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a b s t r a c t

The acid-catalysed transformation of hydrocarbons constitutes a very important set of reactions for
industrial applications of zeolites. These transformations have a high degree of complexity due both to the
variability of the loads that are used, usually an intricate mixture of different hydrocarbons with various
reactivities, and to the fact that zeolites possess acid sites with a wide range of acid strength distribution.
In this paper we intend to give a contribution to the analysis of the transformation of hydrocarbons over
zeolites taking into account this latter effect. An example on the conversion of propene over ZSM-5 cata-
eywords:
ydrocarbon transformation
atalytic cracking
eolites
ZSM-5
ctivity–acidity relationship

lysts, with Si/Al = 15 and 24, 30 and 32% H+ exchanged by Na cations is described; in this example we show
that it is possible to correlate the catalytic activity of a series of catalysts with their acid strength distribu-
tion, as measured using ammonia TPD, using Polanyi-type relationships. The use of these acidity–activity
relationships allows the description of the behaviour of a set of catalysts using a single set of kinetic
parameters that includes the sensitivity of the reaction to the acidity of the site and opens the way to the

of a c
prediction of the activity

. Introduction

Acid-catalysed transformations are very relevant reactions in
any fields of the chemical industry and have been studied for a

ong time, both in homogeneous and heterogeneous phases.
Acid catalysis on homogeneous phases has been the subject

f many studies to obtain quantitative correlations between the
ctivity of a given catalyst and its acidity. The quest for these rela-
ionships has started in the beginning of the XXth century, with the
ioneering works of Taylor [59] and Brønsted [60] and has been the
asis for many other works, leading to the Seminov [1] and Polanyi
2]1 relationships and, in a more general form, to the development
f linear free-energy relationships [3,4], which have found many

ses in acid catalysis and organic chemistry [5].

In fact, correlating the rate of reactions with thermodynamic
arameters has been a quest for chemists and chemical engineers
or a long time. Hammond, started a paper published in 1955 [6] by

∗ Corresponding author. Tel.: +351 218417890.
E-mail address: francisco.lemos@ist.utl.pt (F. Lemos).

1 Reference [4] refers to a recently published translation of the original paper
y Horiuti and Polanyi that was published in Acta Physicochimica U.R.S.S. 2 (1935)
05–532.

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.01.031
atalyst based solely on the characterization of its acid site distribution.
© 2009 Elsevier B.V. All rights reserved.

saying “Chemists have long been plagued by the lack of any general
correlation between reaction rates and the positions of chemical
equilibria”. This quest has been the subject of many approxima-
tions that have been applied to the homogeneous catalysis. Since
the original proposal by Polanyi which supports the previously
presented Brønsted relationships for homogeneous acid catalysis,
Marcus [7] and, more recently, Blowers and Masel [8] have proposed
different schemes to relate the activation energy for a reaction with
its thermicity.

Despite the fact that homogeneous acid catalysis has been
successfully addressed by the approach of the linear free-energy
relationships, the application of this concept to heterogeneous
catalysis has been less pursued, although the gains that can be
obtained from applying predictive techniques to heterogeneous
acid catalysis can be very important for industrial and scientific
applications. In the late 1960s and early 1970s Yoneda published
a series of paper on the use of linear free-energy relationships for
heterogeneous catalysis, including some on acid catalysis [9,10]

The reason for the slow application of this technique to hetero-

geneous catalysis is related to various issues.

The first issue is that there is no clear and universally accepted
acidity scale for heterogeneous catalysts; whereas in aqueous
medium pH is a simple enough scale to assess the acidity of a
solution and the dissociation constant(s) of an acid species is a

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:francisco.lemos@ist.utl.pt
dx.doi.org/10.1016/j.molcata.2009.01.031
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uantitative measure of the acidity of a molecular species. No such
cales exist for heterogeneous acids, although attempts have been
ade to establish an indirect acid scale for zeolites based on model

eactions [11–13].
The second issue is that homogeneous acids can be characterized

y one, or, in the worst case, by a limited number of dissociation
onstants; on the contrary, a heterogeneous acid catalyst possess
any different sites, a problem which is common to all comparisons

etween uniform or single-site catalysts, characteristic of homoge-
eous catalysts, and multi-site catalysts, typical of heterogeneous
atalysts.

It is true that the characterization of the acidity of solid catalysts
as been systematically carried out for various decades [14–16] by
variety of methods [17–19], and attempts have been made to cor-

elate this acidity with activity [20,21], but, because no detailed
escription is used for the acidity of the solid catalysts, no direct
orrelation can be observed and the apparent kinetic rate constant
er active site varies widely.

In this paper we will discuss the application of the concepts
nderlying the Brønsted relationships, as further developed by
olanyi, Marcus, Masel and other researchers to the acid transfor-
ation of hydrocarbons over zeolites and will apply them to the

ransformation of propene over acidic ZSM-5 catalysts showing that
t is possible to quantitatively correlate, with a single set of kinetic
arameters, the activity of a series of catalysts to the acid strength
istribution.

. Experimental

.1. Catalysts

All catalysts were prepared from a parent HZSM-5 (MFI struc-
ure type, protonated form) zeolite, with a Si/Al molar ratio of 15,
btained from Zeolyst (CBV 3024G). The original sample had vir-
ually no sodium and it was partially Na-exchanged to modify its
cidity. Three additional catalysts were prepared from the same
riginal zeolite by ion exchange with aqueous solutions of sodium
itrate with different concentrations. The catalysts prepared will be
eferenced as HZSM-5 (the unmodified catalyst) and HNaZSM-5 24,
NaZSM-5 30 and HNaZSM-5 32, where the last two figures corre-

pond to the percentage of protons that was exchanged by sodium
ations, as determined by elemental analysis.

.2. Catalyst pre-treatments

All samples were calcined at 500 ◦C for 8 h under a flow of dry
ir of 0.5 l h−1 g−1. After calcination, the zeolites were kept at room
emperature in a constant and high humidity container. Prior to the
mmonia TPD measurements and catalytic tests, all samples were
re-treated for 8 h at 450 ◦C under a flow of dry nitrogen.

.3. Catalytic tests

The propene transformation was carried out in a fixed-bed con-
inuous flow reactor with 75 mg of catalyst (wet basis). All reactions
ere carried out at atmospheric pressure and with a temperature

ange from 300 ◦C to 450 ◦C. The partial pressure of the reactant
as varied from 5 to 30%, diluted with nitrogen. The total flow of

eaction mixture was 120 ml min−1. The reactant was fed for 3 min
nd then the effluent stream was sampled and analysed. After the
rst three analysis the time interval during which the reactant was
ed was gradually increased so as to ascertain that no deactiva-
ion occurred during this period; the feeding interval was of 5 min,
or the 4th–6th samples, 10 min, for the 7th and 8th, and 20 min
or all the following ones. The catalyst was kept under a flow of
ure nitrogen during the analysis. Fresh catalyst was used for each
lysis A: Chemical 305 (2009) 60–68 61

run. No deactivation with time-on-stream was detected for up to
84 min of reaction. After the run the used catalyst was heated, under
a nitrogen/air mixture, in a simultaneous TG/DSC apparatus, from
ambient temperature up to 700 ◦C, to check for coke but none was
detected.

External transport limitations were checked by varying the flow
rate while keeping the same catalyst mass; no changes in reac-
tion rate were observed. Internal limitations were checked using
the Weisz–Prater criterion [22]. Using a diffusion coefficient of
9.7 × 10−9 m2 s−1, taken from [23], and assuming that the zeolite
particles were always under 500 �m in size and total conversion
(the worst case scenario) we obtained a value for the product of the
effectiveness factor by the Thiele modulus, ˚, of 0.005, for 350 ◦C
and for the lower gas phase concentration, which is significantly
less than 1. Since the actual conversion is always less than 1, this
criterion indicates that, within the range of experimental conditions
used, there are no significant diffusion limitations.

The analysis of the effluent was carried out with a Shimadzu GC-
9A gas chromatograph equipped with a Chrompack Plot CP7515
fused silica column and a flame ionization detector. The chro-
matogram was integrated with a Shimadzu C-R3A integrator.

2.4. Ammonia TPD

Temperature programmed desorption (TPD) of ammonia was
used to determine the acid strength distribution of the active sites,
as described in [24]. About 200 mg of zeolite were placed in a silica
reactor and pre-treated in situ as described above. The catalyst was
then kept at 90 ◦C under a flow (60 ml min−1) of dry helium. Pulses
of ammonia were injected using a gas sampling valve, until no vari-
ation of the ammonia peak at the outlet was observed, meaning
that the catalyst surface was saturated with ammonia. The sample
was then purged for 30 min at 90 ◦C under helium flow to remove
any excess of ammonia not chemically absorbed. It was then heated
up to 700 ◦C, at a rate of 10 ◦C min−1, under a flow (60 ml min−1) of
dry helium. The effluent stream was monitored continuously with
a thermal conductivity detector to determine the rate of ammonia
desorption. Blank experiments, where no ammonia was adsorbed,
were carried out to establish a base line for the regular experiments,
in particular to account for dehydroxylation which occurs at high
temperature.

2.5. Molecular modelling—Quantum calculations

Computations were performed using Spartan’04 for Windows
(©Wavefunction Inc.) using an ab initio Hartree Fock model with a
6-31G**basis set. These computations aimed at establishing a rela-
tionship between the desorption enthalpy of ammonia (a measure
of acid strength) and the energy levels of the various steps involved
in the reaction for the dimerization of propene.

To simulate modification of acid strength and its effect on the
cracking of n-hexane, model sites of general formula SiHnCl3−nOH
(n = 0, 1 and 2) were used, the replacement of H by Cl resulting in an
increasing acidity of the OH group. These models are obviously very
simple and do not account for long range and media interactions,
nor for geometrical effects. They, however, provide information on
how enthalpies for ammonia desorption and the energy levels of
the various steps involved can be correlated.

3. Theory
When we are interested in relating the acidity of a catalyst and
its activity for a certain reaction, there are two levels of information
that have to be constructed. The first one is to establish a suitable
acid strength scale to characterize the acid catalysts and the sec-
ond one is to obtain a quantitative correlation between the acidity
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nd the activation energy for the reaction that is being observed.
e will start by looking at the main differences between homoge-

eous and heterogeneous acid catalysis and we will then discuss the
stablishment of a suitable acidity scale for the heterogeneous acid
ites and its relation to the activation energy for the transformation
f hydrocarbons over zeolites.

.1. Differences between homogeneous and heterogeneous acid
atalysis

The major difference between homogeneous and heterogeneous
cid catalysis relates to the fact that homogeneous catalysts are
ssentially single-site catalysts, where it is relatively easy to char-
cterize the active site by some properties, while heterogeneous
atalysts usually possess a multitude of different sites, which not
nly have different quantitative interactions but also may exhibit
ifferent qualitative interactions with the molecules involved in the
eaction scheme.

It is also important to note that, in many cases, the more rel-
vant acid species present in an aqueous solution is the solvated
roton, which can be represented by the H3O+ species and that the
acid strength” can be effectively measured just by the concentra-
ion of this species. In these cases the acidity of a solution can be

easured by pH alone and, for this reason, the acidity and solvated
roton concentration are often confused. In fact, when a stronger
cid is used, since it presents a higher dissociation constant, this will
lso mean (for a given concentration of acid species) that a higher
oncentration of H3O+ will occur and, thus, pH is, in fact, a reason-
ble measurement of “acid strength”, although it only measures the
oncentration of a specific acid species.

When moving to heterogeneous catalysis this is no longer true.
he acid sites “work on their own” and an individual account of
he number and strength of each one of them is required. Het-
rogeneous catalysts do not behave as single-site catalysts, i.e. a
articular catalyst usually possesses acid sites of different strength
nd it is likely that they all contribute, with their own relative
eight, to the activity of that catalyst. The usual approximation is to
isregard the sites with lower acidity and consider only the stronger
ites. However, most heterogeneous acid catalysts, for instance in
he widely used zeolites, possess acid sites that are structurally dif-
erent and have also different environments [25–27]. This produces
rather broad distribution of acid site strengths and, thus, in order

o have a detailed view of the activity one should account for all,
r at least, a large part, of the acid sites present in the catalyst.
ttempts to relate the activity to the acidity usually results in non-
xistent or highly non-linear relationships [11–14,28,29], even if
he correlation is made using only the number of stronger acid sites
30].

Acid strength distributions for solid catalysts can be obtained by
arious methods, most of which depend on the thermal desorption
f bases from the acid sites to characterize and quantify the number
nd strength of the acid sites.

.2. An acidity scale for heterogeneous catalysts

The establishment of an adequate acidity scale to measure the
cid strength of sites in heterogeneous catalysts, and in particu-
ar in zeolites, is of paramount importance in the development of
redictive quantitative relationships between acidity and activity.

For acids in aqueous solutions the acidity scale that is commonly
sed, the value for the dissociation constant of the acid, relies, in
act, on the measurement of the interaction of the acid with a “stan-
ard” base: water. The dissociation constant measures the ability
f the acid to transfer a proton to a water molecule. It has also
een proposed that, in a way similar to homogeneous catalysis,
ammet indicators could be used to establish a reasonable acid-
lysis A: Chemical 305 (2009) 60–68

ity scale [31,32], and this scale has even been used to establish
acidity–activity relationships [33].

It is reasonable to use a similar interaction between the acid site
and a base molecule to establish a working acidity scale for het-
erogeneous acid sites and a lot of work has been done using the
adsorption, and subsequent desorption, of bases as a way to mea-
sure the acid strength of catalysts (see, for instance [12]). Many
studies have been done using ammonia as the base molecule. The
use of ammonia has distinct advantages, since it is a strong base
and a relatively small molecule, which is, thus, able to access most
acid sites in a catalyst. These advantages are also linked to the dis-
advantages of using ammonia as a probe molecule, since ammonia
can adsorb on many acid sites which are only accessible by small
molecules or are too weak to be able to efficiently participate in
catalysis. Note that accessibility can be probed by means of bases,
usually amines, of different sizes [14] and an extension of the work
described here for ammonia can be developed so that accessibility
can also be taken into account.

However, ammonia adsorption and desorption has been used as
a way to measure the acidity of zeolites and the adsorption energy
of ammonia, as measured by NH3-TPD, has been proposed as an
acid scale for zeolites [24]. It has been also shown to be equivalent
to acidity measured by 1H NMR [34] and, very recently, to acidity
measured by infrared spectroscopy [35]. It should be noted that
the interaction of a NH3 molecule with an acid site is likely not
to involve an energy barrier for the adsorption step and, thus, the
adsorption energy should be symmetrical of the activation energy
for the desorption of the ammonia molecule from that site [24].

NH3-TPD has been used for a long time to estimate the activation
energy for the desorption of ammonia. This can be done by perform-
ing TPD experiments at various heating rates, and using the shift
in desorption maximum to estimate the activation energy for the
desorption (according to a method that can be found, for instance,
in reference [36]). However, the dynamic experiment involved in
NH3-TPD can provide much more information and, for many years,
various techniques have been developed to extract the full infor-
mation regarding the acid strength distribution [37–47].

3.3. Determination of the acid strength distribution

To obtain the distribution of acid strength from a single NH3-TPD
profile we must perform a deconvolution of the thermogram into
several components, corresponding to sites with uniform acidity
and characterized by the number and strength of the acid sites [37].
It assumes that desorption from the acid sites is irreversible and
kinetically first-order, and that there is no interaction between two
different acidic sites. The desorption rate from a set of sites with
uniform adsorption energy is then given by an Arrhenius law (Eq.
(1)):

dqi

dt
= −ki e

−ENH3
a(i)

/RT
qi (1)

where qi is the amount of sites that are occupied by ammonia
molecules at time t, ki is a pre-exponential factor, ENH3

a(i) is the acti-
vation energy for the desorption of ammonia from those sites, and
R and T are the perfect gas constant and the absolute temperature,
respectively.

The experimental ammonia TPD spectrum (rate of desorption
vs. temperature) is the sum of the desorption curves corresponding
to the different types of acid sites. A discrete energy grid was used
to represent the different desorption activation energy values. As a

consequence the overall TPD spectrum can be represented by:

dq

dt
= −

n∑
i=1

ki e
−ENH3

a(i)
/RT

qi (2)
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ig. 1. Schematics for the first few steps in the transformation of propene over acid
stronger acid site. Relative energies computed using the ab initio HF/6-31G** quan

here dq/dt is the observed overall rate of desorption of ammonia
t instant t and temperature T. Fitting this equation to the experi-
entally observed desorption rate curve enables the determination

f the amount of acid sites per unit mass of catalyst (q0i at t = 0) for
ach energy value (ENH3

a(i) ) in the chosen energy grid.
In order to obtain, through multi-linear least-square regression,

he values of q0i, the pre-exponential factor must be known. To sim-
lify the problem, it is assumed that ki and ENH3

a(i) are related by Eq.
3), as proposed by Hashimoto [40]:

i = ˛e
ˇENH3

a(i) (3)

here ˛ and ˇ are parameters that can be considered to be constant
or a family of zeolites. For ZSM-5 type zeolites, these parameters
ave already been determined and are: ˛ = 4.5 s−1; ˇ = 0.11 mol kJ−1

48]).

.4. Acidity–activity relationships

Having established a working acid scale for zeolite catalysts the
ext step is to relate the acidity of a site with the activity. For
his purpose the easiest way is to transpose the old Brønsted rela-
ionships to heterogeneous catalysis in a way similar to the one
roposed by Yoneda in the 1960s [9]. The easiest way to look at this
ationale is to apply the Polanyi principle.

Let us consider what happens if we increase the acidity of a zeo-
ite protonic site. An increase in acidity will lead to an increase in
he interaction of that acid site with ammonia, but it will also imply
n increase in the interaction with other base molecules, such as
lefins, and also a stabilization of the carbocations or alkoxides that
ill be formed during the accept process for the transformation of

ydrocarbons on acidic zeolite sites.
Let us consider the transformation of propene over acid sites.

ig. 1 depicts a schematic representation of the energy changes
n the various steps in the initial stages of this transformation as
omputed using the quantum model described above for two acid
ites of different acid strength. First a propene molecule is adsorbed
nto an acid site, bonding to the acid site through the electrons in
he double bond, and then this adsorbed olefin is converted into
n alkoxide species, which is, in sequence, attacked by a second
ropene molecule to give a C6 alkoxide. The energy position of each
f these stages, and in particular the activated step of the surface
eaction, is correlated to the acid strength of the acid site where the

ransformation occurs. We will assume that the adsorption energy
or the olefins (Eads) is linearly correlated to the activation energy
or the desorption of ammonia (ENH3a ), according to Eq. (4).

ads = bENH3
a (4)
s, evidencing the influence of the acid strength of the site. ( ) weaker acid site, (
odel described in the text.

where b represents the sensitivity of the adsorption enthalpy to the
acidity of the site.

In relation to the activated step we will use the correlations men-
tioned above. The simplest correlation that can be used is the one
based on the Polanyi principle. If the enthalpy of the surface reac-
tion, �Hr (negative for an exothermic step), decreases by an amount
��Hr from one member of the family to the next, then the acti-
vation energy barrier, Ea, will decrease by an amount �Ea equal to
a fraction �p of the change ��Hr. This results in a linear relation-
ship between the activation energy for a certain reaction and its
enthalpy, according to Eq. (5):

Ea = E0
a + �p�Hr (5)

where E0
a is the activation energy for the athermic reaction and �p

the sensitivity of the activation energy dependence on enthalpy of
reaction. This approach has been used already by some authors to
correlate reaction rate constants for a family of reactions [49] but it
has the drawback of assuming that the reaction pathway is strictly
the same for all the catalytic sites and, as it can be seen from Eq. (5),
the activation energy may become negative for highly exothermic
reactions (very acidic sites).

As described above, other equations have been proposed to
solve these difficulties. The Marcus relationship was proposed to
explain some of the discrepancies observed for very endothermic
or very exothermic reactions. While the Polanyi relationship can be
obtained using linear approximations to the energy profile around
the stable states, the Marcus relationship can be obtained if we con-
sider that the energy profile around these stable states is described
by a quadratic equation and leads also to a second order dependence
of the activation energy on the reaction enthalpy (Eq. (6)):

Ea =
(

1 + �Hr

4E0
a

)2

E0
a (6)

Again we will consider that the enthalpy of reaction, �Hr, is
linearly dependent on the desorption of ammonia, ENH3a according
to

�Hr = a + b′ENH3
a

where a is the non-catalysed reaction enthalpy and b’ is the sensi-
tivity of the reaction enthalpy to the acidity of the site. Substitution
in Eq.(5) or (6), will give:

Ea = E0
a + �pa + �pb′ENH3

a = E0N
a + ıENH3

a (7)
and

Ea =
(

1 + a + b′ENH3a

4E0
a

)2

E0
a =

(
1 + �

ENH3a

E0N
a

)2

E0N
a (8)
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performance of the acid sites in zeolites.
We have inspected the first step in the transformation of propene

using an ab initio HF/6-31G** model. Full geometry optimizations
were performed for the states corresponding to propene molecule
4 P. Borges et al. / Journal of Molecula

or the Polanyi and the Marcus approaches, respectively. In both
ases E0N

a is the activation energy for the reaction carried out over
non-acidic site, given respectively by

0N
a = E0

a + �pa

nd

0N
a =

(
1 + a

4E0
a

)2

E0
a

and � are the parameters that measure the sensitivity of the reac-
ion to the acid strength of the site, respectively for the Polanyi and
he Marcus approaches.

= �pb′

nd

= b′

4

(
1 + a

4E0
a

)

Eq. (7) is, in fact, an extension of the well-known Brønsted rela-
ionships to heterogeneous acid catalysis and has already been
pplied successfully to the transformation of hydrocarbons over
oth Y [50] and ZSM-5 [48] zeolites. Eqs. (7) and (8) have already
een compared for the transformation of n-hexane over H-ZSM-5
24].

.5. Molecular modelling as a tool to understand acidity–activity
elationships

Polanyi, Marcus and Blowers-Masel relationships are based on
pproximations of the energy changes that take place along the
eaction coordinate but nowadays, there are already a series of
ethods that can provide some insight into the pathway for the

ransformation of hydrocarbons over acidic sites.
Molecular modelling has been extensively used to understand

he transformation of hydrocarbons but, although the influence of
he hydrocarbon structure has been examined [51], the influence

f acidity has only seldom be analysed [24,52,53].

From the studies that have been published it is clear that nearly
inear relationships can be found between the acidity of a site and
ts catalytic abilities. In fact, using different molecular models, lin-
ar relationships have been found for the activation energy for the

ig. 2. Transition-state for the dimerization of propene on a model acid site. The
maginary vibration frequency evidences the formation of the new C C bond.
lysis A: Chemical 305 (2009) 60–68

transformation of propane [53] and for the protolytic cracking of n-
hexane [24]. Blowers has also found linear relationships between
the activation energy for various reactions involved in the conver-
sion of ethane with the deprotonation energy of the site [52].

These findings give full support for the use of a Brønsted type
relationships to describe the influence of acidity on the catalytic
Fig. 3. Heat of adsorption of propene (a) or hexene (b) to the acid site by the double
bond ( ) and by formation of the corresponding alkoxide ( ) and activation energy
for the surface reaction involved in the dimerization (c) as a function of the activation
energy for the desorption of ammonia, as a measure of the acid strength, as computed
by the HF/6-31G** molecular model (all values given in kJ mol−1, see text for details).
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Fig. 4. Acid strength distributions of the HZSM-5, the HNaZSM-5 24, the
HNaZSM-5 30 and the HNaZSM-5 32 catalysts, evaluated from the ammonia TPD
experiments; see [24] for details.
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dsorbed by the double bond, the propyl alkoxide, the hexyl alkox-
de and the hexane adsorbed by the double bond. A transition state
earch was performed to compute the energy of the transition state,
or which the geometry is depicted in Fig. 2.

The results obtained also indicate that there is a linear relation-
hip between the energy levels in all the steps in the transformation
nd the acidity of the site as measured by the activation energy for
he desorption of ammonia (see Fig. 3).

Our main concern in analyzing these calculations is to verify
hat a linear relationship is expectable between the various energy
ifferences in the steps involved in the mechanism for the dimeriza-
ion of propene, which is true for all the possible steps, according
o the quantum model that was used. As the acidity of the sites
ncrease, corresponding to an increase in the activation energy for
he desorption of ammonia, the adsorption energies become more
egative (stronger adsorption) and the activation energy decreases
the reaction becomes easier), as expected. It can also be observed
hat there is some dependence of the adsorption energy on the size
f the hydrocarbon, more pronounced for the alkoxide species.

It is also noteworthy that the activation energy for the surface
eaction seems to be much more sensitive to the acidity of the site
han the adsorption energy.

It is interesting to note that the results obtained from the quan-

um models indicate that the alkoxide forms are more stable than
he forms corresponding to the olefins adsorbed by the double
onds; nevertheless the transition state that was obtained is closer,
oth in terms of energy and in terms of geometry, to the olefins

ig. 5. Conversion of propene as a function of temperature, for various partial pressures of olefin in the feed ( , 0.05 bar, , 0.15 bar, , 0.30 bar). A–HZSM-5; B–HNaZSM-5 24;
–HNaZSM-5 30 and D–HNaZSM-5 32.
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dsorbed by the double bonds than to the alkoxide species. This
esults in a higher activation energy for the surface reaction if we
onsider the reactant as being in the alkoxide configuration.

. Results and discussion

The theory, outline above, will be used to correlate the activity
owards the transformation of propene with the acidity, as mea-
ured by NH3-TPD, in the series of catalysts that was prepared.

e can expect that, besides the acidity, aspects related to the
ore structure of the catalysts will influence their activity through
onfinement and pore structure effects [54,55]. However, since all
atalysts were prepared from a single parent zeolite and the mod-
fications, which were introduced by ion-exchange procedures to
hange the acidity, were not expected to change the pore structure
f the catalyst, these effects should remain the same for the whole
eries of catalysts. Thus, only the acidity will have a bearing on the
ifferences observed among the various catalysts.

Fig. 4 depicts the acid strength distributions that were obtained
rom ammonia TPD, by the procedure described above, for the four
atalysts studied during this work. Since we expect the acid strength
istribution in the zeolite to be continuous, each peak in the figure
orresponds to the number of acid sites that have an activation
nergy for the desorption of ammonia around the value that is
uoted; the peaks for activation energies of 41.3 and 45.5 kJ mol−1,
owever, correspond to ammonia that is still physically adsorbed on
he zeolite at the beginning of the desorption process and, thus, is
ot related to actual acid sites. These peaks have not been included

n the correlation with catalytic activity.
As to the transformation of propene, for the experimental con-

itions that were used, no significant deactivation was observed in
ny of the experiments that were carried out. Part of the data on the
ransformation of propene over HZSM-5 has already been reported
n a previous paper [56].

Fig. 5 depicts the propene conversion, as a function of temper-
ture, for various partial pressures of reactant, for the all catalysts
hat were used, while Fig. 6 shows an example of the product dis-
ribution that was obtained for catalyst HNaZSM-5 24.

As it can be seen, as the temperature increases the conversion
owers; it was also observed that the product distribution is shifted
owards lighter products with increasing temperature. On the other
and, as the partial pressure increases the conversion increases and
eavier products are obtained.

The main products that are observed can be rationalised as
esulting from a reaction scheme where the oligomerisation of
he reactant is eventually followed by cracking, as suggested, for
nstance by Derouane in the case of ethene [57]. As a result, the

ain products are olefins, although significant amounts of aro-
atic and paraffinic products are also observed, resulting from

ther secondary transformations, such as aromatization and hydro-
en transfer reactions. Since the catalysts used are fairly acidic we
id not observe any of the heavier olefins which are readily cracked

nto lighter products under the operating conditions that were used.
It has been shown [56] that this behaviour could be interpreted

ssuming an oligomerization mechanism involving the adsorp-
ion of the propene molecule followed by cracking of the larger

olecules. This has led to the following reaction rate law:

−r0) = kKCLp0pO inlet

1 + KpO inlet
= kKCLp2

O inlet(1 − x)

1 + KpO inlet
(9)
here k is the kinetic rate constant for the surface reaction by which
propene molecule is added to the adsorbed chain and K is the

quilibrium constant for the adsorption of an olefin to the acid site,
L is the surface concentration of acid sites and PO inlet is the olefin
oncentration at the reactor inlet. These are expressed as a function
Fig. 6. Product distribution in the transformation of propene with the HNaZSM-5 24
catalyst.

of temperature, by the Arrhenius

k = k0 e−Ea/RT (10)

and Van’t Hoff equations,

K = K0 e−�Hads/RT (11)

respectively.
Notice that Eq. (9) is equivalent to a simple first order kinetics

but with the kinetic rate constant given by

keff = kKCLpO inlet

1 + KpO inlet
(12)

We will now consider that both the rate constant and the equi-
librium constant depend on the acidity of the site over which the
reaction is being carried out. The activation energy will depend on
the acidity according to Eq. (7) (Polanyi approach) or to Eq. (8) (Mar-
cus approach) and the adsorption energy will depend on acidity
according to Eq. (4). Then, the effective rate constant for a catalyst
with multiple sites will be given by
i=1 1 + K0 ebE 3
i

/RT pO inlet

= k′
0

n∑
i=1

q0
i

e−(E0N
a +ıE

NH3
i

)/RT ebE
NH3
i

/RT

1 + K0 ebE
NH3
i

/RT pO inlet

(13)
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Table 1
Fitted parameters for the complete model with propene. Confidence intervals were estimated using a bootstrap methodology [52] and are given to a 95% confidence level.

Parameter Polanyi Marcus

k0 (mol s−1 g−1 a.u.−1 *) 3.2 × 10−14 ± 0.7 × 10−14 2.49 × 10−14 ± 0.8 × 10-14

ı −2.65 × 10−9 ± 1 × 10−15 –
� – −2.59 × 10-9 ± 1 × 10−15

E0N
a (kJ mol−1) 6.9 ± 0.4 7.2 ± 0.6

K0 3.6 × 10−5 ± 0.8 × 10−5 2.5 × 10−5 ± 0.6 × 10−5

b .80 ± 0
L 7 × 10
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On the other hand, the estimated value for the sensitivity of the
adsorption energy on the acidity is −0.80 or −0.83 (respectively
for the Polanyi and Marcus approximations), which compares very
well with the values given in Figs. 3(a) and (b).
−0
east Squares Sum (mol2 s−2 g−2 a.u.−2) 2.3

* a.u. is generic unit that depends of the TPD equipment but that is proportional t

or the Polanyi approach and by

eff = k0K0CLpO inlet

n∑
i=1

q0
i

e−(1+�(E
NH3
a /E0N

a )
2

E0N
a /RT)ebE

NH3
i

/RT

1 + K0 ebE
NH3
i

/RT pO inlet

= k′
0

n∑
i=1

q0
i

e−(1+�(E
NH3
a /E0N

a )
2

E0N
a /RT)ebE

NH3
i

/RT

1 + K0 ebE
NH3
i

/RT pO inlet

(14)

or the Marcus approach.
From Eqs. (9) and (13) or (14), according to the approach consid-

red, the conversion was computed at the outlet using a plug flow
odel for the reactor. Using the values obtained from the ammonia

PD for the amounts of sites (excluding the peaks corresponding to
ctivation energies of 41.3 and 45.5 kJ mol−1, as explained above),
he models were fitted to the experimental data using k0, K0, E0N

a ,
and ı or � as fitting parameters. Confidence intervals for the var-

ous parameters were estimated using a bootstrap methodology
58]. The estimated parameters are given in Table 1 along with the
orresponding confidence intervals. Parity plots for the fittings are
hown in Fig. 7.

As it can be seen from the parity plots, although the confi-
ence intervals for some of the parameters are relatively large, this
odel describes with reasonable accuracy the experimental results

hat were obtained, notably in the cases where higher activity is
bserved, that is, for the more acidic catalysts. It is worthy to note
hat the model was applied with a single set of kinetic parameters,
hich include only five parameters for each model, the ones pre-

ented in Table 1, to all experiments, covering not only all partial
ressure and temperature variations but also the use of different
atalysts.

As a conclusion from our results, one can say that this model is
uite useful as practical computational model for the reaction at
and, although some care should be taken in analysing the kinetic
nd thermodynamic parameters that were estimated, since some
f them have relatively large confidence intervals. Looking at the
arameters that were estimated, one can see that, contrary to what
ould be expected from the sensitivity computed using the molec-
lar modelling results (see Fig. 3), the activation energy for the
urface reactions seems to be much less sensitive to the acidity of
he site, as it can be seen by the ı or � values, than the adsorption
f the olefins (see the value of b); however if we look at the sen-
itivity computed using the molecular modelling results, and if we
ake into account that the activation energy for the desorption of
mmonia from these model sites is very low, indicating that they
re very weakly acidic, we may find an explanation for this discrep-
ncy. In fact, using the equation shown in Fig. 3(c), it is possible
o compute the strength of the acid site that would result in zero
ctivation energy for the surface reaction step. This would occur

or a site with an activation energy for the desorption of ammo-
ia of only 94.6 kJ mol−1 (for the reaction starting with the olefin
oordinated by the double bond) or 105.8 kJ mol−1 (for the reaction
tarting from the alkoxide species), which are in fact very close to
he actual activation energies for the sites in the catalysts, as mea-
.02 −0.83 ± 0.02
−9 2.37 × 10−9

number of moles of active sites on the zeolite.

sured by the TPD experiments. Above these values the activation
energy computed by the linear approximation would be negative
and, thus, not physically viable. According to the modifications on
the Polanyi equation, both introduced by Marcus and by Blowers
and Masel, in this case the sensitivity of the reaction towards the
acidity should become very low for high acidity values, as it is in
fact observed by the values of either ı or �.
Fig. 7. Parity plots for the fittings of the kinetic models accounting for acid strength
distribution using a Polanyi (A) and a Marcus (B) approach. All temperatures, partial
pressures and catalysts tested are depicted.
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. Conclusions

The results that have been obtained so far clearly indicate that it
s possible to establish acidity–activity relationships for heteroge-
eous catalysts in a manner which is similar to the ones that have
een used for homogeneous catalysis for decades. These relation-
hips account for the heterogeneity of the strengths of the acid sites
resent in solid acid catalysts and require the use of suitable acid
cale. Similarly to the acidity scale that is accepted for homoge-
eous acids, the interaction of the acid site with a standard base is
dequate and ammonia is a suitable choice since it has been used
or quite a long time.

The use of these acidity–activity relationships allows the
escription of the behaviour of a set of catalysts using a single set
f kinetic parameters that includes the sensitivity of the reaction
o the acidity of the site and opens the way to the prediction of the
ctivity of a catalyst based solely on the characterization of its acid
ite distribution.

Although molecular modelling indicates that all steps in the
eaction network may be influenced by acidity, the fittings,
btained for the series of HNaZSM-5 catalysts on the transformation
f propene, indicate that the largest influence is on the adsorption
tep, generating the adsorbed active species (which is likely to be
n alkoxide species). This apparent discrepancy may be due to the
act that the model sites that were used are only very weakly acidic.
he search for more suitable acid site models to be used in molecu-
ar modelling calculations, as well as the use of different quantum

odels, may provide answers to this issue.
Although the work done so far indicates that it is possible to

btain a single set of parameters for a certain reaction and a given
amily of catalysts, it is certain that further work is needed to
ompare different catalysts and obtain a universal description for
eterogeneous catalysts.
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