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The shape selectivity properties of USY zeolite crystallites is discussed, and is based on
catalyst characterization, molecular simulation, catalytic experiments of model com-
pounds and kinetic modeling. Typical FCC catalysts are prepared with different HY
crystallite sizes (0.4 and 0.9 �m), and are structurally and chemically characterized with
nitrogen and argon adsorption/desorption isotherms, temperature-programmed desorp-
tion of ammonia and infrared spectroscopy. Catalyst characterization is carried out
before and after the hydrothermal treatment (steaming) of the catalyst. Pore-size distri-
bution analysis demonstrates that the effect of the steaming treatment in the Y zeolite
results in window enlargement. The influences of structural changes of steam treatment on
reactivity is evaluated with the catalytic conversion of 1,2,4-trimethylbenzene in a novel
fluidized CREC riser simulator. It is proven that steaming enlarges zeolite windows and
influence the 1,2,4-TMB product distribution. A slight modification of the window diam-
eter is proven to significantly affect the adsorbent-adsorbate interactions. Focus is
particularly given to the catalyst selectivity toward the tetramethylbenzene isomers, and
the “transition-state shape selectivity” is proven to be controlling the product distribution
and is consistent with molecular mechanics calculations. © 2005 American Institute of
Chemical Engineers AIChE J, 52: 754–768, 2006
Keywords: zeolite; steaming treatment; kinetic modeling; molecular simulation; shape
selectivity

Introduction

With over 1 million tons/day of oil processed in the world,
catalytic cracking is the first and most widely used refinery
process in the conversion of heavy oils to valuable gasoline and
lighter products.1,2 Cracking processes were first carried out
without catalysts, but in the past six decades improved series of

cracking catalysts has been continuously applied, all of which
are solid acids. In the past three decades a most important
advance in cracking technology has been the introduction and
the development of zeolite catalysts.

Central to a successful catalytic process is the development
of an effective catalyst, which is often a complex system in
terms of both composition and functionality. The ability to
control the microstructure and the chemistry of catalysts allows
for the systematic manipulation of its activity, selectivity, and
stability.3

Fluid catalytic cracking (FCC) catalysts are in the form of
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fine powders with an average particle size in the range of 75–50
�m. A modern FCC catalyst has four major components:
zeolite, matrix, binder, and filler.4,5 Zeolites employed in the
manufacture of the FCC catalysts are synthetic versions of
naturally occurring zeolites called faujasites. Some of the ear-
lier FCC zeolite catalysts contained X zeolite; however, virtu-
ally all of today’s catalysts contain Y zeolite or variation
thereof. Particular characteristics of zeolites are their crystal-
line structure and acidity that are responsible for their capabil-
ity to catalyze chemical reactions. In Y zeolites, twelve mem-
ber oxygen rings delimit the 0.74 nm opening windows
connecting 1.2 nm-dia.-supercages and conform the three-di-
mensional (3-D) pore network.6

Y-type zeolites can undergo hydrothermal treatment produc-
ing the so-called ultrastable Y (USY) zeolites where frame-
work dealumination takes place.7 Associated with this hydro-
thermal treatment are predominantly three structural changes in
the zeolite that are well documented in the literature:

● Partial destruction of zeolite framework: Electron micros-
copy studies of USY zeolites show the presence of a substantial
number of mesopores that increases the densities of fissures
and crevices.8,9,10

● Removal of framework aluminum ions from the crystal-
line zeolite: These ions removed from the crystalline structure
remain in the crystallite as non- or extra-framework aluminum
(EFAL) species.11,12,13,14

● Appearance of new Lewis acid sites and hydroxyl groups:
When aluminum is extracted from the zeolite framework, two
distinct types of acidic sites (Brönsted and Lewis) are located
both in the internal pore structure and on the outside surface of
the crystallites.15 These changes can be monitored spectroscop-
ically16 and calorimetrically.17,18,19

The overall consequence of hydrothermal treatment is that
the USY zeolite becomes much more active for cracking,
sometimes by nearly two orders of magnitude compared to
nonhydrothermally treated catalysts (Y zeolite).20

An explanation for the enhanced catalyst activity assumes
that the cracking reaction in Y and USY zeolites is limited by
diffusion in the micropores.21,22,23 Mesopores, crevices, and
fissures formed in the zeolite crystallite during the dealumina-
tion process increase the accessibility of the internal acid sites
in the crystalline pore network.24 These structural changes in
the crystallite are also expected to modify the pore diameter
distribution with an increase in the average pore size.

In zeolites, diffusing molecules with molecular size compa-
rable to the pore dimensions of Y and USY zeolites may not
pass each other. Therefore, diffusion takes place in the “con-
figurationa” regime, with diffusion becoming unidirectional
and greatly reduced as the result of molecules constrained
transport.25

Kung et al.26 analyzed USY zeolites during the cracking of
hydrocarbons and observed that depending on the reaction
conditions (reactant and product partial pressures, tempera-
ture), the predominant cracking reaction mechanism might
differ. It was also speculated that changes in the predominant
mechanism might also be a consequence of the proportionally
small increase in external specific surface area caused by the
steaming-induced structural destruction of the zeolite particles.
These relatively small changes in the zeolite structure can lead
to large overall effects on the cracking rates and cracking
mechanism.

In order to clarify the role of intracrystalline diffusion in
USY zeolites, catalytic experiments using 1,2,4-trymethylben-
zene (1,2,4-TMB) and typical FCC catalysts of different crys-
tallite sizes are performed in a CREC Riser Simulator. This
bench-scale reactor overcomes the limitations of other labora-
tory scale reactors by closely simulating the reaction conditions
of industrial FCC units in terms of: temperature, reaction time,
partial pressure of hydrocarbons, and catalyst/oil ratio. All this
provides realistic results for studying chemical changes in the
context of steam-modified zeolites.

Recent reports from Smit and Krishna27 demonstrated that
molecular simulation techniques provide estimates of data and
valuable insights in the design of processes using zeolite ad-
sorbents or catalysts. In this study, the main objective was to
study the interaction of probes molecules such as 1,2,4 TMB
with the structure of the USY zeolite, having available exper-
imental data on the activity and selectivity of 1,2,4 TMB
catalytic transformation. For many catalytic systems involving
zeolites the molecules diffuse very slowly, and as a conse-
quence the total simulation time needed to compute a diffusion
coefficient can become prohibitely large. To overcome this
limitation a different approach, that deals with steric energies
and provides a sense of the accessibility to the zeolite window,
is considered in this study. In this manner, new insights are
provided into the process of configurational diffusion of bulky
molecules through the USY zeolite pore network.

From all the early, this study addresses a relevant issue on
the design of FCC catalysts which is the effect of hydrothermal
treatment in the structure and reactivity of FCC catalysts.
Activity and distribution of products during the catalytic crack-
ing of the model compound is explained in terms of shape-
selectivity concepts, and validated by the catalyst characteriza-
tion and molecular simulation. Experimentation with FCC
catalysts manufactured under similar conditions, but differing
in crystallite size, is advantageous to identify the effect of
diffusion on the activity and the selectivity of the catalyst.

Experimental Section
Catalysts preparation

Two crystallite sizes (0.4 and 0.9 �m) were employed to
manufacture typical commercial FCC catalysts. The parent Y
zeolites were spray-dried using kaolin as the filler and silica sol
as the binder. The resulting catalyst pellets (30 wt. % Y zeolite,
50 wt. % kaolin and 20 wt. % silica sol) displayed an average
particle size of 60 �m. The catalysts were ion exchanged with
NH4NO3 and then calcined at 600°C for 2 h to remove all
volatile material. CAT-SC-BS and CAT-LC-BS are acronyms
used to refer to catalyst samples before the steaming treatment,
indicating catalysts containing small and large crystallites, re-
spectively. To increase the thermal and hydrothermal stability,
the catalysts were treated with 100% steam for 5 h at 760°C. In
this study, CAT-SC and CAT-LC are acronyms used to refer to
catalyst samples after the steaming treatment, indicating cata-
lysts containing small and large crystallites. Table 1 reports the
main properties defining the characterization of the FCC cata-
lysts after the hydrothermal treatment. Additional details about
catalyst preparation can be found in Tonetto et al.28
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Catalysts characterization

Temperature-Programmed Desorption – TPD. Tempera-
ture-programmed desorption of ammonia is a useful technique
of characterization. Because of its weak basicity and small
molecular dimensions, ammonia is a suitable probe for all
hydroxyl groups accessible through pores � 0.4 nm.24

The apparatus used for the temperature programmed desorp-
tion (TPD) test was the Micromeritics AutoChem II analyzer.
A sample (0.1–0.3 g) contained in a quartz container was
degassed for 2 h at 500°C and saturated with an NH3/He gas
mixture (4.45% ammonia, 95.55% helium). Ammonia adsorp-
tion was carried out for 1 h at 140°C to assess the acidity of
active sites. To remove physically adsorbed ammonia, the
ammonia flow was switched off and replaced by an inert purge
gas (He) at a rate of 50 mL/min for 1 h at 140°C. Then, the
temperature was raised at a rate of 15°C/min and NH3-TPD
chromatograms were collected. The total flow used was 50
mL/min (STP).

Fourier transform infrared spectroscopy - FTIR

Since NH3-TPD cannot distinguish between Brönsted and
Lewis-type sites, an alternative experimental tool was used
to further characterize the FCC catalyst acidity. To over-
come the limitations of NH3-TPD experiments, fourier
transform infrared spectroscopy (FTIR) analysis of pread-
sorbed pyridine was implemented. This technique estab-
lishes the relative abundance of Brönsted and Lewis acid
sites in the various samples.

The lone-pair electrons of nitrogen in pyridine are in-
volved in different types of interactions with the surface acid
sites. Their IR absorption bands can identify these interac-
tions.30 Pyridine coordinated with a Lewis site yields a peak
at 1,450 cm�1 and protonated pyridine on a Brönsted center
gives a peak at 1,540 cm�1. The 1,600 cm�1 band is gen-
erally assigned to hydrogen-bonded pyridine. On the basis
of previous studies presented by Rosenthal et al.31 and
Emeis,32 this method was used to determine a Brönsted/
Lewis (B/L) ratio.

Samples were dried in situ by heating under N2 flow at
550°C and then cooled to 100°C. The samples were maintained
at this temperature and saturated with pyridine using a N2-
pyridine stream. Adsorption of pyridine was performed for a 60
min period. Then, the zeolite was flushed with N2, at the same
temperature for 90 min, and this to remove weakly adsorbed
pyridine species.

After this pretreatment of the samples, diffuse reflectance
infrared spectroscopy (DRIFTS) measurements were recorded
using a Bruker IFS55 FTIR spectrometer operating at 4 cm�1

resolution and 100 scans. FTIR spectra were collected at room
temperature.

Nitrogen and Argon Isotherms

The microstructure of FCC catalysts (specific surface area,
pore size and pore-size distribution) was studied by analysis of
nitrogen and argon adsorption isotherms at 77 K.

The apparatus used for nitrogen and argon adsorption mea-
surements was the Micromeritics ASAP 2010 automatic ad-
sorption analyzer. Samples (0.1 to 0.3 g) were consecutively
degassed for 1h at 100°C and for 10 h at 300°C. The samples
were then contacted with different concentrations of either
nitrogen or argon at 77 K. Adsorption isotherms were mea-
sured in the relative pressure 10�6 to 1 range, based on the
saturation vapor pressure of the adsorbate.

Micropore-size distributions were obtained from the Hor-
vath-Kawazoe equation and density functional theory (DFT).33

The DFT formalism has in recent years received considerable
attention as a way to describe the adsorption process at a
gas/solid interface of pores with slit-like or cylindrical geom-
etry.34 The ability of the DFT to model physical adsorption
provides a suitable method to extract the specific surface area
and the pore size distribution from experimental adsorption
isotherms. Porosity distribution by DFT was obtained using
nitrogen isotherm data collected at 77 K, and a model for
cylindrical pores.

Catalytic experiments

Catalytic experiments of 1,2,4-TMB (Aldrich, �98% purity)
were performed in a novel CREC riser simulator. This unit is
an experimental reactor, which combines a batch of catalyst
and a batch of fluid operating isothermally, and at constant
volume of reaction mixture. Experiments were carried out at
various temperatures (350, 400, 450, 500, and 550°C) and
residence times (3, 5, and 7 s), with a catalyst-to-hydrocarbon
ratio of 5 and reactant partial pressure between 100 – 150 kPa.
An average of ten experimental runs was carried out for every
different pair of temperature and residence time, giving a total
of about 150 experiments for each catalyst. This significant
number of catalytic runs ensured consistency in results and
provided low data dispersion, with experimental mass fractions
of products in the 5–3% error range.

The CREC riser simulator invented by de Lasa35 is a well-
mixed and bench-scale device that enables the reacting chem-
ical species to come into contact with fluidized catalyst
throughout a predetermined time span. The 52 cm3 CREC riser
simulator reactor and its components is presented in Figure 1.
Isothermal operation conditions are reached given the special
design of this unit plus the relatively small amount of reacting
species (0.162 g) and catalysts (0.81 g). Additional description
of the operation and assembly of the CREC riser simulator can
be found in Atias et al.36

An average of ten experimental runs was carried out for
every different pair of temperature and residence time, giving
a total of about 150 experiments for each catalyst. This signif-
icant number of catalytic runs ensured consistency in results
and provided low data dispersion, with experimental mass
fractions of products in the 5–3% error range.

Table 1. Properties of the Small (CAT-SC) and the Large
(CAT-LC) Crystallite Catalysts after the

Steaming Treatment

CAT-SC CAT-LC

Zeolite content [wt%] 31 29
Unit cell size [nm] 2.428 2.427
USY crystallite size [�m] 0.4 0.9
NH3 desorbed @ 140°C [mmol NH3/g HY] 0.21 0.18
Brönsted/Lewis Sites ratio @ 100°C 0.9 1
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Molecular Modeling and Analysis
Molecular modeling of USY zeolite

As introduced in previous sections, Y zeolites consist of
tetrahedrons (four oxygen anions surrounding a silicon or alu-
minum ion) linked to form cube-octahedrons (sodalite cage
units) as shown in Figure 2A. A sodalite or truncated octahe-
dron contains 24 silica and alumina tetrahedrons. Each sodalite
unit in the structure is connected to four other sodalite units by
six bridge oxygen ions connecting the hexagonal faces of two
units. Surrounded by ten sodalite units, the structure results in
a supercage (sorption cavity) which is sufficiently large for an
inscribed sphere with a diameter of �1.2 nm. The opening into
this large cavity is bounded by sodalite units, resulting in a
12-membered oxygen ring with a theoretical 0.74 nm free dia.
Each cavity is connected to four other cavities, which are
themselves connected to 3-D cavities to form a highly porous
framework structure. It is within this pore structure that the
locus of catalytic activity resides for many reactions.

The molecular model was based in the window of the USY
zeolite (as shown in Figure 2), which was built from 6 sodalite
cages and the corresponding hexagonal prisms.37 The SiO2/
Al2O3 ratio used in the model corresponded to the experimen-
tal value obtained in the characterization of USY zeolites,
which was equal to 5.6. It was assumed that the distribution of
EFAL was in the crystalline portion of USY as experimentally
found by by Gola et al.38 in studies performed on steamed USY
zeolite samples. It was found experimentally in this study that
the hydrotreatment relaxes the crystalline structure of the par-
ent zeolite (Y zeolite) by expanding the window diameter from
0.74 (Figure 2A) to 0.81 nm (Figure 2B).

Two USY zeolite structures were considered in this molec-
ular modeling study. Both models included hydrogen, alumi-
num, silicon and oxygen atoms. Si-O bond length was assumed
to be 0.1675 nm whereas the length of the Al-O bond located
in the plane defined by the 12-oxygen-membered window was
between 0.1794 nm and 0.1840 nm. The length of Al-O bond
located outside of the window’s plane was assumed to be equal
to 0.2024 nm (see Figure 2).

Selected probe molecules were considered and their interac-
tion with the two USY zeolite structures was studied in order

to explain the potential diffusion limitations and shape-selec-
tivity effect of zeolite catalysts.

Molecular modeling and analysis

The molecular modeling and analysis of probe molecules
interacting with the USY zeolite structure was performed using
CS Chem3D (version 5.0), which is a software developed by
Cambridge Soft. Chem 3D is used to carry out both molecular
mechanics (MM2) and molecular orbital calculations
(MOPAC-PM3). Therefore, Chem3D provided insight into the
conformational properties of the model compound molecules
and their interaction with the window of the USY zeolite
crystalline structure.

Molecular Mechanics - MM2

A Molecular Mechanic program (MM2) was implemented to
optimize geometry and determine thermodynamic values. The
Chem 3D version of the MM2 method was used to evaluate the
steric energy of various probe molecules and the window of
USY zeolite (six-membered sodalite cages) in order to find
potential energy minima.

Molecular Orbital Package - MOPAC-PM3

Molecular Orbital Package (MOPAC) is a general-purpose
semiempirical molecular orbital package included in Chem 3D
and developed by Dudek and Ponder.39 This package contains
the Parametrized Model revision 3 (PM3) Hamiltonians, which
were employed to analyze the changes in enthalpy upon 1,2,4-
TMB adsorption and reaction. While the MM2 method de-
scribed earlier is useful for ground state calculations, it is not
parameterized for excited state studies.

Parametrized model revision 3 (PM3) is a reparametrization
of Austin Model 1 (AM1). Hypervalent compounds are pre-
dicted with significant improved accuracy and overall errors in
formation enthalpies are reduced by about 40%.

Results and Discussion
Catalysts characterization

Once the catalysts were prepared with small (0.4 �m) and
large (0.9 �m) USY crystallites, various samples of catalysts
before and after steaming were characterized using surface
science techniques explained in previous sections. Sodium
content was found negligible in all samples after ion exchange.

Figure 2. Molecular simulation of a nonrelaxed (A) and
“relaxed” (B) USY zeolite window as predicted
with MM2 method.

Figure 1. CREC riser simulator.
Experimental set-up and accessories.
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Table 1 shows the main properties for the USY zeolite catalysts
after steaming. For both crystallite size catalysts, the initial unit
cell size (UCS) of 2.45 nm was reduced to 2.43 nm after the
steaming treatment. Dealumination of the crystalline structure
of the USY zeolite occurs when catalysts undergo steaming
treatment; therefore, reduction of UCS is expected because of
a higher abundance of Si-O bonds, which are shorter than Al-O
bonds. Table 1 also shows that both catalysts prepared under
the same conditions display similar properties in terms of total
acidity (NH3-TPD) and Brönsted/Lewis Sites ratio (Pyridine
IR), as explained further in following sections.

Temperature-programmed desorption of ammonia -
NH3-TPD

Separate experiments performed with pellets of matrix only
(no USY crystallite supported) showed that the NH3 adsorption
on the silica matrix was insignificant, which indicated the inert
nature of the matrix.

The amount of desorbed ammonia is summarized in Table 1
for the catalyst samples after steaming. It can be observed that
the amount of ammonia desorbed from both FCC catalysts
were similar (average �0.2 mmol/g). Ammonia TPD results
for catalysts without steaming treatment were also comparable
for both samples: �1.1 mmol/g. Consequently, concerning the
acidity of the catalyst before and after steaming, a decrease of
about 85% of total adsorbed ammonia was observed for the two
catalysts following steaming.

Fourier Transform Infrared Spectroscopy -
Pyridine FTIR

Table 1 reports the Brönsted/Lewis ratio showing that this
value was similar for both catalysts with no observable pyri-
dine adsorption on the matrix. It is interesting to indicate that
B/L ratio decreased 10% after steaming treatment. This change
can be attributed to the formation of extra-framework alumi-
num in the crystalline structure after the steaming process.
Brönsted sites are reduced and Lewis sites are created with the
dealumination of the crystalline structure of the USY zeolite.

Nitrogen and Argon Isotherm

Figures 3 and 4 report the nitrogen adsorption-desorption
isotherms of CAT-SC and CAT-LC, respectively, before and
after steaming. Note that in order to have a detailed observation
of the micropore region, Figures 3B and 4B are presented as
semilog plots.

The shape of the adsorption isotherms of FCC catalysts is
Type I in the Brunauer, Deming, Deming and Teller classifi-
cation, which is typical of microporous solids. These isotherms
indicate that the main difference between the samples is the
adsorption ability at low relative pressures. It appears that the
steamed CAT-SC catalyst has a lower total pore volume than
the same catalyst sample before the steaming treatment (CAT-
SC-BS). This observation was not so noticeable for the case of
large crystallite catalysts. On the other hand, the parallelism of
the isotherms after micropore filling indicates little change in
the mesopores structure. The small parallel hysteresis loops
observed in Figures 3 and 4 are typical of solids, such as FCC
catalysts, which contain slit-shaped mesopores resulting from
the presence of kaolin platelets. Similar observations can be
obtained comparing the argon adsorption isotherms. Moreover,
it can be concluded that in the FCC catalysts of this study,
zeolite crystallites are the major contributor to the microporos-
ity and that the matrix is the major supplier of mesoporosity.

The specific surface area (SSA), pore volume and median
pore diameter computed from the nitrogen and argon isotherms
for samples of catalysts before and after steaming are shown in
Table 2. The specific surface area decreased as a consequence
of the severe steaming pretreatment for both small and large
crystallite catalysts, being this observation more notorious in
CAT-SC than in CAT-LC. Table 2 shows external specific
surface areas of 25 and 20 m2/g for CAT-SC and CAT-LC,
respectively, reflecting the effect of the difference in crystallite
sizes. Since both small and large crystallite catalysts were
manufactured with similar amounts (mass basis) of zeolite
crystallites; the CAT-SC was expected to have a larger external
specific surface area than the one for the CAT-LC.

Table 2 shows that the micropore volume decreased in the
small crystallite catalysts as a consequence of the severe steam-
ing pretreatment. However, this reduction in micropore volume
was not observed in the case of the large crystallite catalysts.

Figure 3. Adsorption-desorption isotherms of nitrogen
on small crystallite catalysts before steaming
((E) CAT-SC-BS) and after steaming ((�) CAT-
SC).
(A) Volume adsorbed as a function of relative partial pressure,
and (B) Volume adsorbed vs. the logarithm of relative partial
pressure.

Figure 4. Adsorption-desorption isotherms of nitrogen
on large crystallite catalysts before steaming
((E) CAT-LC-BS) and after steaming ((�) CAT-
LC).
(A) Volume adsorbed as a function of relative partial pressure,
and (B) Volume adsorbed vs. the logarithm of relative partial
pressure.
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Comparing values for the small and large crystallite catalysts,
it seems that the steaming treatment is more effective on the
small crystallite catalysts.

Table 3 displays the values of physical properties for adsor-
bates (nitrogen and argon) and adsorbent (USY zeolite) used in
the pore-size distribution (PSD) calculations based on the Hor-
vath-Kawazoe model.40 The median pore diameters obtained
from nitrogen and argon isotherms are included in Table 2.

Figures 5A shows the micropore-size distribution obtained
from nitrogen adsorption isotherms of small crystallite cata-
lysts before (CAT-SC-BS; void circle) and after (CAT-SC;
crosses) steaming treatment. Figure 5A shows that the CAT-
SC-BS exhibited two peaks, one at �0.75 nm and the other at
�1.05 nm. After dealumination or steaming treatment, the first
peak disappears while the second peak shifts to �1.12 nm.
Similar observations can be stated from Figure 5B for the case
of large crystallite catalysts.

As noted earlier, the DFT and the Horvath-Kawazoe models
applied to the N2 isotherms yield two pore sizes. This is
consistent with the findings of other researchers,41 who as-
cribed this result to the level of polarization of the probe
molecule and the degree of dealumination of the zeolitic struc-
ture.

Despite the experimental results and in view of the spatial
structural ordering of the studied zeolites, a single pore size is

expected of the magnitude of the faujasite’s supercage (�1.2
nm). Given this uncertainty with nitrogen pore-size distribution
calculations, a similar analysis using argon adsorption iso-
therms was carried out.

Figure 6 shows the pore-size distribution assessed from the
argon isotherms gathered in samples corresponding to small
and large crystallite catalysts, before and after steaming treat-
ment. As shown in Figure 6, a single peak was observed at a
pore dia. of �1.24 nm for small and large crystallite catalysts
without steaming treatment (void circle), which value is rep-
resentative of the supercage diameter of faujasite-type zeolites.

Table 2. Specific Surface Area (SSA), Specific Pore Volume
(SPV), and Median Pore Diameter [Å] of the Small

(CAT-SC) and the Large (CAT-LC) Crystallite Catalysts
before and after Steaming Treatment

Before Steaming After Steaming

CAT-SC-BS CAT-LC-BS
CAT-

SC
CAT-

LC

SSA � BETA (m2/
g) 213 198 169 197

Micropore SSA �
t-PlotB (m2/g) 187 178 144 177

External SSA �
t-Plot (m2/g) 25 20 25 20

Micro SPV � t-plot
(cm3/g) 0.082 0.072 0.062 0.072

Total SPVC (cm3/g) 0.150 0.139 0.133 0.143
Mean pore diameter

� N2
D (nm) 0.75 0.76 1.12 1.11

1.05 1.04
Mean pore diameter

� ArD (nm) 1.25 1.23 1.27 1.28

A. Calculated using the BET equation59 in the range 0.05 � P/P0 � 0.33.
B. Calculated using the t-plot method60: Thickness Curve Type Harkins and

Jura: t-plot � [13.99/(0.034 � lg(P/P0)]0.5.
C. Measured at P/P0 � 0.98.
D. Cylindrical-pore geometry (Saito and Foley) and Cheng and Yang correction.

Table 3. Values of the Physical Properties Used in Micropore Size Distribution Calculations

Parameter

Adsorbate Adsorbent

N2 Ar USY Zeolite}

Diameter (nm) 0.300* 0.295 0.304
Polarizability (cm3) 1.760 10�24 } 1.63 10�24 § 8.50 10�25

Magnetic susceptibility (cm3) 3.600 10�29 } 3.22 10�29 1.94 10�29

Density per unit area (molecules/cm2) 6.7 1014 * 7.608 1014 3.75 1015

*Values of parameters for the micropore size distributions (PSD) were obtained following the Horvath-Kawazoe approach.40

‡Cheng and Yang.61

}ASAP 2010 Manual, Micromeritics Inc., 1995.

Figure 5. Horvath-Kawazoe differential pore volume plot
— cylinder pore geometry (Saito/Foley) with
Cheng/Yang correction for small crystallite
catalysts (A: (E) CAT-SC-BS and (�) CAT-SC),
and large crystallite catalysts (B: (E) CAT-
LC-BS and (�) CAT-LC) from nitrogen iso-
therms.
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However, this peak shifted to 1.27 nm for steamed catalysts
(crosses in Figure 6). The slight increase in the location of this
peak in the pore-size distribution curve can be attributed to the
changes in physical structure and chemical composition ac-
companying dealumination of Y zeolites.42 Similar observa-
tions in the modification of pore diameter have been reported in
the technical literature.24 Fernández et al.43 postulated that
zeolites have micropores of uniform sizes and super-micro-
pores (0.7-2 nm) and/or mesopores can be created depending
on the dealumination conditions.

In order to confirm the shift in the median pore diameter
between catalyst samples before and after the steaming treat-
ment, pore-size distributions were obtained from the density
functional theory (DFT), and are shown in Figure 7. Similar to
the results from the Horvath-Kawazoe model, the DFT pro-
vides two-pore diameter (1.17 and 1.5 nm) for catalysts with
steaming treatment, even though these methods result from
different theoretical considerations. Although the DFT predicts
two-pore sizes for steamed catalysts, an acceptable agreement
was observed between both the Horvath-Kawazoe model and
the density functional theory in regards to the effect of the
steaming treatment in the increase of the median pore size.

Catalytic experiments

The catalytic conversion of 1,2,4-trimethylbenzene (1,2,4-
TMB) on USY zeolite catalysts can be described on the basis
of the reaction network shown in Figure 8. The reactant 1,2,4-

TMB undergoes both isomerization and disproportionation re-
actions leading to the formation of isomers of xylene, trimeth-
ylbenzene (TMB) and tetramethylbenzene (TeMB), which are
all considered the primary products.

The chemical transformation of trimethylbenzene molecules
on USY zeolite catalysts follows a series of steps starting with
transport of reactants from the bulk phase to the external
catalyst pellet surface. The reactants diffuse inside the pellet
macropores toward the individual USY zeolite crystals. The
mesopores generated by steaming in these crystallites ensure an
optimal accessibility and transport of reactants. This diffusion
through the macropore and mesopore is governed by molecular
or Knudsen diffusion and does not contribute to selectivity for
the kinetically controlled isomerization and disproportionation
reactions described in this study. Furthermore, the reactant
alkylaromatics physisorb into the micropores of the crystal
lattice. Subsequently, the reactant alkylaromatics migrate to the
active sites where catalytic transformations take place. There is
a restricted molecular transport rate inside the zeolite crystal,
induced by the similarity between the size of the involved
hydrocarbons and the micropore diameter. Accordingly, the
migration of hydrocarbons through the micropores of a zeolite
occurs in close contact with the micropore walls. The values
for zeolite intracrystalline diffusion coefficients are, therefore,
several orders of magnitude lower than those for the molecular
and Knudsen diffusion regimes that are typically displayed in
meso- and macroporous media.44,25 Therefore, this study focus
on the potential limiting effect of intracrystalline diffusion on
both the conversion-level and selectivity.

Figure 9 shows the distribution of primary and secondary
products for the 1,2,4-TMB catalytic conversion on CAT-SC at
450°C, residence times of 3, 5 and 7 s, and catalysts/reactant
ratio � 5. Under these reaction conditions, there is competition

Figure 7. Incremental pore volume using the DFT for
small crystallite catalysts (A: (E) CAT-SC-BS
and (�) CAT-SC) and large crystallite catalysts
(B: (E) CAT-LC-BS and (�) CAT-LC) from nitro-
gen adsorption isotherms.

Figure 6. Horvath-Kawazoe differential pore volume plot
- Cylinder pore geometry (Saito/Foley) with
Cheng/Yang correction for small crystallite
catalysts (A: (E) CAT-SC-BS and (�) CAT-SC)
and large crystallite catalysts (B: (E) CAT-
LC-BS and (�) CAT-LC) from argon isotherms.
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between isomerization and disproportionation reactions with
disproportionation products (TeMB and xylene isomers) being
more abundant than the isomerization products (TMB iso-
mers).

Selectivity of 1,2,4-TMB Disproportionation
Reactions

One of the objectives of this manuscript is to validate the key
role that the USY zeolite pore network plays in governing the
selectivity of the 1,2,4-TMB disproportionation toward the
tetramethylbenzene isomers.

The theoretical molar ratio of xylene and TeMB produced is
one (1), as it can be inferred by the stoichiometry of the
1,2,4-TMB disproportionation reactions shown in Figure 8.
However, the experimental results indicated that this molar
ratio between xylene and TeMB was above 1 for all the

operating conditions considered in this study. Excluding the
two products of secondary disproportionation reactions, the
higher molecular weight product (TeMB) was consistently
present in smaller amounts than the corresponding lower mo-
lecular weight product (xylene), as shown in Figure 10. As
claimed by Atias et al.36 the excess of xylene isomers observed
can be the result of TeMBs trapped in micropores as coke
precursor or consumed in consecutive reactions.

Figure 10 compares the distribution of disproportionation

Figure 8. Network of primary reactions for the catalytic conversion of 1,2,4-trimethylbenzene on USY zeolite cata-
lysts.

Figure 9. Distribution of primary and secondary prod-
ucts in the 1,2,4-TMB conversion on CAT-SC
catalyst at Catalyst/1,2,4-TMB ratio � 5 and
temperature � 450 °C.

Figure 10. Disproportionation products during
1,2,4-TMB catalytic conversion on (F)
CAT-LC and (E) CAT-SC.
Reaction conditions: Catalyst/1,2,4-TMB ratio � 5 (wt/wt),
reaction times � 3, 5 and 7s, and temperature � 350, 400,
450, 500, and 550 °C:
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products attained in both CAT-SC and CAT-LC and displays
disproportionation products ratios larger than one ((mol xy-
lenes)/(mol TeMB) � 1). It can be observed that the crystallite
size does not have an apparent effect in the distribution of the
tetramethylbenzene and xylene isomers. This result indicates
that the geometric characteristics (a) of the diffusion path of
reactant molecules while being transported toward the active
centers (reactant selectivity), or (b) of disproportionation prod-
uct molecules (xylene and TeMBs) while evolving toward the
external surface of the crystallites (product selectivity) do not
play a significant role in catalyst selectivity.

Among the TeMB isomers, the most desirable product is the
1,2,4,5-isomer called durene, which can be oxidized to pyro-
mellitic anhydride (raw material for heat-resisting polymers).
As the 1,2,3,5-isomer is thermodynamically the most stable
among TeMBs, the production of durene requires the develop-
ment of shape-selective catalysts.

Figures 11 and 12 report the TeMB isomer distribution in the
catalytic conversion of 1,2,4-TMB on CAT-SC and CAT-LC,
respectively. The distribution of TeMBs at low temperatures
(�350°C) shows that the 1,2,4,5-TeMB is produced more
abundantly than expected from thermodynamic equilibrium
whereas the other two isomers: 1,2,3,5-TeMB and 1,2,3,4-
TeMB are below their respective equilibrium values. More-
over, at low-temperature (�350°C) both catalysts present sim-
ilar 1,2,3,4- and 1,2,3,5-TeMB selectivity, whereas the 1,2,4,5-
TeMB selectivity is larger for the case of CAT-SC. At higher
temperatures (�550°C), even though 1,2,4,5-TeMB is still
produced more abundantly than expected from thermodynamic
equilibrium, both catalysts show similar activity and selectivity
with all TeMB isomers approaching values at equilibrium. In
conclusion, small crystallite USY zeolite catalysts and low
temperatures favor the production of 1,2,4,5-TeMB, which is
the smallest among the TeMB isomers (Table 4). This exper-
imental finding is in line with results obtained elsewhere.
Kikuchi and coworkers45 proposed an alkylation-type mecha-

nism under the restricted space conditions of micropores and
claimed that disproportionation may promote 1,2,4,5-TeMB vs.
the others TeMBs, given its lower minimum van der Waals
diameter (Table 4). TeMB distribution on USY catalysts falls
in the category of shape-selectivity where there is an alteration
of the thermodynamic equilibrium favoring the formation of
1,2,4,5-TeMB over the other isomers. Depending on the dis-
proportionation mechanism, the selective formation of 1,2,4,5-
TeMB relative to 1,2,3,4- and 1,2,3,5-TeMB might be inter-
preted as a transition-state or product shape selectivity effect.46

One initial explanation advanced to justify the results of this
study was to relate the change in TeMB distribution with
temperature to the crystallite size arguing about a possible
influence of product-diffusion constrains. However, this possi-
bility is discarded in the upcoming sections given that restricted
transition-state selectivity is proven as a more sound explana-
tion.

A generally accepted disproportionation mechanism of al-
kylaromatics involves a byphenylic transition-state intermedi-

Figure 11. Influence of temperature on the TeMB isomer
distribution during the catalytic conversion of
1,2,4-TMB on CAT-SC (Catalyst/1,2,4-TMB �
5).
Residence time � 3 s (white symbols); 5 s (gray symbols);
7 s (black symbols), (�) 1,2,4,5-TeMB; (�) 1,2,3,5-TeMB;
(�) 1,2,3,4-TeMB. Equilibrium values58 are represented with
continuous lines.

Figure 12. Influence of temperature on the TeMB isomer
distribution during the catalytic conversion of
1,2,4-TMB on CAT-LC (Catalyst/1,2,4-TMB �
5).
Residence time � 3 s (white symbols); 5 s (gray symbols);
7 s (black symbols) (�) 1,2,4,5-TeMB, (�) 1,2,3,5-TeMB;
(�) 1,2,3,4-TeMB. Equilibrium values58 are represented with
continuous lines.

Table 4. Minimum van der Waals Diameters
for Some Alkylbenzenes

Alkylbenzenes
Minimum van der Waals

Diameter (nm)

p-xylene 0.67
m-xylene 0.74
o-xylene 0.74
1,2,3-trimethylbenzene 0.79
1,2,4-trimethylbenzene 0.74
1,3,5-trimethylbenzene 0.86
1,2,3,4-tetramethylbenzene 0.79
1,2,3,5-tetramethylbenzene 0.86
1,2,4,5-tetramethylbenzene 0.74
1,3,5-triethylbenzene 0.92
1,3,5-triisopropylbenzene 0.94

Source: Gnep et al.56; Satterfield and Cheng.57
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ate as proposed by Csicsery47,48 for the transalkylation of
alkylbenzenes over mordenite catalysts. Among the possible
transition-state intermediates in the disproportionation of 1,2,4-
TMB, the formation of the more linear transition-state inter-
mediate is more sterically favored in the micropore structure.
Figure 13 bimolecular transition states to yield 1,2,4,5-TeMB,
1,2,3,5-TeMB and xylene isomers. Figure 13 shows that the
intermediates that are more linear (cases 1, 2 and 3) yield the
1,2,4,5-TeMB isomer. Therefore, the tetramethylbenzenes dis-
tribution may be justified on the basis of the restricted transi-
tion-state selectivity concept.

Modeling of Catalytic Conversion of 1,2,4-TMB on
USY Zeolite Catalysts

The catalytic conversion of 1,2,4-TMB in the CREC riser
simulator can be described by a set of equations involving the
various catalytic rates of isomerization and disproportionation
reactions shown in Figure 8. This study expands the model
proposed by Atias et al.36 and breaks down the disproportion-
ation reaction into three parallel reactions producing the three
TeMB isomers, respectively. This proposed kinetic model,
which considers apparent kinetic parameters, complements the
experimental findings and gives insights into the catalyst se-
lectivity.

Considering high gas mixing,49 intense fluidization, and uni-
form temperature displayed in the CREC Riser Simulator, this
laboratory reactor can be modeled as an ideal batch reactor by
the following equation

V

Wcr

dCi

dt
� ri (1)

where V is the volume of the reactor, Wcr is the weigh of USY
zeolite crystallites supported on the catalyst, Ci is the gas phase
concentration of species i and ri is the observed reaction rate of
species i.

The material balance expressed by Eq. 1 can be written in
terms of the various species considered in the network of
reactions (Figure 8): 1,2,4-TMB (A); 1,2,3-TMB (B); 1,3,5-
TMB (C); 1,2,3,4-TeMB (Te1); 1,2,4,5-TeMB (Te2); 1,2,3,5-
TeMB (Te3); and xylenes (X)

�
V

Wcr

dCA

dt
� kICA�int

I � 2�KDTe1 � kDTe2 � kDTe3�CA
2�int

D

(2)

�
V

Wcr

d�CB � CC�

dt
� �kICA�int

I (3)

�
V

Wcr

dCTe1

dt
� �kDTe1CA

2�int
D (4)

�
V

Wcr

dCTe2

dt
� �kDTe2CA

2�int
D (5)

�
V

Wcr

dCTe3

dt
� �kDTe3CA

2�int
D (6)

�
V

Wcr

dCX

dt
� ��kDTe1 � kDTe2 � kDTe3�CA

2�int
D (7)

where kI and kDi are the kinetic constants corresponding to the
reaction network in Figure 8, �int

I and �int
D are the deactivation

functions for isomerization and disproportionation, respec-
tively. It can be noticed that the isomerization of 1,2,4-TMB is
assumed to be first-order, whereas the disproportionation is
adopted to follow a second-order kinetics, as proposed by
Kikuchi et al.45 and Ko and Kuo.50

To develop this kinetic model, it was assumed that reactant
molecules diffuse into the catalyst matrix reaching the external
surface of the zeolite crystallites. These diffusing molecules are
alleged to display negligible transport limitations around the 60
�m pellets (intense gas mixing) and inside the inert porous
matrix (mesoporous network). Thus, these molecules were
considered to reach the external surface of the USY crystallites
displaying no-diffusional limitations. Furthermore, it was
proven by Atias et al.23 that 1,2,4-TMB reactant molecules do
not display intracrystalline diffusion limitations, therefore, the
overall reaction rate can be considered equivalent to the intrin-
sic reaction rate.

Equation 1 also assumes that catalytic isomerization and
disproportionation of 1,2,4-TMB occur solely in the zeolite
crystallites with the catalyst matrix being inert to reaction.
Moreover, this model takes into account catalytic reactions and
neglects thermal conversion, which was found to have a small
contribution in the total conversion of 1,2,4-TMB at the oper-
ating conditions of this study.

The kinetic constants are function of temperature and can be

Figure 13. Bimolecular mechanism postulated for the
disproportionation of 1,2,4-TMB.45
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expressed using the Arrhenius equation and a centering tem-
perature, T0 � 450°C, as follows

kI � kI,0exp��
EI

R �1

T
�

1

T0
�� (8)

kDi � kDi,0exp��
EDi

R �1

T
�

1

T0
�� (9)

where kI,0 and kDi,0 are pre-exponential factors, and EI and EDi

are the activation energies for isomerization and disproportion-
ation reactions, respectively. The deactivation functions are
based on the reactant conversion model,51 and can be expressed
as follows

�int
I � exp��	I�yB � yC�� (10)

�int
D � exp��	DyX� (11)

with 	I and 	D representing the deactivation parameters for
isomerization and disproportionation reactions, respectively,
and yi the mass fraction of species i defined by the following
equation

yi �
CiVMWi

mHC
(12)

where MWi is the molecular weight of species i and mHC is the
total mass of reactant injected.

From all the above, the catalytic conversion of 1,2,4-TMB
on USY zeolite catalysts can be mathematically modeled by the
system of six partial-differential equations formulated by Eqs 2
to 7. This system of partial differential equations contains ten
(10) unknown parameters, kDTe2,0; EDTe2; kDTe3,0; ETe3; kDTe1,0;
ETe1; kI,0; EI; 	I; and 	D, which are assessed employing non-
linear regression techniques. The experiments for this chemical
system were carried out in the CREC riser simulator at tem-
peratures in the range of 350–550°C and reaction times 3; 5
and 7 s. Because experimental data were available for all six
dependent variables: CA, CB � CC, CTe1, CTe2, CTe3, and C X,
multiple nonlinear regression was performed by simulta-
neously fitting all six equations to the data. The technique for
minimization of the sum of squared residuals is the large-scale
algorithm based on the interior-reflective Newton method de-
scribed in Coleman and Li.52

The results of the nonlinear regression of parameters and
statistical analysis are shown in Table 5. Individual parameter
95%-confidence intervals were calculated and showed the
soundness of the mathematical model proposed. Moreover, the
extent of the correlation between parameters was calculated
and shown in the matrix of correlation coefficients (Table 6).
The correlation coefficients indicated the low degree of corre-
lation between the kinetic parameters assessed, which is an-
other indication of the soundness of the proposed model to
predict the data. However, it was found that the deactivation
parameters for both isomerization and disproportionation reac-
tions displayed a somewhat significant correlation with other
kinetic parameters.

The regressed parameters for activation energies indicate
that among the TeMBs, the 1,2,3,4-TeMB and the 1,2,3,5-
TeMB display larger activation energies than the one for
1,2,4,5-TeMB: 5.24-5.16 kJ/mol versus 2.08 kJ/mol, respec-
tively. These reported values represent apparent activation en-
ergies, which include the effects of the intrinsic kinetic cata-
lytic reaction and the adsorption of the reactant.35 Even though
a comparison between these values and the ones found in the
technical literature have to be done cautiously, the activation
energies of this study are in the same order of magnitude to
values found in the technical literature for the catalytic trans-
formation of alkylbenzenes on large pore zeolite.47 The acti-
vation energies reported in this study indicate a preferential
formation of activated complexes leading to 1,2,4,5-TeMB,
and this is consistent with the molecular modeling of probe
molecules interacting with the USY zeolite framework dis-
cussed in following sections.

Molecular Modeling and Analysis of the interaction
between the “relaxed” USY zeolite and molecules

Figure 2 shows the “relaxed” and “nonrelaxed” USY zeolite
structure modeled in this study, taken into account PSDs ob-
tained experimentally. The “nonrelaxed” window had a char-
acteristic window opening of 0.74 nm, whereas the “relaxed”
window had an opening equals to 0.81 nm (PSD found exper-
imentally using N2 and Ar isotherm).

Performing molecular simulation with the“relaxed” USY
zeolite window (Figure 2B), and a probe molecule provides
insights into the interactions occurring when a molecule is
diffusing into a supercage. Taking into consideration that the
guest molecule-host structure energy arises mainly from steric
requirements, minimum steric energies were calculated by
placing the probe molecule in the optimum position at the
center of the USY zeolite window model. Furthermore, the
probe molecule’s configuration was modified in order to pro-
duce energy-minimized structures.

Experimental and theoretical results of this study can be
explained taken into account that the proposed model corre-
sponds to a rigid framework. Auerbach et al.53 indicated that
the direct examination of the influence of zeolite vibrations on
guest dynamics suggests a strong influence on the activated
diffusion of tight-fitting guest-zeolite systems. These authors
pointed out that for tight-fitting host-guest systems, the frame-

Table 5. Parameter Values and 95%-Confidence Intervals
Obtained from the Nonlinear Regression and the Statistical

Analysis of Experimental Data

Parameter Value

95%-Confidence
Intervals

Lower
Value

Upper
Value

kDTe2,0 (m6/[mol(kg of crystallite)s]) 0.345 0.262 0.428
EDTe2 (kJ/mol) 2.08 0.953 3.20
kDTe3,0 (m6/[mol(kg of crystallite)s]) 0.312 0.237 0.388
ETe3 (kJ/mol) 5.16 3.84 6.47
kDTe1,0 (m6/[mol(kg of crystallite)s]) 0.142 0.101 0.184
ETe1 (kJ/mol) 5.24 2.51 7.97
kI,0 (m3/[(kg of crystallite)s]) 0.0257 0.0 0.0640
EI (kJ/mol) 15.8 7.03 24.7
	I(�) 27.7 5.41 49.9
	D(�) 6.08 3.42 8.74

764 AIChE JournalFebruary 2006 Vol. 52, No. 2



work vibrations must allow for an accurate treatment of the
activation energy for molecular jumps through flexing channels
and/or windows. Nonetheless, calculations performed in this
study with “relaxed” and “nonrelaxed” models allow conclud-
ing that a minor increase of the window diameter (consequence
of steaming treatment, as described earlier) modifies signifi-
cantly the diffusional properties of the molecules such as
TMBs. This assessment can be developed in terms of a relative
steric energy (	E � E1- (E2�E3)). This relative steric energy
(	E) involves the difference of the following two terms (refer
to Table 7): (a) Steric energy when the probe molecule is
placed inside the cage (final stage), and (b) Steric energy of the
molecule when this probe molecule is far away from the cage
plus the steric energy of the window itself (initial stage). The
	E change of steric energy from the initial to the final stage
provides information about the ease of reaching different con-
formational situations. Even more, this relative steric energy
represents the difficulty of the probe molecule to access the
inner cage, and can provide trends in activation energies for the
intracrystalline diffusion of the probe molecule into the zeolite
supercage.

Table 7 shows the steric energies corresponding to the in-
teraction of the “relaxed” window model (0.81 nm) with dif-
ferent probe molecules. In the molecular simulation using
1,2,4-TMB as the probe molecule, the relative steric energy
(-58.2 kJ/mol) indicated no restrictions in terms of accessibility
into the USY zeolite micropores. This finding supports the
work of Atias et al.36 who studied the catalytic conversion of
1,2,4-TMB on USY zeolite catalysts of various crystallite sizes
in a range of temperature � 350–550°C and catalyst/(1,2,4-
TMB injected) ratio � 5. These authors found that the catalytic
reaction of 1,2,4-TMB under those operating conditions was
not hindered by intracrystalline diffusion.

In contrast, results of molecular simulation for 1,2,4-TMB as

the probe molecule in a 0.74 nm window structure showed that
the relative steric energy to reach the supercage was �62
kJ/mol. This value is positive and higher than the one observed
for the 0.81 nm window model.

Calculations of steric interaction energies for the TeMB
isomers do not show significant differences, which indicated
that the mobility of these molecules through the USY zeolite
pore network was not hindered by physical constraints. More-
over, comparing the relative steric energies of 1,2,4-TMB
(-58.2 kJ/mol) with the ones for TeMBs (-70 to -50 kJ/mol)
leads to similar conclusions (refer to Table 7). Therefore,
product shape selectivity cannot explain the changes in ther-
modynamic equilibrium for the disproportionation of 1,2,4-
TMB favoring the production of 1,2,4,5-TeMB.

Similar molecular simulation studies were carried out select-
ing probe molecules used in a previous work by our research
group,54 based on the catalytic conversion of 1,3,5-triisopropy-
lbenzene (1,3,5-TIPB), and 1,3-diisopropylbenzene (1,3-DIPB)
on FCC catalysts (CAT-SC and CAT-LC). The purpose was to
corroborate the validity of the methodology employed in this
manuscript with regards to tetramethylbenzene isomers distri-
bution. The interactions of these two probe molecules: 1,3,5-
TIPB and 1,3-DIPB with the “relaxed” USY window models
were evaluated. Results are also shown in Table 7. A negative
relative steric energy of -137.7 kJ/mol was assessed for 1,3-
DIPB, and supported the experimental data indicating that the
catalytic conversion of this molecule on FCC catalysts was
controlled by the intrinsic reaction and it did not display
diffusion restrictions. For the case of the catalytic cracking of
1,3,5-TIPB on USY catalysts, the results of the molecular
simulation corroborated the significant mobility restrictions
and diffusion limitations displayed by this molecule.54 Table 7
shows a positive relative steric energy for the 1,3,5-TIPB-
“relaxed” window model of �951.9 kJ/mol, which indicates

Table 6. Matrix of Correlation Coefficients for the Nonlinear Regression of Parameters

kDTe2,0 EDTe2 kDTe3,0 EDTe3 kDTe1,0 EDTe1 kI,0 EI 	I 	D

kDTe2,0 1 0.2104 0.8445 0.1167 0.6557 0.05648 �0.3221 �0.2987 �0.318 0.9304
EDTe2 1 0.1052 �0.1429 0.07573 �0.2236 0.06499 0.01395 0.06614 0.103
kDTe3,0 1 0.08549 0.6411 0.0821 �0.3183 �0.2913 �0.3137 0.9215
EDTe3 1 0.1317 �0.2498 0.06447 0.01066 0.06181 0.1127
kDTe1,0 1 �0.0268 �0.2641 �0.2341 �0.2538 0.7561
EDTe1 1 0.03506 �0.0168 0.03278 0.05917
kI,0 1 0.9385 0.9916 �0.436
EI 1 0.9476 �0.4137
	I 1 �0.4397
	D 1

Table 7. Absolute and Relative Steric Energies Found of the Probe Molecule-“Relaxed” USY Zeolite
Window Model Using MM2 Method

Probe Molecule

Absolute Steric Energy (kJ/mol) Relative Steric Energy (kJ/mol)

Final Stage: E1 Initial Stage: E2* 	E � E1 � E2

1,2,4-TMB 3491.1 3549.3 �58.2
1,3,5-TIPB 4531.3 3579.4 951.9
1,3-DIPB 3429.6 3567.3 �137.7
1,2,3,4-TeMB 3492.0 3562.3 �70.3
1,2,3,5-TeMB 3489.9 3555.1 �65.3
1,2,4,5-TeMB 3497.0 3551.0 �54.0

*Absolute steric energy of the “relaxed” window (0.81 nm) � 3558.5 kJ/mol.
Final Stage: Probe molecule located at the window.
Initial Stage: Probe molecule apart (�0.6 nm) from the window.
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the highly restricted mobility of this molecule, well in agree-
ment with the experimental findings.

Molecular Simulation of Transition states for
TeMB Formation

Once the molecular simulation using the MM2 method
showed that product-shape selectivity could not explain the
distribution of tetramethylbenzene isomers, complementary
studies, based on the transition states for TeMB formation were
carried out. The implementation of the MOPAC method de-
scribed in previous sections was required given a proposed
transition state on the probe molecules in order to elucidate if
the TeMB distribution obtained in the catalytic conversion of
1,2,4-TMB can be explained in terms of transition-state selec-
tivity.

The VdW diameters are useful as a first insight, whereas the
Connolly areas are more complete in the definition of the
available space occupied by the molecules. In this sense, these
parameters are more adequate to establish the real space occu-
pied by a molecule.55 Table 8 reports three Connolly molecular
parameters for transition states of TeMBs (forms 1 to 6 as
depicted in Figure 13). The “Connolly Accessible Area” rep-
resents the locus of the center of a probe sphere (representing
a solvent) as it is rolled over the molecular shape. The “Con-
nolly Molecular Surface Area” and the “Connolly Solvent
Excluded Volume” represent the contact surface created when
the same probe sphere is rolled over the molecular shape and
the volume contained within the contact molecular surface,
respectively (Figure 14).

The molecular parameter ”D“ in Table 8 is the maximum
linear distance considering the substitutes in the transition
state. The significance of this parameter can be established
using as a basis a 1.2 nm dimension that represents the space
available inside the supercage. Transition states with high

values of D are less probable to occur. Table 8 also reports
three Connolly molecular parameters for the transition states of
TeMB (forms 1 to 6 as shown in Figure 13). Comparison
between these parameters provides the basis to evaluate the
molecular dimensions, and to relate them with the steric con-
straints and the proposed mechanism/locations of these reac-
tions. Obviously, the transition states that are more voluminous
find more steric difficulties for their formation inside the su-
percage. The relative steric energy shown in Table 8 was
calculated as the difference in steric energy between the
dimeric conformer and two molecules of 1,2,4 TMB. This
calculation assesses the steric energy needed for the formation
of the dimeric conformer inside the supercage, starting from
two individual molecules far away from each other and apart
from the supercage and provides a qualitative evaluation of the
ease of formation among conformers with the same atom
number.

The results obtained from this molecular simulation are
shown in Table 8 and can be summarized as follows:

1. In terms of the magnitude of Connolly surface accessi-
ble area, the observed ordering is:
Form 3 � Form 2 � Form 1 � Form 6 � Form 5 � Form 4

2. Transition-states 1, 2 and 3, which lead to the formation
of 1,2,4,5-TeMB, display the lower Connolly molecular sur-
face area out of the six transition states analyzed

3. Relative steric energies of the various probe molecules
shown in Table 7 using the “relaxed” USY zeolite window are
in the -138 to �952 kJ/mol range, whereas the relative steric
energies of the transition states shown in Table 8 are in the
range of -2 to 4 kJ/mol.

4. Transition states for the TeMB isomers showed slight
differences in their relative steric energies, however, differ-
ences in the molecular Connolly parameters are significant. For
instance, transition state 5 (for 1,2,3,5 TeMB) shows a relative
steric energy of -0.1 kJ/mol and a small dimeric conformer
distance D of 1.14 nm, but its Connolly accessible surface area
is one of the largest (5.33 nm2) among the six transition-states
studied.

Consequently, the applicability of a restricted transition-state
shape-selectivity concept can be established studying the ex-
perimental distribution of TeMB isomers, where 1,2,4,5-TeMB
(produced from the transition-states 1, 2, and 3) is the most
sterically favored. As described by the Connolly, accessible
surface area and molecular surface area parameters, the tran-
sition states promoted in the 1,2,4-TMB disproportionation on
USY catalyst lead predominately to the production of 1,2,4,5-

Table 8. Molecular Dimensions and Connolly Parameters of the Various Transition States for the Formation of TeMBs from
the Disproportionation of 1,2,4-TMB

Transition
State1 D2 (nm)

Connolly Accessible
Surface Area (nm2)

Connolly Molecular
Surface Area (nm2)

Connolly
Excluded

Volume (nm3)
Relative Steric Energy

(kJ/mol)

1 1.19 5.20 2.85 0.257 4.3
2 1.16 5.18 2.84 0.256 �2.1
3 1.07 5.06 2.78 0.258 0.4
4 1.20 5.34 2.89 0.256 3.8
5 1.14 5.33 2.88 0.255 �0.1
6 1.07 5.24 2.92 0.259 �2

1For keys refer to Figure 13.
2Maximum distance considering substituents in the transition state.

Figure 14. Representation of the accessible surface of a
molecule (A), and the molecular surface of a
molecule (B).
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TeMB whereas the rest of the TeMB isomers present more
sterically-restricted transition states that hinder their formation.

Conclusions

(a) Pore-size distribution measurements show that hydro-
thermal treatment of FCC catalysts enlarges the USY zeolite
windows.

(b) Reaction experiments in a fluidized CREC riser simula-
tor allow establishing kinetic parameters and energies of acti-
vation for both the isomerization and disproportionation steps.
The activation energy for 1,2,4,5-TeMB-formation display the
lowest value suggesting that the transition state for this isomer
is the less energetically demanding, and as a result this path is
favored.

(c) Transition state shape-selective on USY zeolite crystal-
lites is a relevant factor to explain TeMB isomer product
distribution under conditions where pore configuration of USY
zeolite constrains the formation of transition-state species and
leads to the production of 1,2,4,5-TeMB surpassing isomer
chemical reaction equilibrium distributions.
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Notation

Ci � gas-phase concentration of species I, mol/cm3

EI � activation energies for isomerization reaction, kJ/mol
EDi � activation energies for disproportionation reactions, kJ/mol
E1 � absolute steric energy of the window-molecule system when probe

molecule is located at the window, kJ/mol
E2 � Absolute steric energy of the window-molecule system when

probe molecule is apart (�6Å) from the window, kJ/mol
kI � kinetic constant for isomerization reaction, m3/[(kg of crystallite)

s]
kI,0 � pre-exponential factor for isomerization reaction, m3/[(kg of crys-

tallite) s]
kDi � kinetic constants for disproportionation reactions, m6/[mol (kg of

crystallite) s]
kDi,0 � pre-exponential factor for disproportionation of 1,2,4-TMB, m6/

[mol (kg of crystallite) s]
MWi � molecular weight of species I, g/mol
mHC � total mass of reactant injected in the experimental reactor, 0.162 g

R � ideal gas constant, 8.314 J/mol K
ri � reaction rate of species I, mol/[(kg of crystallite) s]
T � temperature, K
t � time, s

T0 � centering temperature, 450°C
V � volume of the experimental reactor, 52 cm3

Wcr � weight of USY zeolite crystallites (supported on the catalyst)
loaded in the experimental reactor 0.243 g

yi � mass fraction of species I, wt/wt

Greeks letters

	E Relative steric energy of the window-probe molecule system be-
tween final (E1) and initial (E2) stages of the molecular simulation,
kJ/mol

�int
I � deactivation function for isomerization reaction

�int
D � deactivation function for disproportionation reactions
	I � deactivation parameter for isomerization reaction

	D � deactivation parameter for disproportionation reactions

Subscripts

A � 1,2,4-TMB
B � 1,2,3-TMB
C � 1,3,5-TMB
cr � crystallite

HC � hydrocarbons
i � species

int � intrinsic
I � isomerization reaction

Te1 � 1,2,3,4-TeMB
Te2 � 1,2,4,5-TeMB
Te3 � 1,2,3,5-TeMB

X � xylenes
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