrate solution.
HZSM-5 (Si/Al = 105) was provided by
SNAM Progretti S.P.A. (Milan, Italy). De-
tails of synthesis and characterization of the
pentasil have been reported previously (23).
Catalysts were calcined at 500°C before use,
and experiments were performed on cata-
lysts of mesh size 80/100.

All experiments were performed by using
an integral, fixed-bed gas-phase plug flow
reactor with independently controlled three-
zone heater. The experimental apparatus
and procedures used were similar to those
described in previous studies (24). All reac-
tions were carried out at 400°C and | atm
pressure. Catalysts were mixed with gran-
ules of washed sand which served as an inert
support matrix within the reactor. Blank ex-
periments at long times on stream showed
that thermal conversion of n-octane at 400°C
was negligible (<0.5%). Liquid products
were analyzed using a Hewlett—Packard
S890A gas chromatograph with a 50-m capil-
lary column and flame ionization detector.

Gaseous products were also analysed using
a Hewlett-Packard gas chromatograph of
the same type with a Chrompak capillary
column (25 m x 0.32 mm i.d.). Data han-
dling was facilitated using a DAPA soft-
ware package. Identification of hydro-
carbon products was assisted by use of a
Hewlett—Packard 5890 gas chromatograph
coupled to a 5970 mass selective detector.

RESULTS AND DISCUSSION

Conversion of n-Octane on Individual
Zeolites and Catalyst Combinations

In this study we have examined the crack-
ing and isomerization processes which oc-
cur during reaction of n-octane on the Zeo-
lites HY and HZSM-5 at 400°C both
individually and in combinations. At this
temperature, the contribution from thermal
cracking processes was found to be negligi-
ble, confirming the previous studies (24, 25).
Our approach has been to relate observed
effects of particular combinations of these
zeolites to the predicted combined contribu-
tions from the individual catalysts under the
same conditions. In theory, any discrepancy
between the observed and the predicted ef-
fects of a combination should be explainable
in terms of the influence of the presence of
the second catalyst on the products from the
first, or vice versa.

In this study we have attempted to reach
general conclusions regarding combination
effects which are independent of process
conditions such as time on stream or the
level of conversion examined. For catalysts
of different types, such as a faujasite and a
pentasil, intrinsic activity and decay charac-
teristics can differ very significantly
(26-28). This is illustrated in Fig. 1 which
shows plots of conversion of n-octane at
400°C against time on stream for three cata-
lyst to feed ratios for each catalyst. In this
work we chose to make comparisons under
conditions where the activity of the individ-
ual catalyst (as measured by cumulative
conversion of n-octane) was equivalent.
This condition can be taken as points of
intersection of curves in Fig. 1, correspond-
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Fi1G. 1. Effect of time on stream and catalyst to feed
ratio for conversion of n-octane on HY and HZSM-5
at 400°C. Catalyst to feed ratio: On HY, O = 0.0101,
<O = 0.0579, O = 0.0900; on HZSM-5: B = 0.0101,
¢ = 0.0179, @ = 0.0310.

ing to a specific time on stream. Four such
points have been identified in that figure.
These have been labeled LC!1 and LC2 (cor-
responding to low conversion at two distinct
values of time on stream) and MC1 and MC2
(corresponding to medium conversion lev-
els). Taking conditions at each of these four
points in turn, we have compared the behav-
ior of individual catalysts (HY and HZSM-
5) with that of various combinations of the
zeolites always using the same time on
stream, the amount of n-octane feedstock,
and the amount of catalyst introduced. At
low conversions of n-octane, it is also valid
to state that the individual catalyst to re-
actant values are approximately equal to
those presented to the isolated catalysts.
This assumption of course becomes less
valid as levels of conversion are increased.
We have therefore restricted our study to
low and medium conversion (<20%). It
should be noted that the results obtained
herein are obtained using a fixed bed reactor
with integral averaged conversion. This is
quite distinct from the industrial case, in
which deactivated catalysts convert prod-
ucts and never actually contact the feed.
Three types of combinations of zeolites
were selected for study. The first combina-
tion consisted of HY followed by HZSM-5
in sequence in the reactor, designated [Y —
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Z]. The second combination, [Z — Y], used
a sequence in the reverse order. The third
combination consisted of a random mixture
of HY and HZSM-5, designated [RAN-
DOM], and this would correspond to the
combination used in most previous investi-
gations using gas—oil mixtures (/3-2/). Ta-
ble I shows the total conversion of n-octane
corresponding to each of the four points
L.C1, LC2, MC1, and MC2. In each case, as
expected, the conversion of n-octane with a
catalyst combination is greater than that on
an individual zeolite, but the total conver-
sion is always less than the sum of the indi-
vidual conversions, designated by (Y + Z).
The difference observed lies in the fact that
for second order reactions as is the case for
catalytic cracking, the crackability (defined
as conversion/(100-conversion)) is additive
and not the conversion (29). This may be
expected, considering that doubling the cat-
alyst to feed ratios for any given catalyst
generally produces less than twice the con-
version (30). Alternatively, for a sequential
mixture of zeolites, it could be inferred that
the products from reactions on the first com-
ponent may cause more rapid aging than the
reactant itself. In Table 1, (Y] and [Z] refer
to the conversion of n-octane on the individ-
ual faujasite and pentasil catalysts, respec-
tively, using identical amounts of catalysts
and times on stream as for each of the cata-
lyst combinations reported.

Product Distributions on
Individual Catalysts

Product distributions from reactions of
n-octane on HY and HZSM-5 at 400°C at
equivalent levels of conversion are shown in
Fig. 2. Distributions from cracking of linear
paraffins on individual HY and HZSM-5 cat-
alysts have been previously reported (2, 37).
It is apparent that acyclic olefins and paraf-
fins are the dominant products. The maxi-
mum in the distribution of total hydrocar-
bons was shifted to lower molecular size on
HZSM-5 relative to that on HY in each case
examined (2, 3/) as illustrated for LC1 in
Fig. 2a. A similar trend was observed con-
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TABLE 1

Observed and Calculated Conversions of n-Octane on Zeolites at 400°C

Run conditions

Percentage conversion for catalyst configurations

Y] [Z) & + Z) Y - Z] [Z*)¢ [Z— Y] [Y*)* {RANDOM]
LCt 6.5 70 3.5 i3 5.3 10.2 32 3.4
LC2 7.9 8.0 15.9 10.6 2.7 9.7 1.7 11.2
MCl1 17.1 17.0 34.1 30.6 13.5 22.4 5.4 33.5
MC2 6.9 8.0 34.9 29.1 12.2 21.6 3.6 32.1

# [Z*) and [Y*) give the calculated conversion of n-octane on the second component of the |Y — Z) and [Z —

Y]. respectively.

sidering the distributions of saturated prod-
ucts according to carbon number (Fig. 2b),
In particular, it can be seen that at the same
levels of n-octane conversion, C,, C,, and
C, paraffins are formed in greater abundance
on HZSM-5 compared to HY. Figure 2¢
shows that the abundance of olefinic prod-
ucts on HY is lower than that on HZSM-
5. This can be explained in terms of the

increased tendency toward hydrogen trans-
fer processes on the faujasite compared to
the medium pore pentasil (/9). This is also
revealed by the much higher tendency to
produce aromatic products on HY, as illus-
trated in Fig. 2d.

Figures 3 and 4 show the ratios of
branched to linear (B/L) isomers for product
C,~C, paraffins and C, and C; olefins, re-

Product Distributions on HY and HZSM-5 ([l = HY ; = HZSM-5)
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F1G. 2. Product distributions from catalytic reaction of n-octane on HY and HZSM-5 at 400°C.
(Representative examples from conditions LC1, LC2, MC1, and MC2). (a) Total hydrocarbons (LC1),
(b) paraffins (LC2), (c) olefins (MC2), (d) Aromatics (MC1).
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F1G. 3. Ratios of branched to linear paraffins (C,-C,) from individual catalysts and catalyst combina-

tions. {a) LCL. (b) LC2, (¢) MCI, (d) MC2.

spectively. It is apparent that for reaction of
n-octane on the individual zeolites (Fig. 3)
there are significant differences in the
branched to linear ratios of paraffin prod-
ucts. Branched paraffins are dominant on
HY while the linear isomers are preferen-
tially formed on HZSM-S (6). Figure 4
shows that for C, and C; olefins the
branched to linear ratios show less variation
than for the corresponding saturated prod-
ucts, with values generally in the range 1 to
2.5. It can be seen that there is a higher
tendency to form branched C, olefins on
HZSM-5 (B/L ratios 1.38-1.46) compared to
HY (B/L ratios 0.92-1.02). A similar trend
is also found for the Cs olefins. Ratios of
branched to linear isomers for products
formed on combinations of catalysts are also
shown in Figs. 3 and 4, and these are dis-
cussed in subsequent sections.

Reactions on Sequential HY Followed by
HZSM-5

The total conversions of n-octane when
passed over HY together with HZSM-5 are
given in Table 1. In each case (LCI, LC2,
MC1, and MC2), knowing the conversion of
n-octane under the same conditions without
the presence of HZSM-S, it is possible to
calculate the total converston of #-octane on
the pentasil component, designated {Z*] in
Table 1. In the first instance, it can be as-
sumed that product distributions from reac-
tion of n-octane on HZSM-5 on the combi-
nation [Y — Z} are the same as those
observed on HZSM-5 alone. Taking into ac-
count the calculated conversion of #-octane
on each zeolite component of the sequence,
it is then possible to compute predicted dis-
tributions of products for reaction on the
catalyst sequence [Y — Z]. These predicted
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FiG. 4. Ratios of branched to linear olefins (C; and Cs) from individual catalysts and catalyst

combinations. (a) LCI, (b) LC2. (¢) MC1. (d) MC2

distributions assume that only n-octane re-
acts on the second catalyst component of
the sequence (in this case, HZSM-S) and
that the catalyst reaction products formed
on HY pass through the pentasil unchanged.
These predicted product distributions are
designated [Y — Z]*. By comrparing these
predicted distributions with those actually
observed, it is possible to infer the extent
to which the assumptions made, concerning
the interactions on the second zeolite, are
correct. Variations between observed and
predicted distributions can then be ex-
plained in terms of interactions and addi-
tional reaction processes.

Figures 5-8 show comparison between
observed and predicted distributions (i.e.,
{Y — Z] and [Y — Z]*) corresponding to
each of the four reaction conditions. Sepa-
rate comparisons have been made for total
hydrocarbons (Fig. 5), paraffins (Fig. 6), ole-

fins (Fig. 7), and aromatics (Fig. 8). Inspec-
tion of Fig. 5 clearly shows that the observed
distributions for total hydrocarbons pro-
duced are generally well represented by the
predicted values.

Comparison between the observed and
the predicted values of C,, C,, and C; paraf-
fins (Fig. 6) shows that in every case, exten-
sive hydrogen transfer processes, which
would lead to significant additional paraffins
in this range, do not occur on ZSM-5. This
is confirmed by a similar inspection of the
results for the corresponding olefins (Fig. 7),
which does not reveal extensive depletion of
olefins present within the distribution. Fur-
ther inspection of this figure shows that
while C, and C, olefins are very close to
predicted values, there are losses in C; ole-
fins, with gains in Cs, C., and C; olefins,
while higher olefins were not detected.
These observations can be explained by as-
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FiG. 5. Total hydrocarbon distributions from catalytic reaction of n-octane on the sequential catalyst
[Y — Z]. (a) LCI, (b) LC2, (c) MC1, (d) MC2.
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F1G. 6. Paraffin distributions from catalytic reaction of n-octane on the sequential catalyst [Y — Z].
(a) LCL, (b) LC2, (c) MCI, (d) MC2.
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FiG. 7. Olefin distributions from catalytic reaction of n-octane on the sequential catalysts |Y — Z].
(a) LCI. (b) LC2, (c) MC1, (d) MC2.
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F1G. 8. Aromatic distributions from catalytic reaction of n-octane on the sequential catalyst [Y —
Z1. (a) LCI, (b) LC2, (¢) MC1. (d} MC2,
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suming that the olefins produced on ZSM-5
from cracking of n-octane, and those enter-
ing as products from reactions on HY, can
participate in a dimerization-cracking pro-
cess (32, 33), which can result in a redistn-
bution of the olfein species present. These
processes eventually result in a net loss in
propylene, net gains in Cs, C, and C; ole-
fins, and little net change in the butenes.
Figure 4 shows that the ratios of branched
to linear C, and C; olefins for [Y — Z] are
close to predicted values ([Y — Z]*), with
the observed ratios consistently slightly
larger than those obtained by calculation.
This indicates that while the dimerization-
cracking processes may alter the distribu-
tion of molecular size of olefins present,
there is little net influence on isomer distri-
bution at each carbon number. The consis-
tent agreement between observed and pre-
dicted values for the proportion of ethylene
may suggest that the C, olefin does not ex-
tensively participate in the dimerization pro-
cesses, possibly due to instability of the C,
carbenium ion.

Once formed, a carbenium ion produced
from a dimerization processes can crack via
B-scission processes, to give smaller olefins,
or desorb directly as a C, or C; olefin. Alter-
natively, cyclization can lead to formation
of additional aromatic species. From Fig. 8,
it is evident that, in particular, the amount
of benzene produced on this sequential com-
bination is higher than that predicted by sim-
ple addition of the distributions. At the same
time Fig. 6 shows consistently higher values
for production of C, and C, paraffins than
predicted. Possibly some C¢ and C, carbe-
nium ions are available for hydrogenation
during concurrent formation of aromatics,
and these give rise to the saturated products.
The depletion in Cy paraffins as shown in
Fig. 6 can be explained in terms of the insta-
bility of the corresponding carbenium ion
(i.e., it cracks before it can either desorb as
an olefin or participate in hydrogen transfer
to produce a Cy paraffin).

Figure 3 shows that the ratios of branched
to linear C, paraffins for the combination
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[Y — Z] are lower than those predicted on
the basis of simple addition of distributions,
LY — Z]*. However, if it is assumed that
additional C, paraffins formed on HZSM-5
(Fig. 6) by hydrogen transfer are predomi-
nantly linear, the observed branched to lin-
ear ratios can be rationalized. The observed
and predicted values of these ratios are
given in Table 2. Adjusted values represent
the predicted values that have been recalcu-
lated to meet the observed values, based on
the assumption that any additional paraffins
are formed through hydrogen transfer pro-
cess, and any loss of paraffins can be attrib-
uted to selective cracking of branched satu-
rated isomers.

The total amounts of C;, C,, and C, paraf-
fins do not markedly differ from the pre-
dicted values, which assumes products
emerging from reaction on the Y zeolite are
unchanged on HZSM-5. The absence of ex-
tensive hydrogen transfer processes, which
could give rise to additional paraffin forma-
tion from oiefins produced on Y has already
been noted. The lack of additional small
cracking fragments (C, and C,) also suggests
that these paraffins do not undergo signifi-
cant cracking on passing through the pen-
tasil (Fig. 6). 1t is therefore interesting to
note that, in contrast to the corresponding
olefins, the ratios of branched to linear par-
affins for C, and C; are significantly lower
than predicted in each case by comparing
values obtained for [Y — Z} and Y — Z}*
in Fig. 3.

In contrast to the C, paraffin isomers pre-
viously discussed, the required adjustment
in the branched to linear isomer ratio in fa-
vor of linear C, and C saturated products
to coincide with the observed distributions
cannot be explained merely in terms of hy-
drogen transfer with selective production of
linear paraffins. In the cases where addi-
tional paraffins are observed, (Fig. 6, LCI
and LC2) the amounts are insufficient to
account for the observed branched to linear
ratio, as illustrated in Table 2. In the other
cases (MCI and MCQC2), there is in fact an
apparent reduction in the amounts of C, and
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TABLE 2

Ratios of Branched to Linear Paraffins from the Catalytic Reaction of n-Octane on the Sequential Catalysts
{Y — Z) at 400°C

Rin conditions C, Cq C,
Observed Predicted Adjusted Observed Predicted Adjusted Observed Predicted  Adjusted
LC1 1.26 1.28 0.55¢ 0.98 1.38 0.90¢ 0.59 0.79 0.62¢
LC2 1.17 2.15 1.21¢ 1.12 2.50 2,13 0.64 1.05 0.92¢
MC1 L19 3.53 118 1.44 2.39 2,13 0.89 L7 1.08%
MC2 1.72 2.34 0.82¢ 1.30 2.47 2.35% 0.75 1.29 0.96"

« Calculation assumes excess paraffins formed by selective hydrogen transfer to give linear paraffins.
# Calculation assumes loss of paraffins through selective cracking of branched isomers.

C; paraffins formed. Neither can the ob-
served branched to linear ratios for C, and
C, paraffins after contact with HZSM-5 be
explained easily by selective cracking of the
branched saturated isomers. Cracking reac-
tions of small branched paraffins such as
isobutane and isopentane on HZSM-5
(34-36) give high selectivity toward forma-
tion of C, and C, fragments, whereas Fig.
6 shows that additional amounts of these
products are not observed.

It appears that in order to explain the ob-
served branched to linear ratios for C, and
C; paraffins, isomerization of the branched
paraffins must occur on HZSM-5. However,
previous studies of reactions of individual
branched paraffins on HZSM-5 show that
the predominant reaction process is crack-
ing rather than isomerization, as shown in
Table 3. For example, reaction of isobutane

(34, 36) on HZSM-S at 400°C shows a selec-
tivity for formation of n-butane of less than
20%. In our study, reaction of 2-methylpen-
tane at 400°C shows a selectivity of 0.4%
for production of n-hexane. These results
suggest that isomerization rather than
cracking becomes the preferred reaction
mode when the feed contains a high propor-
tion of olefins. The isomerization of
branched paraffins on HZSM-5 represents
the first significant difference between pre-
dicted and observed behavior.

Other reported investigations, particu-
larly with isobutane, have shown that a sig-
nificant selectivity for paraffin isomerization
to produce n-butane is observed for reac-
tions on Y zeolites in some cases (37). High
selectivities toward isomerization have
been observed using solid superacid cata-
lysts (38, 39), in particular for catalysts re-

TABLE 3

Selectivities of Cracking and Isomerization of Branched Paraffins on HZSM-5

Feed Temperature (°C) Selectivity Reference
Cracking  Total isomerization Isomerization to
linear isomer

Isobutane 400 1.0 0 0 (34)
[sobutane 500 0.95 0.5 0.5 34)
Isobutane 400 0.83 0.17 0.17 (36)
2-Methylpentane 500 0.967 0.025 0 28)
3-Methylpentane 500 0.922 0.066 0 (28)
2-Methylpentane 400 0.960 0.040 0.004 This study
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ported to have an appropriate balance in the
amounts of strong Brgnsted and Lewis acid
sites. It is possible that the change in selec-
tivity in favor of isomerization of branched
paraffins for the system under present con-
sideration may be associated with formation
of Lewis sites due to adsorption of product
olefins at Bronsted sites in HZSM-S. Lewis
acid sites alone do not appear to be active in
most hydrocarbon transformations (40—-43).
However, coupling of Lewis sites and
Brensted sites can apparently result in sig-
nificant changes in both acidity (4/) and ac-
tivity.

The second significant difference between
observed and predicted distributions for the
sequence [Y — Z] relates to the amounts of
methane and ethane formed (Fig. 6). In each
case, it is apparent that there is significantly
less of these C, and C, fragments observed
than would be predicted by addition of indi-
vidual distributions. Again, it can be in-
ferred that reactions of n-octane on HZSM-
S are perturbed when the feedstock contains
a significant proportion of olefins. The ob-
served reductions in methane and ethane
are consistent with the proposal (44) that the
cracking pathway via direct protonation of
the paraffin becomes less significant in the
presence of olefins, in favor of a bimolecular
cracking mechanism. This reasoning can ex-
plain the reduction in the proportion of eth-
ane formed (Fig. 6). For methane, however,
the absolute amounts present after the prod-
uct mixtures emerge from reactions on the
sequence |[Y — Z] is less than that entering
the HZSM-35 stage of the sequence (Fig. 9).
This implies not only that there is a reduc-
tion in cracking processes via protonation
yielding methane, but that now there is also
evidence for reaction of methane itself on
this catalyst to form other products. This is
unexpected, as methane is generally re-
garded as a stable product of cracking.

It has been shown that although higher
paraffins (>C,) can undergo reaction over
HZSM-5, methane and ethane are them-
selves unreactive when passed through the
catalyst as a pure feedstock (45). The pres-
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ent results show, however, that it is possible
for methane to be converted into other prod-
ucts when passed over a zeolite catalyst in
the presence of other hydrocarbons. Recent
studies (46—48) have shown that methane
and ethylene can undergo coupling reac-
tions to produce higher hydrocarbons on
solid superacid catalysts, and it is possible
that our observed losses in methane and eth-
ane are due to coupling reactions involving
unsaturated species. Alternatively, it is pos-
sible that methane may be involved in a re-
versible reaction in which interaction with
an adsorbed carbenium ion at a Brgnsted
site produces a pentacoordinated carbo-
nium ion, as proposed by Kanai et al. (49).
The results presented for the sequential
catalyst [Y — Z] corresponding to the four
conditions show that the general conclu-
sions are independent of time on stream and
conversion levels. This was also found to be
the case for the combinations discussed in
subsequent sections. However, due to
space limitations, results presented in the
following sections are representative.

Reaction on Sequential HZSM-5 Followed
by HY

Examples of observed product distribu-
tions for reaction of n-octane on the zeolite
sequence |[Z — Y] are presented in Figs. 10
and 11. As for the previous catalyst se-
quence, predicted distributions are also pre-
sented ([Y — Z]*), using conversions in Ta-
ble 1 and the appropriate distributions of
products on individual zeolites as illustrated
in Fig. 2. As for the [ Y — Z] sequence, the
predicted distributions of total hydrocar-
bons according to carbon number also pro-
vide reasonable approximations to the ob-
served values, as shown in Fig. 10. Again,
it is possible to focus on differences in the
various observed and predicted product dis-
tributions, particularly those for paraffins,
olefins, and aromatics, to describe any pos-
sible additional reactions and interactions as
products formed on HZSM-5 pass over the
Y zeolite.

A feature which is apparent from inspec-
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Methane and Ethane ( B = Methane ; Z = Ethane)

HY HZSM-5 1Y->Z)

100 + c) MC1

ABSOLUTE MOLES ( X 104)

70 + b) LC2

CATALYST CONFIGURATIONS

F1G. 9. Molar amounts of methane and ethane produced from catalytic reaction of n-octane at 400°C.

(a) LC1, (b) LC2, (c) MC1, (d) MC2.

tion of these distributions is that the
amounts of C;-C, paraffins are generally in
excess of the predicted values, as illustrated
in Fig. 10b. In contrast, the observed
amounts of olefins in this range are signifi-
cantly less than those predicted (Fig. 10c).
This is indicative of significant additional
hydrogen transfer processes occurring on
the Y zeolite, particularly involving product
olefins formed on the HZSM-S. For this cat-
alyst configuration, the extent of these pro-
cesses is, in fact, sufficient to explain the
observed branched to linear ratios for paraf-
fins in the range C,—C,, as shown in Fig. 3,
by comparing the results obtained on the
sequences [Z — Y] and [Z— Y]*. The pre-
dicted ratios are lower than those actually
observed on the assumption that products
formed on the ZSM-5 pass through the Y
zeolite unchanged. Table 4 shows the lim-
iting adjusted values of these ratios, assum-
ing that all additional C,, Cs, and C, paraf-
fins formed on HY through hydrogen
transfer to olefins result in formation of the

corresponding branched saturated isomers.
In all cases, the ad,usted values are already
higher than the corresponding observed
value, so that it is not necessary here to
invoke a paraffin isomerization process on
the faujasite, as proposed for reaction on the
pentasil for the [Y — Z] sequence previously
discussed.

Figure 11 shows that there is significant
additional formation of aromatics using the
{Z — Y] sequence, shown here for LC1 and
MC?2, comparing calculated values for sim-
ple addition of product distributions. This
can be rationalized in terms of reactions of
olefinic species formed on the HZSM-5 in
the first stage of the sequence, through cycli-
zation and hydrogen transfer processes on
HY 1o produce aromatic species as well as
the saturated products already discussed.
Figure 4 shows that the observed branched
to linear ratios for Cs olefins are very close
to the predicted values, while the observed
ratios for the C, olefins are generally some-
what lower than those predicted. This may
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Product Distributions on [Z—®Y| ( B§ = OBSERVED; = PREDICTED)
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FiG. 10. Product distributions from catalytic reaction of n-octane on the sequential catalyst {Z — Y|
at MC2; (a) Total hydrocarbons, (b) paraffins, (¢) olefins.

be explained by assuming that the hydrogen
transfer process occurring on the faujasite
was selectively directed toward the
branched C, olefins yielding branched iso-
mers of the corresponding paraffins. This
assumption was fairly well justified by the
excess C, paraffins observed compared to
predicted values (Fig. 10b) and the larger
observed ratios of branched to linear iso-
mers of C,, Cs, and C, paraffins (Fig. 3).
As noted previously for reaction on the
sequence [Y — ZJ], reaction of n-octane on
the sequence [Z — Y] also shows an inter-
esting result for formation of methane and

ethane (Fig. 10b). There is consistently less
of the C, and C, paraffin fragments observed
then predicted by calculation. Figure 9
shows that, as for methane on the catalyst
sequence |Y — Z] catalyst, these reductions
are not simply due to reduced C, and C,
paraffin formation on the second catalyst of
the sequence, but an actual reduction in the
amounts finally emerging due to reactions
on the Y zeolite. Again, it seems that meth-
ane and ethane undergo reaction with other
hydrocarbons when the mixture comes into
contact with the second catalyst compo-
nent. Therefore it can be concluded that it
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Aromatic Distributions on [Z—*Y] (B = OBSERVED ;[ = PREDICTED)
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FiG. 1. Aromatic distributions from catalytic reaction of z-octane on the sequential catalyst |[Z —

Y|: (a) olefins (LC1), (b) aromatics (MC2).

is not the specific type of zeolite that is re-
sponsible for this observed phenomenon,
but rather the influence of other hydrocar-
bons present in the mixture.

Reactions on Random Mixtures of HY
and HZSM-5

The random mixtures of HY and HZSM-
5 used corresponded to amounts of HY and
HZSM-35 which produced equal conversions
of n-octane under the same conditions. The
total conversions of n-octane observed for
reaction on these random mixtures of cata-
lysts are given in Table 1. It was found that
a simple averaging of distributions for total
products on the individual catalysts ac-
cording to carbon number again provides a

very reasonable representation of the ob-
served distribution (Fig. 12a). This shows
that, as for the sequential combinations pre-
viously considered, the overall distribution
of total hydrocarbon products by carbon
number is well represented by the sum of
the individual contributions on the isolated
catalysts. It might be thought that a random
mixture of particles of HY and HZSM-5
could be regarded as a large number of re-
peated [Y — Z] and [Z — Y] sequences. If
that were the case, then we might expect the
overall effect to result in a summation of the
influences already discussed in the simple
binary sequences.

Figure 12b shows that the observed
amounts of paraffins in the range of C,-C,
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TABLE 4

Ratios of Branched to Linear Paraffins from the Catalytic Reaction of n-Octane on the

Sequential Catalysts

[Z — Y] at 400°C

Run conditions

Branched to linear ratios

C, C. C,

Observed Predicted Adjusted Observed Predicted Adjusted Observed Predicted Adjusted
LCI 1.46 0.83 2.24 1.07 0.79 1.59 0.74 0.51 1.09
LC2 1.69 0.69 2.59 2.33 0.69 2.85 1.20 0.35 1.58
MC1] 2.44 0.78 3.05 2.42 0.69 3.45 1.41 0.44 2.16
MC2 1.83 0.82 3.22 1.78 0.54 1.82 1.17 0.41 1.14

are in excess of predicted values. This can
again be correlated with reduced amounts
of olefins (Fig. 12¢) and increased amounts
of aromatics (Fig. 12d). This appears to
show that HZSM-5 does not suppress the
hydrogen transfer process occurring on HY
(19). Rather, the excess formation of small
olefins observed by addition of HZSM-5 to

a 'Y cracking catalyst is for the direct contri-
bution of olefin products from reaction on
the pentasil. An indication of the related
tendency to undergo hydrogen transfer is
provided by paraffin to olefin ratios at simi-
lar conversion levels. Ratios are presented
in Table 5 corresponding to C,, Cs, and C,
for the three binary catalyst systems. It is

Product Distributions on Random Mixtures (§ = OBSERVED ; 4 = PREDICTED)
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F1G. 12. Product distributions from catalytic reaction of #-octane on the random mixture of HY and
HZSM-5 at MCI,; (a) total hydrocarbons (b) paraffins, (c) olefins (d) aromatics.
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TABLE 5

Paraffin to Olefin Ratios from Catalytic Reaction of n-Octane on Combinations of HY and HZSM-S, at 400°C

Run conditions: Catalyst configurations

Paraffin to olefin ratio

LCI MCI
C, C, C, C, C, C,
Y — Z] 1.02 0.91 0.89 1.60 1.48 0.93
[RANDOM] 1.14 1.08 1.39 2.33 2.30 1.96
(Z — Y] 118 1.21 1.9 3.03 4.00 4.76

apparent that values are highest for the
|Z — Y] sequence, lowest for the [Y — Z]
combination, and intermediate for [RAN-
DOM] mixtures.

For the random mixtures, the ratios of
branched to linear olefins (Fig. 4) are close
to predicted values given by [RANDOM]J*,
A comparison of these ratios for all systems
studied shows that the variations in ob-
served values are not large, with somewhat
higher values for the [Y — Z] sequence than
for either [Z — Y] or [RANDOM]. Figure 3
shows much more overall variation in
branched to linear ratios for saturated prod-
ucts, depending on the particular catalyst
or catalyst combination. The observed
branched to linear ratios for paraffins on the
mixture [RANDOM] are consistently
smaller than the predicted values
{RANDOMI]* as given in Table 6.

Figure 12b shows that the proportions of
methane and ethane produced on a random
mixture of HY and HZSM-5 are less than
those predicted. Figure 9 shows that the ac-
tual amounts of these products lie between
those detected from reaction on the individ-
ual catalysts. In contrast to the sequential
combinations, the amount of methane
formed is not reduced below that formed on
HY itself.

The results reported herein are in conflict
with those of Buchanan (22), who suggests
that the cracking of n-octane on ZSM-5
alone is negligible. We find significant reac-
tion of the linear feedstock, in accord with
previous studies (42). Such differences can
be attributed to the use of different reaction
conditions. The conclusions with regards to
the pentasil additive acting to enhance isom-
erization processes, particularly for olefinic

TABLE 6

Ratios of Branched to Linear Paraffins from the Catalytic Reaction of n-Octane on the Random Mixture of
HY and HZSM-5 [RANDOM] at 400°C

Run conditions

Branched to lincar ratios

C, Cs C,
Observed  Predicted Adjusted Observed Predicted Adjusted Observed Predicted  Adjusted
LC1 0.68 0.78 0.47¢ 0.99 1.59 1.34¢ 1.43 1.35 2.2%
LC2 0.65 0.72 0.34" 0.96 [.72 0.67" .18 [.55 1.04"
MCl1 1.06 1.13 0.88 l.61 291 1.93¢ 2.2 291 0.63¢
MC2 0.93 1.20 1.14% 1.40 3.04 1.97¢ 211 318 0.67¢

“ Calculation assumes excess paraffins formed by selective hydrogen transfer to give linear paraffins.
» Calculation assumes loss of paraffins through selective cracking of branched isomers.
« Calculation assumes excess paraffins formed by selective hydrogen transfer to give branched paraffins.
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species, are however in accordance with
those made by Buchanan (22).

CONCLUSION

Overall distributions of cracking products
by carbon number from reaction of a linear
paraffin on combinations of HY and HZSM-
5 can be reasonably described by the addi-
tion of product distributions on individual
catalysts, weighted according to the relative
amounts present. The observed distribu-
tions of paraffins, olefins, and aromatics
composing a product group at any particular
carbon number show more widespread devi-
ations from calculated product ratios. This
arises particularly from hydrogen transfer
processes which occur on the faujasite,
leading to more extensive formation of par-
affins and aromatics at the expense of
olefins.

Isomerization reactions of both olefin and
paraffin cracking products are promoted by
the presence of HZSM-5. The presence of
the pentasil produces higher concentrations
of branched olefin isomers. There is also
evidence that preferential isomerization of
branched paraffins can occur when high
concentrations of product olefins are also
present, whereas cracking is favored at low
olefin concentrations.

The latter observation demonstrates that
the behavior of a particular reactant within
a complex mixture may not be easily pre-
dictable from studies where that reactant is
introduced as a pure feedstock. This also
applies to the observed disappearance of
ethane and methane when contacted with a
fresh zeolite sample as a minor component
of a complex hydrocarbon mixture.
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