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Abstract

The catalytic activity of Brgnsted acid sites in zeolites was studied by the monomolecular conversion of propane over zeolites with varying
framework topologies and Si/Al ratios. The rates and apparent activation energies of cracking and dehydrogenation were determined. The activity
of the Brgnsted acid sites depends on the rate-limiting step of the reaction. In the cracking reaction, the protonation of the alkane is the rate-limiting
step, and the heat of reactant adsorption dominates the differences in the observed activity. The similar intrinsic activities over the different zeolites
show that the ability of zeolitic Brgnsted acid sites to transfer a proton to an alkane does not vary significantly, suggesting that the acid sites that
participate in the reaction have very similar strengths. In the dehydrogenation reaction, the rate-limiting step is the desorption of the alkoxide
species. The rate is determined by the stability of the alkoxide species, which is influenced by the local geometric and electronic structure of the
Brgnsted acid site and is affected by zeolite structure and Si/Al ratio. Implications of these conclusions are related to other reactions, such as

catalytic cracking and alkylation.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Acid-catalyzed hydrocarbon transformations, such as crack-
ing, isomerization, and alkylation, are very important reactions
in the petrochemical industry. Zeolites are used in several of
these reactions, as well as in many reactions in the production
of fine chemicals. The zeolitic Brgnsted acid sites are the active
species in many of these reactions [1,2]. Therefore, character-
izing the Brgnsted acid sites in zeolites and determining the
structure—activity relationship are of fundamental importance
in understanding and improving zeolites for use as catalysts.

Alkanes can be activated by two mechanisms, depending
on the reaction conditions [3—5]: a monomolecular mechanism
and a bimolecular mechanism. In the monomolecular mecha-
nism, an alkane is protonated by a Brgnsted acid site [6—10]
to form a five-coordinated carbon atom. This carbonium ion
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may undergo cracking to yield an alkane and an alkene, re-
generating the acid site, or it may dehydrogenate to yield H»
and an alkoxide species [11]. Desorption of the alkoxide yields
an olefin and regenerates the acid site. Alternatively, alkox-
ides may initiate bimolecular reactions. Scheme 1 shows the
monomolecular reactions of propane. Reaction (1) represents
cracking, with a rate-determining step of protonation [12]; re-
action (2) represents dehydrogenation, with a rate-determining
step of olefin desorption [13]. Low reactant pressure, low con-
version, and high temperature favor the monomolecular reac-
tion, and the resulting product distribution is simple. In the
bimolecular mechanism, however, an alkane is activated by hy-
dride transfer between the alkane and the adsorbed alkoxide
species [9,14-21]. This reaction may be followed by B-scission
or isomerization [3,4,22]. The alkoxide species can be formed
in the monomolecular dehydrogenation reaction or by adsorp-
tion of olefins present in the reactant feed or formed early in
the reactor. The rate-limiting step in the bimolecular mecha-
nism is hydride transfer after initial formation of the alkoxide
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C3Hg +HT~0Z =" [C3Hg]T ~0OZ — CHy4 + CoHy + HT—0Z %)
C3Hg + HT~0Z — [C3Hg]t~0Z — Hy+ C3H7-0Z ®)
Jr.lLs.

C3Hg +HT~0Z
Scheme 1. Propane monomolecular reaction (r.l.s. = rate limiting step).

species [11]. High reactant pressure, high conversion, and low
temperature favor the reactions in the bimolecular mechanism,
and, due to the dimerization, oligomerization, isomerization,
and B-scission reactions, the product distribution is compli-
cated.

Monomolecular conversion of small alkanes is a good reac-
tion for characterizing zeolites and establishing the relationship
between their structure and catalytic activity. The reactants are
physisorbed in the pores of the zeolites and at high temperature
are activated through proton transfer from the Brgnsted acid
sites. Because the rate-limiting step of monomolecular crack-
ing is the protonation of the alkane, this reaction is an acid—
base reaction between the zeolite and the alkane. Therefore,
its intrinsic rate is a measure of zeolitic acidity. The intrinsic
activation energy (Ejy) equals the apparent activation energy
(Eapp) minus the heat of reactant adsorption (A Hygs) [23] as
follows:

Eint = Eapp — A Hygs. (3)

In contrast, the rate-limiting step in the dehydrogenation re-
action is desorption of the olefins [13]. The stability of the
alkoxide species depends strongly on the local neighborhood of
the Brgnsted acid site [24], and the intrinsic reaction parame-
ters of the dehydrogenation reflect the stability of the alkoxide
species.

Several studies have used the monomolecular cracking of
hexane to characterize the Brgnsted acid sites of different ze-
olites [25-27]. The results show that different zeolites have
different activities. These differences were interpreted as being
due to the different heats of reactant adsorption (A Hags) [25,27]
and to the different acid strengths of the Brgnsted acid sites in
various zeolites [26]. Here we report the intrinsic activity of the
Brgnsted acid sites and the influence of the local structure of the
Brgnsted acid sites by determining the cracking and dehydro-
genation pathways of the conversion of propane. The influence
of zeolite type and framework Si/Al ratio were studied.

2. Experimental
2.1. Catalyst preparation

Four different structure types (MFI, MOR, Beta, and FAU)
of zeolites were used. Table 1 lists the samples and their phys-
ical properties. ZSMS was prepared by hydrothermal synthe-
sis [28]. As-made ZSMS5 was calcined in air at 823 K for 5 h
to remove the structure-directing agent and then converted to
the NHy form by triple ion exchange with 1 M NH4NO3 solu-
tions at 353 K. MOR samples with Si/Al =4.9, 9.9, and 16.7

Table 1

Properties of zeolite samples

Sample Si/Al BET surface Micropore Brgnsted
ratio® areab volume® acid sites®

(m?/g) (cm?/g) (mmol/g)

7ZSM5 39 370 0.13 0.42

4.9MOR 4.9 380 0.15 1.39

9.9MOR 9.9 510 0.20 0.90

16.7MOR 16.7 490 0.19 0.67

10.5Beta 10.5 490 0.17 0.90

27Beta 27 490 0.18 0.51

110Beta 110 370 0.14 0.14

Y 2.6 810 0.32 1.95

@ Determined by AAS.
b Determined by N» physisorption.
¢ Determined by the decomposition of i-propylamine.

in the Na form were obtained from Tosoh. Three Beta samples
with Si/Al ratios of 10.5, 27, and 110 were as described pre-
viously [29]. A NaY with Si/Al = 2.6 was obtained from BP
Amoco. All of these samples were converted to the NHs-form
following procedures identical to those for NH4ZSMS prepara-
tion. The residual Na content of each material determined by
atomic absorption spectroscopy (AAS) was about 0.05 wt%.

2.2. Characterization

N, physisorption measurements were performed at 77 K
on a Micromeritics ASAP 2000 apparatus. Before the mea-
surements, all samples were degassed overnight at 723 K. The
surface area was determined by the BET method, and the micro-
pore volume was determined from the intercept of the linear
part of the z-plot. 2 Al MAS NMR measurements were per-
formed at 104.287 MHz on a Bruker Avance AMX-400 spec-
trometer at a spinning rate of 12 kHz using a 4-mm probe head.
A single pulse length of 7 /6 was used.

The number of Brgnsted acid sites was determined with de-
composition of i-propylamine [30]. In laboratory-constructed
equipment, approximately 20-40 mg of sample was activated
at P < 10~ Pa overnight by heating to 723 K at a ramp
rate of 2 K/min. The sample was exposed to i-propylamine
at 473 K for 2 h, then cooled to room temperature and evacu-
ated for ~2 h to remove the physically adsorbed i-propylamine.
The decomposition experiment was performed at a heating
rate of 10 K/min and a flow of 20 mL/min Ar in a Met-
tler Toledo TGA/SDTAS851e instrument for thermogravimet-
ric analysis (TGA). The amount of decomposed i-propylamine
was obtained from the mass changes in the TGA curve between
573 and 650 K.

The heat of adsorption was measured with a modified Se-
taram TG-DSC 111 instrument with a baratron pressure trans-
ducer. The sample was pressed into pellets, and 10-15 mg of
the sample was placed into a quartz crucible. The sample was
activated for 1 hat P < 10™* Pa and at 823 K at a heating ramp
of 10 K/min. After activation, alkanes were added in pulses at
343 K. The system was allowed to equilibrate, as confirmed by
observation of the sample weight, heat flow, and pressure. The
system was considered in equilibrium once it was observed to
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be stable for several minutes. The differential heats of adsorp-
tion were measured using a calorimeter.

2.3. Propane monomolecular conversion

The catalytic reaction was performed in a setup with six
parallel-flow tubular quartz reactors, with 10% propane (10
kPa) in argon at 675 to 875 K and 100 kPa total pressure.
Propene was not detected in the feed. The flow rates varied
from 5 to 50 mL/min, and the catalyst weight varied from 50
to 100 mg. Before the reaction, the catalysts were activated in
the reactor in 10% oxygen in argon at 878 K for 1 h at a heating
ramp of 2 K/min. Lower pretreatment temperatures did not af-
fect the rates, indicating that the high pretreatment temperature
did not alter the structure that influenced the catalytic results.
The products were analyzed in the effluent gas stream with
an on-line gas chromatograph (Agilent 3000 MicroGC). The
MicroGC comprises three self-contained modules, each con-
sisting of an injector, column, flow control valve, and a thermal
conductivity detector, the latter of which can be used to ana-
lyze natural gas and refinery gases. Three columns were used:
MolSieve 5A, PLOT U, and Alumina PLOT.

The apparent activation energies were determined from the
slopes of the Arrhenius plots. The reproducibility was better
than 3 kJ/mol, obtained by averaging three measurements on
newly prepared catalysts. The reaction conditions were chosen
so that the molar ratios of C; and C5 and of H and C5 were
unity; no hydrocarbons with more than three atoms were de-
tected. Conversion was kept below 5%. Thus, hydride transfer
and secondary cracking did not occur. After the reaction, all of
the catalysts were white.

3. Results

Fig. 1 shows the 2 Al MAS NMR spectra of the zeolite sam-
ples. For all of the samples, only a single peak at around 60 ppm
was observed, assigned to a tetrahedrally coordinated frame-
work Al. The positions of the peaks of the samples differed
because of the varying average Al-O-Si angles in the struc-
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tures. None of the samples showed an octahedral coordination
typical of nonframework Al.

The Arrhenius plots of the monomolecular conversion of
propane over the MOR and Beta samples with different Si/Al
ratios are shown in Figs. 2 and 3, respectively. For both the
MOR and Beta zeolites, the Arrhenius plots of the cracking
reaction were parallel, but the slopes of the dehydrogenation
reaction increased with increasing Si/Al ratio. Table 2 gives
the apparent activation energies, reaction rates, and selectivi-
ties of the two reaction pathways of all samples at 8§23 K. The
table also gives the turnover frequencies based on the number
of Brgnsted acid sites determined by i-propylamine decompo-
sition (Table 1) and the rates per gram of cracking of propane.
The activities per Brgnsted acid site decreased in the order
ZSM5 > MOR > Beta > FAU. The Si/Al ratios of MOR and
Beta affected the activities per Brgnsted acid site at most by
a factor of two, which is smaller than the difference in zeolite
structure types. The different rates per Brgnsted acid site are re-
flected in variations in the activation energies, which decreased
in the opposite order: FAU > Beta > MOR > ZSMS5.

The rates of dehydrogenation per Brgnsted acid site de-
creased in the order ZSM5 > MOR > Beta > FAU. The Si/Al
ratio did not affect the rates more than a factor of two. Unlike
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Fig. 1. 27 A1 MAS NMR spectra of NHy-zeolites.
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Fig. 2. Arrhenius plots of monomolecular conversion of propane over MOR samples: (a) cracking and (b) dehydrogenation: 4.9MOR (H), 9.9MOR (A), and

16.7MOR (®).
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Fig. 3. Arrhenius plots of monomolecular conversion of propane over Beta samples: (a) cracking and (b) dehydrogenation: 10.5Beta (M), 27Beta (A), and

110Beta (@).

Table 2

Reaction rates and apparent activation energies of monomolecular conversion of propane over MOR and Beta zeolite samples

Sample Rate cracking® x 1070 Rate cracking® x 1070 Rate dehydrogenation® x 10~°  Rate dehydrogenation® x 10~0 Egp E;‘Sp 100 x cr/
(mol/(g s bar)) (mol/(mmol s bar)) (mol/(g s bar)) (mol/(mmol s bar)) (kJ/mol) (kJ/mol) (cr+de)°

ZSM5 9.9 23.6 5.0 11.9 147 157 66

49MOR 32 23.0 7.6 5.5 145 123 81

99MOR 20 22.2 8.3 9.2 145 134 71

16.7MOR 6.9 10.3 3.4 5.1 149 172 67

10.5Beta 6.2 6.9 3.0 3.3 157 161 67

27Beta 32 6.3 2.3 4.5 159 169 58

110Beta 0.5 3.6 0.4 2.8 156 178 56

Y 0.29 0.15 0.24 0.12 165 173 55

4 Rate at 823 K per gram.

b Rate at 823 K per Brgnsted acid site determined by the decomposition of i-propylamine.

¢ Selectivity to cracking in percentage at 823 K.

cracking, the activation energies of dehydrogenation of propane
showed no trend with zeolite pore size. The activation ener-
gies significantly increased with Si/Al ratio for zeolites MOR
and Beta. The selectivity to cracking decreased with increasing
Si/Al ratio: 81, 71, and 67% for the MOR samples and 67, 58,
and 56% for the Beta samples.

4. Discussion
4.1. Intrinsic activity per site: cracking

In protolytic cracking, alkane protonation is the rate-limiting
step [13]. Because this involves the transfer of a proton to a
weak base, the intrinsic activity of cracking is a means of mea-
suring the acid strength of the Brgnsted acid sites [1,31-34].
All zeolite samples used in this study have only tetrahedrally
coordinated aluminium, as shown by 2’ Al MAS NMR (Fig. 1),
which is the framework Al that generates the Brgnsted acid
site. Thus, the catalytic results are not influenced by extra-
framework Al or Lewis acid sites. However, not all tetrahedral
Al contributes to active Brgnsted acid sites [35,36]. To deter-
mine the TOF, we determined the number of active sites via
decomposition of i-propylamine assuming that those sites par-
ticipate in the reaction [30], which may be an approximation.

Different structure types of zeolites have distinctly differ-
ent activities per gram in monomolecular cracking of propane.
However, the activities per Brgnsted acid site and the activation
energies vary systematically with pore size; large pore zeolites
showed lower activities per Brgnsted acid site and higher ac-
tivation energies (Table 2), in agreement with previous reports
[25,27,34]. The Si/Al ratios in MOR and Beta had no effect
on activation energy. Alkanes are physisorbed in the pores of a
zeolite and the dominant interactions are the dispersion forces
(the van der Waals interaction). The strength of the adsorp-
tion depends on the fit of alkane within the pore; the better
the fit, the greater the heat of adsorption [37,38]. Activation of
the alkane occurs through protonation at high temperature. The
intrinsic activation energies were calculated using Tempkin’s
equation [Eq. (3)], and are reported in Table 3. The values were
very close to those reported by Narbeshuber et al. for crack-
ing of alkanes of various lengths on ZSMS5 [12]. The intrinsic
activation energies varied less than the apparent ones, and the
heat of adsorption was the major parameter affecting the ap-
parent activation energies. Previously, a compensation relation
between the heat and entropy of adsorption over different ze-
olites was found [39]. In combination with the compensation
relation for cracking [27], it was suggested that the acid strength
of the catalysts is much less important than the adsorption term,
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Table 3
Intrinsic activity of propane monomolecular cracking over zeolite samples
Samples Pore structure AH:?SHS Eg{)p Eint
(kJ/mol) (kJ/mol) (kJ/mol)
MFI 10 MR 51x55A —46 147 193
53x56A
MOR 8 MR 26x57A  —41 145-149 186-190
I12MR  65x7.0A
BEA 12MR 6.6 x6.7A —42 156-159 198-201
56x56A
FAU I2MR  74x74A -31 165 196

or that the acid strength of the materials is more similar than
was assumed [39]. Our findings show that Si/Al ratios above
Si/Al = 4.9 for MOR and Si/Al = 10.5 for Beta do not affect
the acid strength of the Brgnsted acid sites. We conclude that
the differences in the heat of adsorption, and thus the size and
shape of the pores, are the dominant factors in determining the
cracking activity of the Brgnsted acid sites [25,27,39]. The bet-
ter the fit between pore and reactant, the higher the observed
rate per Brgnsted acid site of the reaction.

4.2. Structure of active site: dehydrogenation

The apparent activities of dehydrogenation varied with the
zeolite structure type (Table 2), but no relationship with pore
size was found. Increasing the Si/Al ratio of zeolites increased
the apparent activation energy. Monomolecular dehydrogena-
tion proceeded via protonation on a C-H bond, followed by
the release of hydrogen and formation of alkoxide species that
desorb as olefins (Scheme 1) [6,17,40]. The rate-limiting step
of monomolecular dehydrogenation differs from that of crack-
ing. Theoretical calculations predict that a hydrogen molecule
and an alkoxide species are formed in the transition state of
dehydrogenation [9,10]. Hydrogen is desorbed, and an alkox-
ide species is formed. The structure, and thus the stability,
of this transition state strongly resemble those of the alkox-
ide. Biscardi and Iglesia [41] and Yu et al. [42] suggested that
the predominant role of extra-framework cations like Zn and
Co in Zn/H-ZSMS5 and Co/H-ZSMS is to enhance the recom-
binative desorption of hydrogen, which increases the rate of
dehydrogenation compared to H-ZSMS5. Kazansky et al. [43]
showed experimentally that the role of Zn cations on Zn-ZSM5
is the dissociative adsorption of hydrocarbon, forming an alkyl
group and a Brgnsted acid site, which differs from the theoret-
ically predicted mechanism over H-ZSMS5. Narbeshuber et al.
[13] showed a dependence of the hydrocarbon chain length and
the amount of branching on the rates and apparent activation
energies in dehydrogenation of hydrocarbons over H-ZSMS5.
Thus, in H-ZSMS5, hydrocarbon species are involved in the
rate-limiting step, in contrast to Zn/H-ZSM5 and Co/H-ZSM5,
in which the rate-limiting step may involve formation of hy-
drogen. The presence of only a very small isotope effect in a
steady-state isotope transient (n-Hjg-butane to n-Djg-butane)
experiment suggests that desorption of olefin is the rate-limiting
step [13]. Thus, the stability of alkoxide species determines the

apparent activity of dehydrogenation, and the reaction does not
depend on the acid strength of the Brgnsted acid sites to the
same extent as cracking.

A quantum chemical study on the stability of C3—Cs alkox-
ide species, reported by Nieminen et al. [24], showed that the
chemisorption energies of olefins differ by almost 150 kJ/mol.
Moreover, the stability of the alkoxides increases with chain
length (—137, —156, and —198 kJ/mol for C3, C4, and Cs,
respectively), which is in good agreement with experimental re-
sults of Narbeshuber et al. [13], who reported that the apparent
activation energy of monomolecular dehydrogenation increased
with carbon number, 95 (C3), 115 (C4), and 150 (Cs) kJ/mol
over H-ZSMS5. Theory also predicted that a hindered local
geometry around the active site of the zeolite has a destabilizing
effect on the bulkier alkoxide species. Other theoretical calcu-
lations indicated that the alkoxide species interacts covalently
with zeolites and is further stabilized by van der Waals interac-
tion with the zeolite framework, and that the nearby framework
oxygens of the Brgnsted acid sites also play a role in stabiliza-
tion [44-46]. This means that not only the Brgnsted acid sites,
but also the region surrounding the sites, participate in the reac-
tion. Thus, changes in zeolite structure and such properties as
the Si/Al ratio, framework ionicity, and framework flexibility
strongly influence the stability of the alkoxide species.

Other reactions that involve alkoxide species may be sim-
ilarly dependent on the stability of these species. One such
reaction is alkylation, in which hydride transfer from an alkane
to an alkoxide largely determines the product distribution over
the catalyst. Various authors have reported that high rates of
hydride transfer and stable alkylation catalysts require a high
Brgnsted acid site density [47,48]. Sanchez-Castillo et al. [47]
showed that the activation energy is lower for zeolites with
higher Brgnsted acid site density, similar to our observation
for the dehydrogenation reaction, which may suggest that this
reaction also depends on the stability of alkoxide species in-
volved in the reaction. Another study [48] found that the rate
of hydride transfer was slowed by a higher Si/Al ratio of zeo-
lite Beta compared with Y and that a high Brgnsted acid site
density caused high hydride transfer and favored a long cata-
lyst life. This is in line with the results of catalytic cracking
experiments in which lower framework Si/Al ratios gave higher
hydride transfer rates [49].

5. Conclusion

Different reactions depend differently on the strength and
local structure of the Brgnsted acid sites in zeolites. The activ-
ity of Brgnsted acid sites in zeolites is strongly affected by the
rate-limiting step of the reaction. The monomolecular cracking
of alkanes proceeds via protonation of the alkane as the rate-
limiting step. This reaction is affected by the size and shape
of the pores that affect the heat of adsorption; the intrinsic reac-
tion parameters are much more similar than the apparent values,
which are not corrected for the heat of adsorption. The rate-
limiting step in dehydrogenation of alkanes is desorption of the
alkoxide species, and the rate is determined by the stability of
the alkoxide species. This stability depends on the local struc-
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ture of the Brgnsted acid site and the Si/Al ratio of the zeolite
framework.
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