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n-Heptane has been cracked on a CIT-1 zeolite which has con-
nected 12- and 10-member ring (MR) channels, and its behavior
was compared with that of MCM-22 with nonconnected 12- and
10-MR channels, and SSZ-24 and BETA with unidirectional and
tridirectional 12-MR channels, respectively. The kinetic rate con-
stant is highest for CIT-1, and the decay constant is lowest. From
the selectivity point of view, its behavior can be better represented
by a system with large cavities (the intersections between the 12-
and 10-MR) connected by windows. This gives a behavior typical of
that of large pore zeolites. CIT-1 produces a remarkably high selec-
tivity to i-Cy4, and specially to isobutane. This zeolite shows promise
as an additive in FCC operations.  © 1997 Academic Press

INTRODUCTION

Among the different types of solid acid catalysts, zeolites
have proven to be particularly useful for carrying out cata-
lytic transformation of hydrocarbons of commercial inter-
est in the fields of oil refining, petrochemistry, and chemical
production. One reason for their success is the possibility
of modulating the Brgnsted acid strength which then can
be adapted to the acidity needed for a particular reaction.
While the control of the surface acidity is important, even
more important in the case of zeolites is the possibility of
controlling product selectivity by an adequate dimensional-
ization of their pores and cavities. These geometrical effects
have been covered by the so-called shape selectivity effects
inmicroporous solid catalysts (1, 2). If one adds to the above
properties, the fact that zeolites are thermally stable, have
high adsorption capacities, and are able to preactivate reac-
tant molecules due to the presence of strong electric fields
(3) and electronic confinement effects (4) within the micro-
pores, one can understand their success as acid catalysts.

As was indicated above, changes in size and dimension-
ality of pores have been quite useful for decreasing product
selectivities based on molecular sieve effects and on geo-

1 To whom correspondence should be addressed.

metrical restrictions for formation of some transition states
leading to undesired products. On these bases, processes
such as selective cracking, isodewaxing, aromatic alkyla-
tion, and alkylaromatic disproportionations (5-10) have
been successfully developed.

Until recently, only structures with either 10- or 12-
member ring channels and cavities with either uni- or mul-
tidirectional topologies were synthesized. However, it was
realized that from a fundamental as well as from an applied
point of view, it could be of great interest to synthesize struc-
tures containing both 12- and 10-member rings in the same
structure. Very recently, zeolite MCM-22 was reported as
having both 10- and 12-member ring (MR) channels, but
they were independent and molecules cannot go from one
channel system to the other (11, 12). Another zeolite, NU-
87, has pores with 10- and 12-MR which are connected, but
only the 10-MR pores are open to the exterior.

Finally, there are other recently reported structures, such
as SSZ-33 (13), SSZ-26 (14), and CIT-1 (15), which have
connected 12- and 10-MR channels. There is no doubt that
a system of pores like this should present special selectiv-
ity features for hydrocarbon reactions, taking into account
the expected diffusion peculiarities as well as the geome-
try of the void spaces generated. In some way they can fill
the gap existing between bidirectional 10-MR zeolites such
as ZSM-5, unidirectional 12-MR such as SSZ-24, Morden-
ite, Omega, or L zeolites, and finally tridirectional 12-MR
zeolites such as BETA.

In the present work we have studied the catalytic crack-
ing of n-heptane on a 12/10-MR zeolite (CIT-1) and the
results are compared with those obtained on a zeolite with
nonconnected 12- and 10-MR channels such (MCM-22),
with those from a 12-MR unidirectional zeolite with a pore
diameter very close to that of the 12-MR channels in the
CIT-1 sample (SSZ-24), and finally with those of a 12-MR
tridirectional zeolite such as BETA. The influence of pore
geometry and site density on cracking parameters such as
olefin/paraffin, C,/Cs, C3/C4 ratios, propylene, butenes, and
branched to unbranched products is discussed.
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TABLE 1
Physical Properties of the Zeolites Used in This Study

SilAl Crystal size Surface area Pore volume
Catalyst ratio (pem) (m?g) (N2) (cegh)
CIT-1 445 1-3 500 0.20
SSZ-24 295 05x3 300 0.12
MCM-22 15 0.38 400 0.17
BETA 16 0.20 600 0.24
EXPERIMENTAL
Materials

Samples of the different zeolites [CIT-1 (15), SSZ-24 (16),
MCM-22 (17), and BETA (18)] were synthesized follow-
ing the procedures described in the literature. CIT-1 the
physicochemical characteristics of the zeolites are included
in Table 1.

NMR Characterization

Solid state 2’Al and 2°Si NMR spectra were recorded
under magic angle spinning (MAS) at ambient tempera-
ture on a Varian VXR-400 WB spectrometer and 104.2 and
79.5 MHz, respectively. The 2Si spectra, both Bloch-decay
and cross-polarization from *H, were recorded with a 5-mm
Varian probe. 2’ Al NMR was measured with a 7-mm Var-
ian probe. The acquisition parameters are given in Table 2.
The ?°Si spectra were deconvoluted using standard Varian
software.

Acidity Measurements

Room-temperature IR spectra were recorded with a
Nicolet 710 FT-IR spectrometer from zeolite wafers
(10 mg - cm~2) mounted in a vacuum cell. Pretreatment of
zeolites was performed in the cell at 673 K and vacuum
(10~2 Pa) overnight. For the adsorption/desorption studies,
pyridine vapor (6 x 10? Pa) was adsorbed onto the zeolite.

TABLE 2
MAS NMR Experimental Conditions

Flip angle Recycle delay MAS rate
Resonance  Pulse (us) (rad) (s) (kHz)
MAS

ZA 0.3 7120 0.5 7

Bgj 4.7 37/8 60 5
/2 pulse Contact time

(us) (ms)

CP/MAS

2g;j 6.5 4.0 3 5
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The excess of pyridine was removed in vacuum over three
consecutive (1 h) periods of heating at 523, 623, and 673 K,
each of them followed by IR measurements.

Catalytic Experiments

Catalytic experiments were performed in a fixed-bed
glass tubular reactor (30 x 1.6 cm i.d.) with an indepen-
dently controlled three-zone heater (19). All reactions were
carried out at 723 K and atmospheric pressure. Prior to each
experiment the catalyst was purged in the reactor for 15 min
with nitrogen at reaction temperature. After that n-heptane
was pumped through the reactor at a constant rate. The
catalyst-to-oil ratios (cat/oil) were varied between 0.00625
and 0.05 g-g~* for CIT-1, 0.025 and 0.1 for MCM-22 cata-
lyst, 0.05 and 0.2 for SSZ-24 zeolite, and 0.0125 and 0.05 for
BETA. The cat/oil ratios were different for the four cata-
lysts in order to keep the same range of conversion level.
These cat/oil ratios were obtained by changing the amount
of catalyst in each case, and feeding a constant weight of
n-heptane (2.00 g). At each cat/oil ratio, experiments were
carried out at times on stream of 64, 160, 319, 638, and 1593
seconds. At the end of each run, the reactor was stripped
using N, for 10 min (15 cc-min~Y). During the duration
of the reaction and stripping, the liquid products were col-
lected in a glass receiver located at the exit of the reactor
which was refrigerated in a water—ice bath. Meanwhile, the
gaseous products were collected in a gas buret by water dis-
placement. After every run, the catalyst was regenerated by
passing air through the catalytic bed (50 cc - min~!) at 773 K
for 6 h.

Reaction products were analyzed by gas chromatography
(GC) ina Hewlett—Packard 5890 11 chromatograph. Liquid
products were analyzed using a DB-1 capillary column of
60 m connected to a flame ionization detector. Gaseous
products were analyzed using a 2-m silica gel plus Porapak
Q column and a thermal conductivity detector.

RESULTS AND DISCUSSION

Cracking Activity

The accumulated average conversion at different times
on stream and different catalyst-to-oil ratios (20) for the dif-
ferent zeolites are given in Fig. 1. From those values and us-
ing a pseudo-first-order kinetic model with a concentration-
dependent decay function (21),
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Experimental and calculated cumulative average conversion for zeolites used in this work. (a) CIT-1 catalyst: (A) 0.00625, (+) 0.01250,

() 0.02500, (O) catalyst to oil ratios. (b) MCM-22 catalyst: (A) 0.0250, ((J) 0.0500, () 0.1000 catalyst to oil ratios. (c) SSZ-24 catalyst: (A) 0.0500,
() 0.1000, (O) 0.2000 catalyst to oil ratios. (d) BETA catalyst: (A) 0.0125, ((J) 0.0250, () 0.0500, catalyst to oil ratios. Continuous lines are the fitted

curves.

the parameters k¢, Kmg, and m have been obtained and are
given in Table 3. Parameter k; is directly proportional
to the kinetic rate constant and therefore can be used to
compare the catalytic activity of the different zeolite cata-
lysts. From the results given in Table 3, it can be seen that

TABLE 3

Kinetic and Decay Parameters in Zeolites Used in This Study

Catalyst
CIT-1 MCM-22 SSZ-24 BETA

ki(m3.s71.kg™) 4.02x107%2 7.61x107° 441x10"° 273x107?
Kmd 0.1532 2.2539 0.4113 0.1703
m 1.8913 4.2886 1.9376 2.0404
kd (Al/(AI+Si))  1.8290 0.1218 1.3050 0.4368

(m®-s7t-kg™)
k/AIVIAIY 4si 2,25 0.139 1.50 0.6306

(m®-s7kg™)

CIT-1 zeolite is the most active catalyst, followed by zeolite
BETA, MCM-22, and finally SSZ-24. Taking into account
that n-heptane can easily diffuse in these structures (22),
differences in activity cannot be related with geometrical
factors but rather to the number and strength of the acid
sites. Thus, we have calculated the activity per Al site by
dividing parameter k; by the ratio Al/Al + Si. The results,
given in Table 3, indicate that the activity per site is much
largerinthe CIT-1and SSZ-24 zeolites. However, the above
calculation presupposes that all Al in the zeolite is in frame-
work positions, something that itis not necessarly true. Thus
we have checked if all the Al was in a tetrahedral coordina-
tion, and the results from 2’ Al MAS NMR (Fig. 2) clearly
show that there part of Al is in an octahedral coordination;
consequently, we cannot calculate the activity per frame-
work Al by dividing the kinetic rate constant by the total Al
content of the zeolite. In a second step, we have carried out
the analysis of the samples by 2°Si MAS NMR (Fig. 3) and
from this the framework Si/Al ratios have been calculated
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FIG.2. ZAlMAS NMR spectra. The asterisks indicate spinning side-
bands.

(Table 4). However, it should be taken into account that
these values will also be approximations, since situations
involving one Si bonded to three Si and one hydroxyl are
not separated from those with three Si and one Al. In order
to see if we have, in this case, connectivity defects which can

CIT-1
Ccp
BD
T T T T T T T 1
-80 -100 -120 -140
& (ppm)
MCM-22
CP
BD
) T T T T T T 1
-80 -100 -120 -140
3 (ppm)
FIG. 3.
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TABLE 4
Calculated Framework Si/Al Ratios from NMR Data

SilAl SilAl
Sample (from 2Si) (from AI'V/AIVY
CIT-1 21.0 55
SSZ-24 58.0 38.4
MCM-22 17.6 17.3
BETA 14.6 22.1

lead to the above situation, cross polarization from H™* to
Si has been done (Fig. 3), and the results show that there are
Si with three Si and one OH which will be responssible for
an underestimation of the framework Si/Al ratio. Due to
this we have calculated the ratio of Al'V/AIV! from the Al
MAS NMR spectra, considering that by having the sam-
ples saturated with water all the AIV' is NMR-visible. From
these values the resultant framework Si/Al ratios have been
calculated, and the results are given in the last column of
Table 4. From these, the activity per framework Al has been
calculated and the results are given in Table 3. In order to ex-
plain the higher intrinsic cracking activity of the 12/10-MR
zeolite we have measured the population of the bridgingOH
group and the number of Brgnsted acid sites able to retain
pyridine at different desorption temperatures. The results
in Fig. 4 clearly indicate that the CIT sample has two bands
at ~3620 and ~3525 cm~! that can be named high- (HF)
and low-frequency (LF) bands, respectively. The presence
of HF and LF hydroxyls have been observed in other

SSZ-24
CP

BD
T T

T T T 1
-80 -100 -120 -140

8 (ppm)

Beta

CP

BD

T T T T T T T 1
-80 -100 -120 -140

3(ppm)

Bloch-decay (BD) and cross polarization (CP) 2°Si MAS NMR spectra.
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zeolites and zeotypes such as faujasite (23), SAPO 37
(24), SAPO-5 (25), and SAPO-40 (26), and assigned to
Brgnsted OH groups located in large pores or cavities
(HF), and in small cavities, in side pockets, and/or in a
pseudo H-bonding interaction with neighboring oxygen
atoms (LF). If this is so, and taking into account that
CIT-1 has no small cavities, one could hypothesize that the
low-frequency band could be related to hydroxyls in which
the H is in some type of side pocket, or interacting with
neighboring oxygen atoms through a pseudo H-bonding
type of interaction.

Concerning the strength of the acid sites, the IR spectra
in the pyridine region taken after desorption at increasing
temperatures (Fig. 4) clearly show that CIT-1 still has a
large amount of very strong acid sites, i.e., those retaining
pyridine at 673 K desorption temperature. The presence of
very strong acid sites in the case of CIT-1 zeolite can explain
the larger activity per site shown by this zeolite.

Catalyst Decay

The decay parameters obtained for the different zeolites
are given in Table 3. Similar decay orders are obtained in
samples CIT-1, SSZ-24, and BETA, and the values indicate
that a second-order decay with respect to the concentration
of active sites exists. The deactivation order for MCM-22
indicates a different mechanism for deactivation, and the
value is similar to that in a 10-MR system such as MFI.
With respect to the decay constant, very similar values are
found for CIT-1 and BETA, the value for SSZ-24 is higher,
indicating that SSZ-24 decays faster that BETA and CIT-1
zeolites. Thisisin keeping with the fact that smalleramounts
of coke are formed on the BETA and CIT-1 zeolites; more-
over, coke has a more deletorious effect on unidirectional
zeolites due to pore pluging.

Cracking Selectivity

Pure hydrocarbons have been used extensively to com-
pare the cracking activity of zeolite catalysts (27); it was
thought that the ranking obtained could be extrapolated to
the results one would obtain when carrying out the catalytic
cracking of gas/oil, and therefore that their relative activity
in FCC could be predicted. Unfortunately this was proven
not to be the case (28), and it was concluded that pure hy-
drocarbons could not be used to predict the relative FCC
activity of a series of zeolite catalysts. On the other hand it
was found (30) that the tendencies in selectivity features ob-
served with pure compounds can be extrapolated quite well
to the case of gas/oil feeds. Indeed, when n-paraffins and cy-
cloalkanes, such as n-heptane and methylcyclohexane, are
used as model compounds, selectivity parameters such as
olefin/paraffin, C,/Cs, C3/C4, CMR (Cracking mechanism
ratio), i-C4/n-C4, and i-Cs/n-Cs can be used to character-
ize the reactivity behavior of the catalysts from the point of
view of their ability to catalyze hydrogen transfer reactions,
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to produce dry gas, and in a more general way to produce
more or less protolytic cracking with respect to B-scission.
Taking these parameters into account, one should be able
to predict which catalyst can produce more olefins and less
C1+C; in the gas fraction and a higher research octane
number (RON) in the gasoline (33).

In our case, full selectivity curves for all products ob-
tained during cracking of n-heptane on CIT-1 are given in
Fig. 4. From the shape of the curves it can be said that
the primary and secondary products obtained on CIT-1 are
those expected from a large-pore zeolite.

From the selectivity curves and considering the primary
products, one can calculate the initial selectivities, and the
values obtained for all catalysts are given in Table 5. The
selectivity behavior of the different zeolites studied here
certainly can be discussed on the basis of these values.
However, we find it more relevant, to compare their perfor-
mance on the basis of a series of selected parameters which
give direct information not only on the cracking mecha-
nisms involved, but also as yard sticks to predict, on a com-

TABLES
Initial Selectivities Calculated by Measuring the Slope at
Origin in Fig. 5
Catalyst

Product CIT-1 MCM-22  SSZ-24 BETA
Methane — — — 0.0020
Ethane 0.0078 0.0346 0.0020 0.0039
Ethylene 0.0226 0.0558 0.0465 0.0507
Propane 0.4127 0.4068 0.3639 0.4712
Propylene 0.4538 0.5063 0.5400 0.4270
i-Butane 0.4100 0.3716 0.4856 0.3201
(i + 1)-Butenes 0.1637 0.2454 0.2098 0.2035
n-Butane 0.1335 0.1573 0.1026 0.1812
2-Butenes 0.0305 0.0487 0.0354 0.0481
i-Pentane 0.0361 0.0330 0.0424 0.0440
n-Pentane 0.0155 0.0148 0.0095 0.0273
n-Pentenes 0.0067 0.0119 0.0071 0.0117
i-Pentenes 0.0171 0.0264 0.0164 0.0267
2,3-Dimethylbutane 0.0028 0.0019 0.0032 0.0018
2-Methylpentane 0.0077 0.0050 0.0052 0.0064
3-Methylpentane 0.0042 0.0024 0.0031 0.0027
n-Hexane 0.0057 0.0044 0.0034 0.0105
Hexenes 0.0900 0.0081 0.0082 0.0084
2,4-Dimethylpentane 0.0017 — 0.0020 0.0016
Benzene 0.0024 0.0030 0.0016 0.0009
Cyclohexane 0.0019 0.0017 0.0021 0.0025
2-Methylhexane 0.0117 0.0113 0.0133 0.0165
2,3-Dimethylpentane 0.0019 — 0.0035 0.0011
3-Methylhexane 0.0087 0.0046 0.0082 0.0091
Heptenes 0.0037 0.0024 0.0055 0.0054
Toluene 0.0063 0.0061 0.0048 0.0063
Ethylbenzene 0.0008 — — 0.0008
m~, p-Xylene 0.0040 0.0023 0.0022 0.0064
o0-Xylene 0.0015 — — 0.0017
C9 aromatic fraction 0.0030 — 0.0030 0.0059
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TABLE 6

Parameters Selected to Compare the Behavior
of Different Zeolites

Catalyst
Ratio CIT-1 MCM-22 SSZ-24 BETA
Alkene/alkane 0.76 0.87 0.85 0.72
Cs/Cy 1.17 111 1.08 1.19
i-Cy/total C, 0.56 0.45 0.58 0.43
i-C4/n-Cy 3.07 2.36 4,74 1.77
i-Cs/n-Cs 2.33 2.24 4.44 1.61
(C1+Cy)i-Cy 0.07 0.24 0.10 0.18

parative basis, the behavior of these zeolites when used
as cracking catalysts or additives during gas/oil cracking
in FCC operations. The parameters considered and the
values obtained are given in Table 6. The olefin/paraffin
ratio obtained on the bases of initial selectivities follows
the order MCM-22 > SSZ-24 > CIT-1 > BETA. Inthe three
large-pore zeolites, i.e., SSZ-24, CIT-1, and BETA, the dif-
ferences should not be very large, and since in this case
there are no geometrical restrictions for bimolecular reac-
tions to occur, we relate those differences with the different
framework Si/Al ratio of samples. Indeed SSZ-24 has the
largest framework Si/Al ratio, followed by CIT-1and BETA
(Tables 1 and 4). This will show that from this point of view
the presence of 10-MR in CIT-1 has practically no influence
on catalytic behavior, indicating that the catalytic behavior
of this zeolite can be explained better by considering aseries
of large void spaces formed in the crossing point of the 12-
and 10-MR channels; communication between these spaces
occurs by way of 10- and 12-MR windows (30). However,
in the case of MCM-22 with a lower Si/Al ratio, a larger
olefin/paraffin ratio is obtained due to the presence of the
independent 10-MR channel system which presents sterical
hindrance for hydrogen transfer reactions to occur.

The C3/C,4 ratio shown by the zeolites is typical of large-
pore zeolites, and only the value for the SSZ-24 sample is
lower than expected. In the case of MCM-22 the behavior
is between that of 10- and 12-MR zeolites (12).

However, what really establishes a large difference be-
tween the zeolites is either the ratio of i-C,4 to total C4 or
the ratios i-C4/n-C4 and i-Cs/n-Cs. All three ratios are much
higher on SSZ-24 and CIT-1 zeolites. From a mechanistic
point of view, one can expect the i-C4 to be formed mainly
by B-scission of the bulky 2,2’-dimethylpentane and 2,4-
dimethylpentane carbenium ions. If this is so, one could, in
principle, correlate the ratio of i-C, to total C, with the di-
ameter of existing void space, i.e., diameter of the channel
in unidirectional zeolite, diameter of the void space gener-
ated in the crossing point of intersecting channels in mul-
tidirectional zeolites, and the diameter of zeolite cavities
when they exist. Indeed, when i-Cj/total C, is plotted ver-
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sus zeolite internal free space for a series of zeolites, a good
correlation with this parameter is observed (Fig. 4). In the
same curve it can be seen that both CIT-1 and SSZ-24 fall
well above the curve, and consequently well above any of
the previously tested zeolites. To explain these results, one
would have to assume that the g-scission plus hydride trans-
fer mechanism is more favored with respect to protolytic
cracking on CIT-1 and SSZ-24 than on BETA zeolite.

In order to verify this, we have calculated the cracking
mechanism ratio of the above zeolites. The cracking mech-
anism ratio (29) (CMR), given as the ratio of Cy + C,/i-Cy,
is a useful parameter to show the relative importance of
protolytic versus B-scission cracking. The larger the CMR
value, the larger the ratio of protolytic to B-scission crack-
ing. Taking this into account and from the values given in
Table 5, it is clear that the contribution of B-scission is
much larger in the case of CIT-1 and SSZ-24 than in the
case of BETA zeolite. This is even more true if one takes
into account that CIT-1 and SSZ-24 have larger framework
Si/Al ratios than BETA zeolite; it is known that the higher
the framework Si/Al ratio, the larger the ratio protolytic/
B-scission.

As was said above, isobutane can be formed by cracking
of 2,2’-Dimethylpentane followed by hydride transfer, and
also by hydrogenation of isobutene via hydrogen transfer,
as can be deduced from the unstable character of isobutene
shown in the corresponding selectivity curve. When the ra-
tio of isobutane to isobutene has been calculated from the
initial selectivities, it can be seen that this ratio is much
larger for CIT-1 and SSZ-24 than for BETA and MCM-22
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FIG. 6. Correlation of i-C4/total C, ratio versus void space in a large
series of zeolites.
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zeolites. We can then conclude that on CIT-1 and SSZ-24
either there is a very selective cracking route through the
2,2’-dimethylpentane carbenium ion, or (more probably)
that a fast hydrogen transfer occurs on the two zeolites,
converting the isobutene into isobutane; something which
is consistent with the observed high contribution of the bi-
molecular g-scission mechanism. However, this conclusion
may be in contradiction with the higher olefin paraffin ob-
served on CIT-1 with respect to Beta zeolite. Thus, we at-
tribute the large contribution of the g-scission mechanism
observed on CIT-1 to the fact that this zeolite presents very
strong acid sites combined with relatively large available
void spaces. The presence of strong acid sites increases the
average lifetime of the carbenium type species, and this
combined with void spaces large enough to favor the occur-
rence of bimolecular reactions can be responsible for the
observed behavior.

In conclusion, CIT-1 zeolite containing intersecting 10-
and 12-MR channels has a large proportion of very strong
Brgnsted acid sites. CIT-1 presents a very unique crack-
ing behavior when compared with other zeolites. It gives a
very high ratio of g-scission to protolytic cracking, produc-
ing large ratios of i-C4/n-C4 and i-Cs/n-Cs, while at the same
time it gives a high ratio of isobutane to isobutene. Due to
its particular cracking behavior, this zeolite also produces
lower amounts of dry gases (C1 4+ C,) and consequently ap-
pears as an interesting active component in FCC catalyst
formulations. The actual challenge is to synthesize the ma-
terial by a method inexpensive enough to make it feasible
for use as an additive.
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