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a b s t r a c t

Platinum catalysts supported on zeolite KY (Si/Al = 12.7), modified with magnesium, calcium or bar-
ium, were evaluated in n-octane reforming to produce ethylbenzene. The catalysts were characterized
by nitrogen adsorption, 27Al and 29Si solid state nuclear magnetic resonance, Fourier transform infrared
spectroscopy using carbon monoxide or pyridine, metal dispersion measurements and programmed tem-
perature oxidation. No significant structural change was noted for the solids due to the dopants except
for barium, which decreased the specific surface area, due to the partial blockage of the zeolite channels
by the large size ions. However, a decrease was noted for all samples due to platinum, which partially
blocked the zeolite channels. Barium also decreased the crystallinity while platinum caused this effect
only for calcium and barium-containing samples, due to the structure partial collapse. Metallic platinum
species in several electronic states were detected in the cages of zeolite, barium-containing catalyst show-
ing the most electron-enriched platinum atoms. The amount of Lewis and Brønsted acid sites increased
due to magnesium and calcium but barium increased only the amount of Lewis acid sites, as compared
to potassium-containing solid. The catalysts with magnesium and barium showed the same platinum
dispersion, which was higher than the one containing calcium. All catalysts were active in n-octane
reforming at 723 K and selective to ethylbenzene, but the conversion dropped with time reaction due to
the decrease of specific surface area and to coke deposition. The calcium-containing sample produced
the hardest coke, which led to the highest drop in conversion. The n-octane conversion was supposed to
occur by a monofunctional mechanism but the bifunctional mechanism also seemed to occur due to the
residual acidity of the catalysts. The calcium and barium-containing catalysts were the most selective to
ethylbenzene, due to electron-enriched platinum species related to promoters, but the low ethylbenzene
selectivity for the magnesium-containing catalyst was compensated by its high conversion, resulting in
similar yields for all catalysts.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ethylbenzene production is one of the most important large vol-
ume processes in the modern petrochemical industry, with around
23 million metric tons per year [1]. Most of this production goes
to the dehydrogenation process in the presence of steam to get
styrene, which further goes through polymerization to generate
polystyrene and other high value polymers for several applications
[2–4].

The current technology of ethylbenzene production, proposed
by Lummus/Unocal/UOP, adopts a liquid-phase alkylation process

∗ Corresponding author.
E-mail address: mcarmov@ufba.br (M.d.C. Rangel).

in which ethylbenzene is obtained by benzene alkylation with
ethene over a zeolite catalyst. This process is performed at low tem-
peratures and high pressures and the liquid-phase operation has
the advantage of a better control and a longer catalyst life [1,2,5,6].
In addition, it avoids the drawbacks of the traditional process whose
catalysts were strong mineral acids or Lewis acids, which are toxic
and corrosive, making dangerous their handling and transport [6].
When the first commercial plant was started-up, in 1990, a Y-type
zeolite was used but the last generation of these catalysts is based
on modified beta-type zeolite, which allowed to overcome the dif-
fusion constraints, being more selective than Y zeolite [6,7].

In spite of these advantages, this process uses high value chem-
icals, such as ethene and benzene, which increases the costs for
manufacturing ethylbenzene. A more attractive option could be
the production of ethylbenzene from a starting material com-
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ing directly from the distillation of petroleum, for instance, by
the dehydrocyclization of petroleum naphtha cuts, rich in linear
paraffins with eight carbon atoms. This route seems to be more
economic, since it does not need high value chemicals.

Under the conditions of conventional naphtha reforming in
petroleum refineries, aromatics are produced in the process
through n-octane dehydrocyclization reaction [8–13]. In addition, it
has been recognized for more than 25 years that the aromatization
of n-alkanes is an important route to obtain high value aromatics
[14]. Several studies have shown that the catalysts must fit some
requirements in order to maximize ethylbenzene production, such
as low surface acidity to avoid cracking and isomerization [15], abil-
ity of the support to stabilize the well dispersed metal as very small
particles [15,16] and a pore system unable to favor the formation
of large amounts of coke, which could lead to catalyst deactiva-
tion [17,18]. Various catalysts seem to show these features and
have been proven to be efficient for producing ethylbenzene, such
as zirconia and carbon [19], nanoparticles of titania, zirconia and
hafnium oxide embedded in a carbon matrix [20], potassium-doped
alumina-supported platinum [21], zirconia and alumina-supported
platinum and platinum-tin [22], silica or silicalite-supported plat-
inum [23], platinum supported on non-acidic spinel oxides like
MgAl2O4 or ZnAl2O4 [24], Mo2C-containing catalysts [25] and plat-
inum supported on several kinds of zeolites [14].

Among these solids, zeolites seem to be specially promising to
the reaction due to the possibility of the easy control of their acid-
ity and the morphology and size of the channels, as well as of the
size and distribution of the metal particles that can be deposited
inside or outside the channels. In fact, several authors [14,16]
have recognized the importance of these features in affecting the
performance of these catalysts in the aromatization of n-octane.
Jongpatiwut et al. [14], for instance, compared the performance
of several non-acidic large pore zeolite in the n-octane aromatiza-
tion and recognized the potential of Pt-K/LTL and Pt-K-FAU which
exhibited the highest activity and aromatics selectivity.

In order to get more efficient catalysts for the production
of ethylbenzene from n-octane dehydrocyclization, the effect of
magnesium, calcium and barium on the properties of Y zeolite-
supported platinum was studied in this work. It is well known that
the addition of promoters is an efficient way to change the acidity
of zeolites [26,27].

2. Experimental

2.1. Catalysts preparation

A commercial HY zeolite (Zeolist) with a high Si/Al ratio (12.7)
was used as the support. This solid was submitted to ion exchange
with potassium by its dispersion (100 g) in 700 mL of a potassium
chloride aqueous solution (0.027 g L−1) at room temperature and
keeping it under stirring for 4 h. Then, the suspension was filtered
and the precipitate was washed with deionized water up to the
complete removal of chloride ions, confirmed through tests with
a silver nitrate solution (1 mol L−1). The solid was dried for 4 h at
393 K and calcined at 473 K for 12 h, under air flow (300 mL min−1)
to get a support named KY. The Mg/KY, Ca/KY and Ba/KY samples
were obtained by impregnating the KY sample with magnesium
nitrate (Mg(NO3)2·6H2O), calcium nitrate (Ca(NO3)2·4H2O) and
barium nitrate (Ba(NO3)2), respectively, using incipient wetness
impregnation at room temperature. The volume and concentration
of the solutions (1.3 mL of solution/g of zeolite) were calculated
so that the final concentration (weight percentage) of each metal
was 0.50% of magnesium, 0.82% of calcium and 2.82% of barium,
corresponding to a promoter to platinum ratio of 4. After the
impregnation, the solids were kept at room temperature for 12 h

Fig. 1. Adsorption isotherms of nitrogen for the samples: (a) KY; (b) Pt/KY; (c)
PtMg/KY; (d) PtCa/KY and (e) PtBa/KY.

and dried at 383 K for more 12 h. The samples was heated under
air flow (20 cm3 min−1) up to 453 K (2 K min−1), kept at this tem-
perature for 2 h, then heated (2 K min−1) up to 673 K, kept at this
temperature for 2 h and finally heated (5 K min−1) up to 873 K being
kept at this temperature for 4 h.

Platinum was added to the solids by the incipient wetness
method using tetramineplatinum II nitrate, (Pt(NH3)4(NO3)2, to
obtain samples with 1% (w/w) of platinum. After impregnation,
the sample was kept at room temperature for 12 h and then
heated at 393 K for 4 h, followed by calcination under air flow
(100 cm3 min−1). Afterwards, it was heated at 2 K min−1 up to
453 K, remaining at this temperature for 2 h and heated again at
2 K min−1 up to 623 K, remaining at this temperature for 4 h.

Table 1
Textural properties of parent and modified solids.

Sample Sg (m2 g−1) Micropore volume
(cm g−1)

Mesopore volume
(cm3 g−1)

KY 738 0.242 0.196
Pt/KY 708 0.232 0.198
Mg/KY 689 0.231 0.198
Ca/KY 687 0.226 0.192
Ba/KY 616 0.208 0.184
PtMg/KY 629 0.203 0.193
PtCa/KY 610 0.185 0.233
PtBa/KY 482 0.125 0.256
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Fig. 2. Mesopore size distributions for the samples: (a) KY; (b) Pt/KY; (c) PtMg/KY;
(d) PtCa/KY and (e) PtBa/KY.

The impregnated solid was reduced under hydrogen flow
(20 cm3 min−1) at a heating rate of 2 min−1 up to 723 K and kept at
this temperature for 4 h. The solids produced were called PtMg/KY,
PtCa/KY and PtBa/KY.

In order to obtain samples with the minimum possible amount
of acidic sites, the samples went through another ion exchange,
by the same procedure described. The new samples obtained were
called PtMg/KY(IE), PtCa/KY(IE) and PtBa/KY(IE).

2.2. Characterization of the Samples

The specific surface area and porosity measurements were
carried out by nitrogen adsorption at 77 K, in a Micromeritics equip-
ment, model ASAP 2010. The specific surface areas were calculated
using the BET model while the micropores volume was calculated
by the t-plot method, using the Harkins and Jura equation. The BJH
method was used to calculate the mesopores volume and the pore
size distribution, using the adsorption curve. Before the analysis,
0.2 g of the sample was heated up to 473 K under vacuum in order to
remove water from the zeolite. After the catalytic test, the specific
surface areas of the spent catalysts were measured again.

X-ray diffraction measurements were performed at room tem-
perature in a Shimadzu XD3A model equipment, working with a
nickel filter and CuK� radiation (� = 1.54056 Å), generated at 30 kV
and 20 mA. The diffractograms were obtained within the range of
2� = 5–50◦ diffraction angles, with a scanning velocity of 2 K min−1.

The nuclear magnetic resonance spectroscopy analyses were
carried out in a Bruker equipment, model DRX-300 (7.05 T). The
spectra were obtained with a CP-MAS Bruker, multinuclear probe,
with zirconium rotors of 4 mm and 4 and 7 kHz rotation frequencies
were used with 29Si and 27Al nuclei, respectively. The measure-
ments of 27Al were performed with 3000 scans and pulses of 0.3 s,
the measurements for 29Si were taken using 1000 scans and 10 s
pulses.

The experiments of Fourier transform infrared spectroscopy
were performed at room temperature in a PerkinElmer spectropho-

Fig. 3. X-ray diffractograms for the samples: (a) KY; (b) Mg/KY; (c) Ca/KY; (d) Ba/KY;
(e) PtMg/KY; (f) PtCa/KY and (g) PtBa/KY.

tometer, model Spectrum One. For spectral acquisition, 32 scans
were carried out, with a resolution of 4.0 cm−1, in the region
between 400 and 4000 cm−1. The samples were diluted in potas-
sium bromide (100 mg KBr/mg of sample), pressed and the wafers
obtained were analyzed for studying bands related to structural
variations of zeolites and to check the changes in the structure after
the different treatments, as well as to calculate the Si/Al ratio, as
proposed by Sohn et al. [28]. For studying the hydroxyl stretching
region of the spectra, the samples were prepared as self-supported
wafers and pre-treated under vacuum (10−5 Torr). Then they were
heated from room temperature up to 623 K (5 K min−1) to remove
water from the zeolite.

While using carbon monoxide as a probe molecule, samples
were prepared as self-supported wafers and reduced under hydro-
gen flow up to 623 K. After reduction, the sample was kept at
623 K, for 1 h. Then, it was cooled down to room temperature
and the first spectrum was recorded. Carbon monoxide was added
to the cell (until obtaining a 15 Torr increment on pressure) and,
after a period of equilibration (5 min), the sample was evacuated
for 2 min to remove physisorbed carbon monoxide; then a sec-
ond spectrum was recorded. The spectrum of carbon monoxide
chemisorbed on the catalyst was obtained by subtracting these two
spectra.
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Fig. 4. 27Al-NMR spectra for the samples: (a) HY; (b) PtMg/KY; (c) PtCa/KY and (d) PtBa/KY.

In the studies performed with adsorbed pyridine, samples were
also prepared as self-supported wafers and were pre-treated under
a vacuum of 10−5 Torr, at 623 K. After cooling down to room
temperature, the first spectrum was obtained. Then, the cell was
reconnected to the vacuum line and pyridine vapor was admitted
(until reaching a 1 Torr pressure increment) and kept in contact
with the sample at 323 K, during an equilibration period of 5 min
after the beginning of adsorption. Next, the first spectrum was
obtained for the sample with adsorbed pyridine. The same wafer
was submitted to vacuum again (10−5 Torr), at different tempera-
tures (373, 473, 573 and 673 K) for 10 min at each temperature and a
spectrum was obtained at room temperature after each evacuation.
The amounts of acid sites were calculated from the integrated molar
extinction coefficient (IMEC) taking into account the diameter and
mass of each wafer [29].

The metal dispersion of the catalysts was determined from
hydrogen chemisorption isotherms, obtained at 308 K. In the exper-
iments, approximately 0.5 g of the sample were added in a quartz
reactor for analysis in a Micromeritics equipment, model ASAP
2010. The dispersion of the metal was calculated considering that
hydrogen dissociative adsorption occurs on platinum.

After the catalytic tests, temperature-programmed oxidation
(TPO) was carried out on samples used in the reaction. The equip-
ment consisted of an oven, a reactor and a methanator, containing
Ni/kieselguhr as catalyst. Deposited coke was burned and trans-
formed into carbon dioxide, which was transformed into methane
by going through the methanator, together with hydrogen. The sig-
nal, due to the methane generated, was then detected by a FID
detector and processed in a computer. An experiment with a sam-
ple containing a known carbon concentration was performed to
calculate the quantity of carbon in each sample.

2.3. Catalysts evaluation

The catalyst performance measurements for the n-octane
reforming were carried out in a micro catalytic unit, comprised
of a tubular fixed-bed quartz reactor, operated at 723 K and
atmospheric pressure. The n-octane reactant was fed to the sys-
tem by means of a Cole–Palmer dosing pump (Single-Syringe
Infusion Pump P-74900-05) and the analysis system was com-
prised of a Shimadzu gas-chromatograph, with a squalene capillary
column.

Before reaction, the catalysts were reduced in situ, under hydro-
gen flow at 723 K, with a heating rate of 5 K min−1, for 1 h. After
reduction, the temperature was kept at 723 K and the catalytic reac-
tion started under hydrogen flow (80 mL min−1), using a catalyst
mass of 0.16 g and an n-octane flow rate of 0.8 mL h−1. The hydrogen
to n-octane molar ratio was of 7.3 and the space velocity (WHSV)
was of 3.4 h−1.

3. Results and discussion

Fig. 1 shows the nitrogen adsorption and desorption isotherms
for the samples. These curves are classified as intermediate
isotherms, between the types I and IV by the Brunauer classi-
fication, which are related to microporous materials containing
mesopores. A typical isotherm of the microporous solids was
expected for Y zeolite [30] but the hysteresis loop indicates also the
presence of mesopores. All the curves were similar, indicating that
there were no significant structural changes in these solids with the
addition of the dopants and of platinum. As observed in Fig. 2, meso-
pores distribution curves of the samples were not altered either by
the addition of metals to the support. The curves show a peak near
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Fig. 5. 29Si-NMR spectra for the samples: (a) HY; (b) PtMg/KY; (c) PtCa/KY and (d) PtBa/KY.

2 nm and a wide distribution range for mesopores, between 15 and
35 nm.

Table 1 displays the results of specific surface area, as well as of
micropores and mesopores volume of samples. The incorporation
of magnesium and calcium did not significantly alter the specific
surface area of KY zeolite, but the addition of barium caused a
decrease. This result is probably a consequence of the bigger size of
the barium ion, when compared to the other promoters; it seems
that this species is large enough to cause a partial blockage of the
zeolite channels, making the accessibility of nitrogen to the pores
more difficult. In all cases, there was a decrease of the specific
surface areas when platinum was added to samples containing pro-
moters; however, most of the specific surface area is still accessible.
This decrease can be ascribed to the platinum agglomerates that
may be partially clogging the zeolite channels. The sample with
barium showed the highest decrease on this parameter, probably
due to the ion size, which, together with platinum, enhanced the
blockage of zeolite channels.

The micropores volume (Table 1) was not significantly altered
by the addition of platinum or the promoters, except for barium,
which led to a 14% decrease, as compared to the KY sample. All cat-
alysts showed variation in micropores volume, in agreement with
the results of specific surface area, suggesting that this decrease
was caused by micropores blockage. Regarding mesopores volume,
no significant variation was observed due to the incorporation of
promoters and platinum, except for the samples containing calcium
and barium, which showed an increment in the mesopores volume,
a probable consequence of a partial collapse of the zeolite structure
during platinum addition, calcination or reduction.

The X-ray diffractograms showed typical profiles of Y zeolite, as
illustrated in Fig. 3. The incorporation of promoters did not alter

the KY zeolite diffraction profile although a crystallinity loss was
observed with the addition of barium. When adding platinum to
the solids, a crystallinity loss was observed only for the catalysts
containing calcium and barium, because of the structure partial
collapse, in accordance with the textural analysis results. No peak
related neither to platinum species, nor to promoters was observed.

Fig. 4 shows the 27Al RMN-MAS spectra of samples. In all cases,
an intense peak is observed in the range of 59–52 ppm, ascribed
to aluminum atoms in the zeolite framework in tetrahedral sites
[26,31]. A peak at 0.8 ppm was also noted in the spectrum of the
HY sample, typical of extra-framework aluminum in octahedral
coordination [26,31]. The catalysts containing promoters did not
show any peak related to aluminum nuclei in a defined octahe-
dral coordination but an extension of the main peak near 0 ppm
could be observed, which may indicate the presence of residual
extra-framework aluminum species.

The 29Si RMN-MAS spectrum of HY sample (Fig. 5) displayed two
peaks at −102 and −108 ppm. The least intense peak (−102 ppm) is
ascribed to the silicon nucleus bonded to three other silicon nuclei
and to one aluminum nucleus (Si(1Al)), while the most intense
(−108 ppm) is related to the silicon nucleus bonded to other four
silicon nuclei and no aluminum (Si(0Al)) [32]. Samples containing
platinum also showed spectra with these two peaks. The qualitative
analysis of the spectra suggests that these samples are very dealu-
minated, since the peak related to Si(0Al) is much more intense than
the one related to Si(1Al); also, there are no peaks associated with
Si(2Al), Si(3Al) or Si(4Al). In addition, values in the range of 18.3 and
21.2 were found when calculating the Si/Al ratio [31], evidencing a
high degree of dealumination. These results are not in accordance
with the nominal value (12.7) but other authors [33] showed that
at high Si/Al ratios the extremely intense Si(0Al) peak renders the
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Fig. 6. FTIR spectra for the samples: (a) in the region of structural vibrations and (b)
in the region of the hydroxyl vibrations.

Si(1Al) peak difficult to be integrated, which may lead to errors in
the Si/Al ratio calculation. Meanwhile, there is no evidence of dea-
lumination of the zeolite framework due to the addition of metals.
Besides, there is an influence of the silanol groups (Si–OH), which
are present in high amounts in this zeolite, occurring with the same
frequency of Si(0Al) groups.

The infrared spectra of the samples are shown in Fig. 6(a), for
the range of 900–400 cm−1. The band between 420 and 500 cm−1

is ascribed to the T–O bond vibration (where T may be silicon or
aluminum), which is not sensitive to structural variations while
that near 610 cm−1 is related to the presence of double rings in
zeolite structure, being sensitive to variations in the structure [34].
The band at 524 cm−1 is related to an external bond of the double
rings with six members and becomes less intense for PtCa/KY and
PtBa/KY samples, a fact which is associated to the partial loss of
crystallinity [35].

On the other hand, the stretching near 834 cm−1 is sensitive to
Si/Al ratio in the framework and can be shifted to lower frequen-
cies by increasing the amount of aluminum atoms in tetrahedral
coordination, due to the decrease of the average force constant of
T–O bonds [26,28,36]. As silicon is more electronegative than alu-
minum, the T–O bond lengths vary from one species to another, the
Al–O bond length being 0.174 nm and the Si–O bond 0.160 nm [37].
From Fig. 6, it can be observed that all samples showed this stretch-

Fig. 7. FTIR spectra of adsorbed carbon monoxide on the samples.

ing near 834 cm−1, suggesting that there was no significant change
in the concentration of aluminum atoms in the zeolite framework.

The amount of aluminum atoms can be calculated from the fre-
quencies of O–T–O bonds stretching and, thus, the Si/Al ratio of
zeolites [28] can also be deducted. The Si/Al ratio obtained varies
between 11.3 and 12.0, very close to the nominal value (12.7). It
can thus be concluded that there was no significant change for the
Si/Al ratio in samples, as compared to the precursor solid (KY).

The infrared spectra in the hydroxyl stretching region are shown
in Fig. 6(b). A band at 3738 cm−1 was observed for the HY sam-
ple, ascribed to the inner silanol groups. High frequency bands at
3629 cm−1 were also observed, related to the vibration of hydroxyl
groups in the (Si(OH)Al) bond within the zeolite supercages. A band
at 3567 cm−1 was noted at lower frequency, due to the vibration
of these groups in the small cavities [29,33,36,38]. There is a con-
troversy about the exact position of the hydroxyl groups related
to the vibration bands at low frequencies. Breck [36] stated that
these groups are located in sodalite cages, while Thibault-Starzyk
et al. [38] proposed that they are in the hexagonal prisms of the Y
zeolite. As KY, PtMg/KY, PtCa/KY and PtBa/KY samples were sub-
mitted to ion exchange, they were not expected to show hydroxyl
groups in high or low frequencies. However, these samples showed
a small band at 3617 cm−1 which is related to the vibration of the
bridged hydroxyl groups, as a result of an incomplete ion exchange,
in accordance with previous works [29,39].

Fig. 7 shows the infrared spectra for adsorbed carbon monox-
ide on the samples. For all cases, an intense vibration band at
around 2084 cm−1 is observed, corresponding to carbon monoxide
species linearly adsorbed on Pt0 species located within the zeolite
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Fig. 8. (a) FTIR spectra recorded after pyridine adsorption/desorption at 373, 473, 573 and 673 K for the samples: (—) HY and (- -) KY. FTIR spectra recorded after pyridine
adsorption/desorption at 473 K (b) for the supports and for the catalysts (c) before and (d) after a second ion exchange.

channels most probably in the big cavity of the faujasite [40,41].
The catalysts containing magnesium and calcium showed a maxi-
mum for bands at 2084 cm−1, which is close to the value found for
the KY zeolite-supported platinum. Nevertheless, for the barium-
containing catalyst, an electronic interference occurs in the BaO–Pt
interface, due to the highly basic character of barium oxide; this
can explain the electron enrichment of platinum evidenced in the
spectra by the decrease in the frequency related to the Pt–C O bond
vibration [42,43]. Also, for this sample, as well as for that containing
calcium, a shoulder can be observed at lower frequencies, indicating
the presence of carbon monoxide adsorbed on electron-enriched
platinum atoms in contact with negatively charged framework oxy-
gen atoms [40,42]. For the Pt/KY and PtMg/KY samples, the band
was narrower than the other ones, showing that they have more
platinum species in the same electronic states, as compared to
the catalysts containing calcium and barium, which showed wider
bands.

The infrared spectra shown in Fig. 8(a) are related to HY and
KY samples, after pyridine adsorption and its subsequent desorp-
tion at different temperatures. It is observed that the HY sample
has Brønsted acid sites, whose characteristic band occurs near to
1540 cm−1 and is related to pyridinium ions [36,44,45]. For this
sample, Lewis acid sites are also present and are responsible for
the absorption bands at 1455 and 1442 cm−1 [36,44,45]. It is also
noted that pyridine remained adsorbed on the Brønsted acid sites
even after evacuation at 673 K, in accordance with previous work
[46]. After desorption at 373 K, two bands are observed, which are
related to pyridine adsorbed on Lewis acid sites. The band at lower
frequency (1442 cm−1) disappeared after evacuation at 473 K, indi-

cating a weak interaction of pyridine with these sites. The intensity
of the band at higher frequency (1455 cm−1) decreased upon heat-
ing, but did not disappear. Therefore, for the HY sample Brønsted
acid sites are very strong, while Lewis acid sites show different
strengths, which is probably related to the location of these sites
in zeolite structure. For Y zeolite, with high Si/Al ratio, Jacobs and
Beyer [47] ascribed the Lewis acid sites to extra-framework alu-
minum species, such as (AIO+). According to Yasuda et al. [48], a
small amount of SiO2–Al2O3 in the amorphous phase, formed by
a partial destruction of the zeolite structure, may contribute to
the formation of Brønsted acid sites. For the KY sample, it can be
observed that pyridine was completely desorbed from the Brønsted
acid sites after evacuation at 673 K, showing that they are weaker
than those observed for HY sample. Pyridine adsorbed on Lewis

Table 2
Brønsted and Lewis acidity of the samples.

Sample Brønsted sites (�mol g−1) Lewis sites (�mol g−1)

HY 23.8 9.1
KY 4.0 4.4
Mg/KY 11.1 12.1
Ca/KY 5.9 13.0
Ba/KY 3.9 5.7
PtMg/KY 5.9 4.7
PtCa/KY 4.9 6.2
PtBa/KY 2.9 5.8
PtMg/KY(IE) 2.9 1.8
PtCa/KY(IE) 3.2 3.0
PtBa/KY(IE) 1.0 2.0
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Table 3
Metal dispersion (D) of fresh catalysts, drop in n-octane conversion (�X), coke deposited on the catalysts (C) and specific surface area of fresh (Sg) and spent catalysts (Sg*).

Sample D (%) �X (%) C (%) Sg (m2 g−1) Sg* (m2 g−1)

Pt/KY – 30 0.105 708 325
PtMg/KY 59 30 0.075 629 348
PtCa/KY 47 42 0.060 610 389
PtBa/KY 59 23 0.064 482 344

acid sites (1455 and 1442 cm−1) was almost completely desorbed
at 473 K and the peaks disappeared at higher temperatures. This
sample still had Brønsted and Lewis acid sites after going through
ion exchange, but they were much weaker than the ones of the HY
sample.

The spectra for the supports and for the catalysts containing
promoters after pyridine desorption at 473 K are the same as for
KY sample (Fig. 8). It can be seen that the supports and catalysts
have both Lewis and Brønsted acid sites and there is an increment
in peak intensity, at 1442 cm−1 (weak Lewis sites) when compared
to KY sample.

It can also be seen that the concentration of Lewis and Brønsted
acid sites increased with the introduction of magnesium in the KY
sample. Similar results were observed with calcium but the addi-
tion of barium only increased the intensity of the band related to
Lewis acid sites. The intensity increase for the band at 1442 cm−1

is related to pyridine adsorption on the Mg2+, Ca2+ and Ba2+

cations [49]. Besides, during impregnation, some K+ species could
be exchanged by these cations or some MOH+ species could be
produced, which can also work as Lewis acid sites [36,49].

The concentrations of the Lewis acid sites and Brønsted acid
sites (Table 2) were measured in terms of the amount of pyri-
dine adsorbed on the catalysts at 473 K; the areas of vibration
bands related to Brønsted and Lewis acid sites were calculated from
1560 to 1530 cm−1 and from 1465 to 1430 cm−1, respectively [50].
As expected, the Brønsted acid sites concentration for HY zeolite
decreased after ion exchange. However, an increase in the amount
of Lewis and Brønsted acid sites after impregnating the KY zeo-
lite with magnesium and calcium was detected, a fact which can
be related to the hydrolysis of Mg2+ and Ca2+ cations; this effect
was stronger for the sample with magnesium, which has the high-
est ionic potential. By adding platinum, there was a reduction of
Lewis and Brønsted acid sites, which suggests that platinum was
adsorbed on such sites. Yet, for the Ba/KY sample such signifi-
cant increase was not observed for the concentration of acid sites;
after the addition of platinum and a further ion exchange, carried
out after platinum impregnation, this concentration decreased as
shown by the PtM/KY(T) sample. For the other samples, PtMg/KY(T)
and PtCa/KY(T), the Brønsted acid sites also remained in the solids,
which means that the ion exchange was not completely efficient.
Table 3 shows the metal dispersion values. The catalysts with mag-
nesium and barium showed the same dispersion (59%) while the
one containing calcium showed a lower value (47%). These results
can be correlated with the properties of the promoter ions. The
Ba2+ ions are too large to go into the smaller cages (sodalite and
hexagonal prisms) while the Mg2+ ions undergo hydrolysis and are
able to block the sodalite cages but not the hexagonal prisms; on
the other hand, the Ca2+ ions easily block both the sodalite cages
and hexagonal prisms [51]. Therefore, in magnesium and barium-
containing samples, platinum occupies the smaller cages (sodalite
cages and hexagonal prisms), which leads to the highest disper-
sions. For the calcium-containing sample, that does not occur and
platinum is concentrated in the zeolite supercages showing the
lowest dispersion.

All catalysts were active in n-octane reforming at 723 K, as
shown in Fig. 9. It is well known that when platinum is highly
dispersed on the support, it is responsible for the aromatization

Fig. 9. Conversion of n-octane over the catalysts as a function of time reaction. (-� -)
Pt/KY, (-� -) PtMg/KY, (- � -) PtCa/KY and (-� -) PtBa/KY.

Fig. 10. TPO profiles for the catalysts.
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Fig. 11. (a) Selectivity to ethylbenzene and (b) ethylbenzene yield for the catalysts: (-� -) Pt/KY, (-� -) PtMg/KY, (- � -) PtCa/KY and (-� -) PtBa/KY.

of linear hydrocarbon chains, which are present in naphtha cuts
[12], because of its ability of breaking relatively strong bonds, such
as H–C and forming Pt, Pt–H and Pt–C bonds [52]. This can explain
the highest initial conversion of magnesium and barium-containing
catalysts, which have the highest dispersions.

However, during reaction the n-octane conversion continuously
dropped and the samples with barium and calcium led to about 60%
and 55%, after 175 min reaction, respectively. The solid without any
dopant and that containing magnesium showed the highest conver-
sion after 50 min on stream, achieving almost 70% conversion after
175 min time-on-stream. The drop in conversion can be related to
coke deposition as well as to the decrease in specific surface area
during reaction; however, no simple relationship was found among
them, as shown in Table 3. As we can see, the highest amount
of coke was deposited on magnesium-containing catalyst and on
the dopant-free sample, which also showed the highest decrease
in specific surface area. However, as shown in Fig. 10, some coke
was deposited on outer surface of zeolite and seems not to affect
the activity of the catalyst. As pointed out previously [53], the first
peak in TPO can be assigned to coke deposited outside the channels
while the high temperature peak is related to coke deposited inside
the channels. On the other hand, the barium or calcium-containing
catalysts have similar amounts of coke but the calcium-containing
sample has the hardest coke (Fig. 10), which is inside the chan-
nels and is difficult to burn (849 K) [53]; this can explain why this
sample led to the highest drop in conversion.

It has been largely accepted that, in the conditions of catalytic
reforming of high alkanes, the aromatization of n-octane can occur
according to both monofunctional (only metal) and bifunctional
(acid–metal) mechanism [15,25]. From Table 4, which shows the

Table 4
Dehydrocyclization of n-octane over the catalysts after 250 min on stream.

Selectivitya Pt/KY PtMg/KY PtCa/KY PtBa/KY

C1 0.1 0.3 0.1 0.5
C2–C7 1.4 1.7 0.5 3.0
iC4–iC9 13 16 15 17
CC5-8 0.7 0.8 0.6 1.7
Bz 0.5 1.3 0.1 1.8
Tol 2.8 6.7 2.0 7.3
EB 26 25 36 32
p-X 7.4 3.8 2.6 3.5
m-X 26 20 17 12
o-X 23 24 26 21
AroT 85 81 84 78

a C1: methane; C2–C7: linear alkanes C2–C7; iC4–iC9: isomers C4–C9; CC5–8:
cycloalkanes C5–C8; Bz: benzene; Tol: toluene; EB: ethylbenzene; p-X: p-xylene;
m-X: m-xylene; o-X: o-xylene and AroT: total aromatics.

selectivity to the products of the n-octane reforming reaction after
250 min of reaction, we can see the predominant formation of
ethylbenzene and o-xylene, indicating that the monofunctional
mechanism occurred on the catalysts. By this pathway, octane goes
on dehydrogenation to produce octene followed by 1–6 or 2–7
ring closure and then the dehydrogenation of cycled compounds to
produce ethylbenzene and o-xylene; alternatively, octane is dehy-
drogenated into mono, di and triene, followed by terminal ring
[25,54]. However, isomers (i-C4–iC8, m-xylene) as well as crack-
ing and hydrogenolysis products (C1, C2–C7) were also detected,
indicating the occurrence of the bifunctional mechanism on the
catalysts, as a consequence of their residual acidity. According to
this mechanism, n-octane is first dehydrogenated on the metal and
then the terminal ring closure occurs on acidic site of the sup-
port. Side reactions, such as cracking and isomerization, also take
place on the acid sites of the support, which are usually faster than
dehydrogenation, leading to a large number of products [25].

The barium-containing catalyst was expected to be the most
selective to aromatics, since it is believed that the basicity of the cat-
alyst increases the electron density of platinum and thus promotes
the aromatization of n-octane [42]. In fact, the experiments of
chemisorbed carbon monoxide confirmed that this sample contains
the electron-enrichest platinum species, as compared to the others.
However, calcium was the most efficient promoter for improving
aromatization and this can be related to the role of acidic sites in
favoring the bifunctional mechanism, the ring closure occurring on
the acidic sites.

From Table 4, it can also be seen that the ethylbenzene to
o-xylene ratio is closed to one for the Pt/KY and PtMg/KY cata-
lysts, meaning that there is not mass transfer limitation inside the
channels on the zeolite [14]. This ratio increased to 1.4 and 1.5,
for PtCa/KY to PtBa/KA, respectively, indicating that there is pore
restriction in this order, in accordance with the textural properties
of the catalysts. As pointed out early [14,16], since o-xylene has a
larger kinetic diameter than ethylbenzene, it has more difficulty in
leaving the pore, after it has been produced. As a result, o-xylene
would preferentially convert to benzene and toluene before going
out from the pore. Based on these arguments, it would be expected
that the PtMg/KY would produce less benzene and toluene but
these products also comes from the bifunctional mechanism that
also occurs in some extension.

Fig. 11 shows the selectivity to ethylbenzene displayed by the
catalysts, as a function of reaction time. The catalysts contain-
ing calcium and barium were the most selective, after 50 min of
reaction, a fact which can be related to the presence of electron-
enriched platinum due to promoters, as found by CO-FTIR spectra,
in accordance with previous work [42]. However, from the curve of
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ethylbenzene yield, it can be noted that the low ethylbenzene selec-
tivity for the magnesium-containing catalyst was compensated by
its high conversion, resulting in yields close to those of the other
catalysts, along all the reaction time.

4. Conclusions

Catalysts based on platinum supported on KY zeolite mod-
ified with calcium, barium and magnesium, are suitable to
produce ethylbenzene by n-octane conversion. The magnesium-
containing catalyst showed the highest n-octane conversion while
the calcium-containing catalyst showed the highest selectivity to
ethylbenzene but the hardest coke, which led to the highest drop in
conversion. As a whole, the catalysts showed similar yields of ethyl-
benzene. The n-octane conversion is supposed to occur by both
monofunctional and bifunctional mechanism due to the residual
acidity of the catalysts.
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