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Propane as alkylating agent for benzene alkylation
on bimetal Ga and Pt modified H-ZSM-5 catalysts:

FTIR study of effect of pre-treatment
conditions and the benzene adsorption
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Abstract

FTIR spectroscopy was used to study the influence of pre-treatment on OH groups of H-ZSM-5, Ga-ZSM-5, Pt-ZSM-5 and
GaPt-ZSM-5 catalysts and the confinement of benzene molecules in these catalysts pre-treated under different conditions.
Types of the hydroxyl groups in GaPt-ZSM-5 and Ga-ZSM-5 are very sensitive to the pre-treatment of the samples. Besides
the IR bands at 3745, 3665 and 3612 cm−1 assigned to terminal silanol Si–OH, OH group attached to extra-framework
aluminum and bridged Si–(OH)–Al groups, respectively, gallium loaded samples show additional IR band at 3699 cm−1

which has been attributed to OH groups attached to Ga, such as Ga2(OH)xO3−x . Dose-dependent measurements have shown
that upon benzene loading of 1.7 molecules/u.c. (m/u.c.) for metal modified H-ZSM-5, the reagent molecules are located
in the channel intersection. Above 1.7 m/u.c., part of benzene molecules enter the straight or sinusoidal channels and form
pseudo liquid phase. The formation of pseudo liquid phase begins at low benzene loading for H-ZSM-5 zeolite. With increasing
concentration of benzene molecules in zeolite channels, each molecule undergoes perturbation from the surrounding molecules
and framework, which leads to a modification in electronic state and in the dipole moment of different vibrations. Abnormal
adsorption isotherms for pure zeolite and gallium loaded samples have been correlated with this modification. This effect
is not observed for Pt loaded samples, probably due to possible adsorption of benzene molecules on platinum particles
dispersed on the external surface of zeolite crystals. The present paper provides important information on the effect of
pre-treatment on the state of active species and the confinement and interaction of benzene molecules in a series of modified
H-ZSM-5 catalysts.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Light alkanes such as methane, ethane, propane
and butanes are among the most abundant and inex-
pensive hydrocarbons available today. Their scientific
utilization is one of the most challenging subjects for

1381-1169/03/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1381-1169(03)00148-1



224 S. Todorova, B.-L. Su / Journal of Molecular Catalysis A: Chemical 201 (2003) 223–235

21st century. There has been no efficient commercial
process for alkylation of aromatics by using light
alkanes up to now. It has been reported that pure
propane can be dehydrocyclized and activated on
Ga-containing MFI catalyst[1]. Different works were
realized to find the efficient catalyst for alkylation
of benzene with propane for highly added valuable
aromatics. The attention was mainly focused on
H-ZSM-5 zeolite usually modified by single metal
species as Ga, Pt, and Zn[2–15]. Incorporation of Pt
in the MFI catalysts resulted in a significant increase
of the overall conversion and selectivity to propyl-
benzenes[8]. The presence of Pt can also reduce the
coke formation, because of its role of the entrance of
H2 spill-over. It is well known that Pt has high ac-
tivity for dehydrogenation of paraffines, but it is also
active hydrogenolysis catalyst. While Ga is assumed
to have moderate or low activity in the hydrogenol-
ysis. It is therefore of important interest to examine
the effect of a bimetallic combination of Pt and Ga
to modify H-ZSM-5 in alkylation of benzene with
propane.

It is the common point of view of the catalysis com-
munity that the pre-treatment conditions will strongly
affect the catalytic behavior of catalysts in the reaction.
The choice of the pre-treatment conditions is therefore
crucial. It is also well known that two elemental steps
occur in the catalytic processes based on zeolites: the
diffusion of reactants or products within cavities of
zeolites and their adsorption on active sites. The un-
derstanding the host–guest interaction may lead to a
better knowledge on the reaction mechanism and to
developing new highly selective catalysts.

The aim of our investigation is the preparation
of catalysts with high activity and selectivity in the
benzene alkylation with propane as alkylating agent,
using a combination of Pt and Ga in H-ZSM-5 zeo-
lites. The present paper deals with the first part of our
work concerning the changes in active sites and the
identification of the different Ga species in a series of
Ga and Pt modified ZSM-5 catalysts upon different
pre-treatment conditions. We try to shed some light
in molecule level on to reagent–catalysts interaction
and to establish the relation between pre-treatment,
chemical states of catalysts, their catalytic properties
and the confinement of reagent molecules to find the
best pre-treatment conditions of catalysts for catalytic
reactions.

2. Experimental

2.1. Sample preparation

Na-ZSM-5 zeolite was prepared in our laboratory
using hydrothermal synthesis method according to the
procedure described in the literature[16]. Aluminium
nitrate (Riedel de Haen; 98.5%), Aerosil, NaOH
(Merk) and tetrapropylammonium bromide (TPAB)
as template agent were used. The as-synthesised
zeolite was calcined under N2 flow from room tem-
perature up to 773 K with heating rate of 2 K/min and
then under air flow for 6 h to burn off the organic
template in order to obtain Na-ZSM-5. The calcined
zeolite was ion-exchanged with ammonium chloride
during 3 h at room temperature to obtain NH4

+ form.
This procedure was repeated three times. The proton
form (H-ZSM-5) was obtained after deammonization
(calcination in O2 during 5 h at 773 K).

The gallium incorporation in the zeolite was per-
formed by ion exchange using aqueous solution of gal-
lium nitrate (Aldrich, 99.9% purity) at a concentration
of 0.05 M. The pH was adjusted to 2–2.5 by adding
diluted HCl. The mixture was stirred and refluxed for
3 h at 353 K. The exchange was followed by filtering,
washing with demineralized water, drying and calci-
nation in air 10 h at 573 K.

Platinum was introduced in to H-ZSM-5 or
Ga-ZSM-5 by ion exchange using a dilute aqueous
solution (5× 10−3 M) of Pt (NH3)4Cl salt. The sus-
pension was stirred at room temperature for 24 h and
then filtered. The filtrate was washed with abundant
bi-distillated water to free of Cl− ions and dried
overnight at 373 K. The samples were calcined in O2
flow by increasing temperature from room to 473 K
with heating rate of 2 K/min and then under the same
atmosphere 2 h at this temperature. To provide high
dispersion of Pt particles, the reduction of platinum
containing catalyst was made by a special procedure:
first temperature was increased from room to 573 K
with a rate of 2 K/min, followed by a rate of 1 K/min
to 673 K. The reduction in hydrogen atmosphere was
then carried out at 673 K for 1 h.

2.2. Sample characterization

Bulk compositions of materials were obtained by
chemical analysis. X-ray diffraction (XRD) patterns
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Table 1
Description on pre-treatment conditions of samples

Sample Pre-treatment

H-ZSM-5 Evacuation 2 h at 673 K
Ga-ZSM-5Ox Oxidation 6 h at 723 K in air flow and

evacuation 2 h at 673 K
Ga-ZSM-5R Reduction 2 h at 673 K in H2 flow
Ga-ZSM-5E Evacuation 2 h at 723 K
Ga-ZSM-5EOx Evacuation 2 h at 723 K and then oxidation

in air 6 h at 723 K
GaPt-ZSM-5Ox Oxidation 6 h at 723 K in air flow and

evacuation 2 h at 673 K
GaPt-ZSM-5OxR Oxidation 6 h at 723 K in air flow,

evacuation 2 h at 673 K and reduction in
H2 flow

GaPt-ZSM-5R Reduction in H2 flow
Pt-ZSM-5 Reduction in H2 flow

were collected on a Philips PW3710 diffractometer
using Cu K� radiation. Crystallinity was calculated by
summation of the intensity of eight diffraction peaks
at values of 2θ equal to 7.875, 8.800, 9.05, 23.05,
23.675, 23.900 and 24.350◦ [17]. As a reference was
used the as-synthesized Na-ZSM-5.

IR spectra in the framework vibrations region were
recorded to check the crystallinity and the nature of
materials using Perkin-Elmer FT spectrum 2000 and
KBr wafer technique. Solid state29Si and27Al MAS
NMR spectra were collected on Bruker MSL-400
spectrometer.

Brönsted acidity was determined by TPD of am-
monia [18]. Prior to NH3-TPD analysis the sam-
ples were exchanged with ammonia buffer solution
(NH4Cl/NH3, pH = 9.5, 1 M). Thermal analysis was
performed using Setaram TG–DTG DSC111 ther-
mobalance coupled with automatic ammonia Metronm
titrator. About 50 mg of the sample were heated from

Table 2
Physico-chemical characteristics of catalyst samples

Sample RC I450/I550
a NH3/u.c.b Gac (wt.%) Ptc (wt.%) Si/Al NMR Si/Alc

H-ZSM-5 100 0.7 3.34 − − 21 19.5
Ga-ZSM-5 97 0.7 2.98 0.37 − − 19.6
Pt-ZSM-5 98 0.67 2.24 − 0.57 − 19
GaPt-ZSM-5 98 0.68 3.07 0.35 0.55 − 17

RC: relative crystallinity.
a Ratio of the optical density of the bands located at 450 and 550 cm−1 (I450/I550 = 0.8 for 100% crystallinity).
b Total number of NH3 described per unit cell.
c Elemental analysis.

293 to 923 K at the rate 5 K/min under dry helium
flow. The ammonia formed was automatically titrated
with sulfonic acid solution (3.32× 10−3 M).

For IR investigation of benzene adsorption, a
self-supported wafer from different samples were
prepared and placed in a Pyrex IR cell with NaCl win-
dows. All procedures of pre-treatment were conducted
in situ. Pre-treatment procedures are given inTable 1.

3. Results and discussion

3.1. Characterization of prepared samples

The chemical composition of starting zeolite after
removal of template agent by calcination is Na4.7[Al
4.7Si 91.3O192] with Si/Al = 19.6 (Table 2). The pre-
pared catalysts were well crystallized according to
XRD (Fig. 1) and IR data (Fig. 2 andTable 2). XRD
patterns, the morphology studied by SEM (Fig. 3) and
IR spectrum are closely similar to those reported else-
where for ZSM-5 materials. Gallium and platinum in-
corporation did not induce any changes in the mor-
phology. Chemical composition by elemental analysis
and NMR technique, crystallinity deduced from X-ray
and IR data and Brönsted acidity determined by TPD
of NH3 of all the prepared catalysts are collected in
Table 2.

Fig. 4 reports the27Al MAS NMR spectra of pure
zeolite and Ga modified H-ZSM-5. Sharp signal at
54 ppm is assigned to the tetrahedral co-ordinated
framework Al. Very low intensity signal at 0 ppm
observed after gallium deposition and calcination is
attributed to the octahedral extra-framework Al. This
result indicates that in Ga modified samples a very
slight dealumination during the preparation occurred



226 S. Todorova, B.-L. Su / Journal of Molecular Catalysis A: Chemical 201 (2003) 223–235

Fig. 1. XRD spectra of different samples: (a) Na-ZSM-5; (b)
H-ZSM-5; (c) Ga-ZSM-5 and (d) PtGa-ZSM-5.

leading to the presence of a small amount of
extra-framework Al species in the channels of zeolites.

3.2. FTIR study of OH groups of catalysts under
various pre-treatments

Figs. 5 and 6show the infrared spectra in the range
of stretching OH vibrations of the H-ZSM-5 (Fig. 5a),

Fig. 2. IR spectrum of H-ZSM-5 zeolite.

Table 3
IR relative absorbancy of samples at 3612 cm−1

Sample Relative absorbency of
3612 cm−1 (A/mg)

H-ZSM-5 0.74 (Fig. 5a)
Ga-ZSM-5Ox 0.55 (Fig. 5b)
GaPt-ZSM-5Ox 0.59 (Fig. 6a)
GaPt-ZSM-5OxR 0.37 (Fig. 6b)
GaPt-ZSM-5R 0.78 (Fig. 6c)
Pt-ZSM-5 0.94

Ga-ZSM-5 (Fig. 5b–e) and GaPt-ZSM-5 (Fig. 6) cat-
alysts.Table 3reports the relative absorbencies of the
IR band at 3612 cm−1 determined for the samples, af-
ter a series of activation treatment.

H-ZSM-5 exhibits two intensive IR bands at 3745
and 3612 cm−1 (Fig. 5a) and two shoulders at 3724
and 3665 cm−1. They are assigned to terminal silanol
Si–OH, bridged Si–(OH)Al groups, isolated internal
silanols and OH groups linked to extra-framework alu-
minum, respectively[16,19,20]. The broad band in the
rang of 3745–2900 cm−1 in all samples is attributed
to hydrogen bond formed by the internal silanols.

Gallium modified H-ZSM-5 sample has very dif-
ferent behavior depending on the activation proce-
dures. If the sample was pre-treated in air at 723 K
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Fig. 3. SEM photograph of the H-ZSM-5 sample.

Fig. 4. 27Al MAS NMR spectra of (a) ZSM-5 and (b) Ga-ZSM-5
samples.

Fig. 5. Infrared spectra of Ga-ZSM-5: (a) H-ZSM-5 after evacua-
tion 2 h at 673 K; (b) pre-treated in air 6 h at 723 K (Ga-ZSM-5Ox);
(c) pre-treated in hydrogen flow 2 h at 673 K (Ga-ZSM-5R);
(d) pre-treated in vacuum 2 h at 723 K (Ga-ZSM-5E) and (e)
pre-treated in air 6h at 723K after (c) (Ga-ZSM-5EOx).
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Fig. 6. Infrared spectra of GaPt-ZSM-5: (a) pre-treated 6 h in air
at 723 K (GaPt-ZSM-5Ox); (b) pre-treated in hydrogen flow 2 h
at 673 K after (a) (GaPt-ZSM-5 OxR) and (c) pre-treated only in
hydrogen 2 h at 673 K (GaPt-ZSM-5R).

and then in vacuum at 673 K (Fig. 5b), the intensity
of the peak at 3612 cm−1 is lowered compared with
that of H-ZSM-5 sample. The vibration bands at 3745
and 3665 cm−1, are also present and a new vibration
band at 3699 cm−1 is detected. When this sample is
pre-treated directly in H2 flow at 673 K (Fig. 5c),
peaks at 3745, 3699, 3665 and 3612 cm−1 are still
present. Only the intensity of peak at 3699 cm−1 be-
comes very intense and that of 3612 and 3745 cm−1

relatively low. In addition, two new broad bands
centered at around 3500 and 2913 cm−1 appear. The
vibration band at 3699 cm−1 disappears completely
after pre-treatments at 723 K (Fig. 5d and e). It is very
possible that the band at 3699 cm−1 is originated from
OH groups attached to Ga, such as Ga2(OH)xO3−x .
In fact, it is well know that the OH groups of zeolite
framework can be eliminated only at relatively high
temperatures[21,22]. The complete elimination of
OH groups at 723 K indicates that these groups are
not directly linked to zeolite framework. The lower
intensity of the peak at 3699 cm−1 after oxidation
at 723 K (Fig. 5b) than that after reduction at 673 K

(Fig. 5c) is therefore very probably due to the partial
dehydroxylation of Ga2(OH)xO3−x . It is obvious that
the sever pre-treatments can eliminate almost OH
groups from such species to give an oxide form such
as Ga2O3 (Fig. 5d and e).

Under reduction atmosphere, Ga species such as
Ga2O3 can be reduced to lower oxidation degree state
according to the reaction:

Ga2O3 + H2 → Ga2O + H2O

This was previously observed[23]. The decrease
in intensity of bridged framework OH at 3612 cm−1

is due to the interaction between Ga species and OH
group via the reaction:

Ga2O + H+Z− → Ga+Z− + H2O

This solid state reaction was previously reported in
[23,24]. Appearance of two broad bands centered at
3500 and 2913 cm−1 (Fig. 5c) are a direct proof of
the formation of water molecules. Since this small
amount of water molecules formed can interact with
silanols at 3745 cm−1 and bridged framework OH
groups at 3612 cm−1 which are displaced to lower
wave-numbers, 3500 and 2913 cm−1, respectively.
This phenomenon was largely reported[21,22,26].
The decrease in intensity of peaks at 3745 and
3612 cm−1 is the result of the interaction of part of
silanols and bridged framework OH groups with the
small amount of water molecule formed. If the sample
was directly pre-treated under vacuum at high tem-
perature as 723 K (Fig. 5d), no OH groups attached
to Ga species can remain and no interaction between
Ga species and bridged framework OH group occurs
since all the Ga species are present in higher oxidation
degree state. The intensity of 3612 cm−1 is therefore
high. A further sever activation at 723 K in air can start
to dehydrolyze the OH groups and can dealuminate
zeolite[21,22]. The intensity of peak at 3612 cm−1 is
reduced and that at 3665 cm−1 is increased. Concern-
ing the peak at 3665 cm−1, Meriaudeau and Naccache
attributed it to the OH groups on Gax+ ions in the
framework position[24]. From our present study and
other work in literature[26,37], we believe that this
peak is related to the extra-framework Al species.
Our 27Al NMR study confirms the presence of small
amount of extra-framework Al after gallium deposi-
tion and calcination (Fig. 3).
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Concerning bimetal Ga and Pt modified H-ZSM-5,
very similar evolution has been observed. For example
after a sever oxidation at 723 K, the spectrum obtained
(Fig. 6a) is almost identical to that of Ga modified
H-ZSM-5 upon same pre-treatment (Fig. 5b). After
a further reduction (Fig. 6b), the peak at 3699 cm−1

disappears completely and the intensity of band at
3612 cm−1 decreases. The complete disappearance of
peak at 3699 cm−1 suggests the complete elimination
of OH group on Ga species due to further reduction
treatment. In fact owing to the presence of Pt particles,
the reduction of high oxidation Ga species is much
easier due to spill-over effect. The low oxidation state
Ga species interacting with bridged OH groups re-
sults in the decrease in intensity of peak at 3612 cm−1.
If GaPt-ZSM-5 was directly pre-treated in hydrogen
flow, a spectrum (Fig. 6c) very similar to that ofFig. 5d
is obtained.

Above results show clearly the effect of pre-treatment
of catalysts on the chemical state of catalysts, which
will certainly influence their catalytic properties.

3.3. Confinement of benzene molecules

3.3.1. Interaction of –OH groups with benzene
Fig. 7A–Cshows the changes in IR absorbency of

OH groups of H-ZSM-5 (Fig. 7A), Pt-ZSM-5OxR
(Fig. 7B) and Ga-ZSM-5 (Fig. 7C) upon benzene
adsorption. As can be seen, the intensity of the peak
of 3612 cm−1 decreases continuously with introduc-
tion of benzene and a new broad band centered at
3246 cm−1 appear simultaneously. The broad band
shifts very slightly toward a lower wave-numbers
with increasing the benzene amount and reaches max-
imum intensity after benzene loading of 3.6 m/u.c.
for H-ZSM-5 (Fig. 7A, curve (e)), 2.6 m/u.c. for
Pt-ZSM-5 (Fig. 7B, curve (d)) and 2.7 m./u.c. for
Ga-ZSM-5 (Fig. 7C, curve (f)). At these values, the
peak at 3612 cm−1 disappears completely. These
values correspond closely to the acidity determined
by TPD of ammonia (Table 2) and suggest that all
bridged hydroxyl groups (Al–OH–Si) are accessible
for benzene molecules and saturated. After intro-
duction of benzene in excess, the band centered at
3246 cm−1 remains unchanged for platinum-loaded
samples while decreases in intensity for pure zeolite
phase and Ga-ZSM-5. The intensity of band assigned
to the silanol groups (3745 cm−1) starts to decrease

and three new poorly resolved bands at 3426, 3498
and 3605 cm−1 are generated and are independent of
sample preparation.

Simultaneously with decreasing in the intensity of
the band at 3246 cm−1, the decrease in the intensity
of the C–C vibrations of benzene molecules in the
region 3200–3000 cm−1 (Fig. 7A and C) and also in
the fundamentalν19 C–C stretching vibration can be
seen (Fig. 8). These changes will be discussed further.

The interaction between the protons of the hydrox-
yls and the� electrons of the benzene ring has been
proposed to explain the disturbances of the infrared
spectra of OH groups. The extent of the shift is charac-
teristic of the strength of Brönsted acidic sites[21,22].
It was estimated that the shift of the band at 3612 cm−1

is about 350 cm−1 upon benzene adsorption on ZSM-5
[25,26]. The band at 3246 cm−1 (�ν = 366 cm−1)
should therefore correspond to the interaction of ben-
zene with the bridged Si–(OH)–Al groups. The bands
at 3498 and 3605 cm−1 correspond to the interaction
of benzene with OH groups of extra-framework Al
(�ν = 167 cm−1) and Si–OH (�ν = 140 cm−1), re-
spectively. The shift extents for these two bands are
in good accordance with the results reported in liter-
ature[21,22]. These two hydroxyls have a relatively
low acidity compared with that of Si–(OH)–Al. The
broad band at 3345 cm−1 appeared from first ben-
zene molecules introduced could be also attributed to
bridged framework OH groups with different Brön-
sted acidity, suggesting the heterogeneity of zeolites
in Brönsted acidity.

3.3.2. Type and amount of adsorbed benzene
Out-of-plane C–H vibrational bands: Benzene ad-

sorption on zeolites has been widely investigated
[26,28–30], but works about benzene adsorption on
ZSM-5 are few[31–35]. It is well known that in the
C–H out-of-plane vibrations range liquid benzene
gives a pair of bands at 1960 and 1815 cm−1 due to
(ν5 + ν17) and (ν10 + ν17) bending vibrations, respec-
tively. It was shown that this pair of bands can be
shifted toward higher wave-number or can split in
two pair of bands. The shift of the bands at 1960 and
1815 cm−1 towards higher wave-numbers by around
of 10–40 cm−1 is a result of the interaction between
the� electron cloud of benzene and the cations or pro-
tons. The shift is small since the interaction of protons
with the �-cloud of benzene rings affect indirectly
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Fig. 7. Changes in the infrared absorbance spectra of hydroxyl groups upon adsorption of increasing amounts of benzene (molecules/u.c.). (A) H-ZSM-5: (a) 0.0, ( b) 0.5,
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5.5, (e) 10, (f) 30.
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Fig. 8. Relative absorbance of 1479 cm−1 bands as a function of benzene loading in (a) H-ZSM-5 (�); (b) Ga-ZSM-5-Ox (�); (c)
Pt-ZSM-5-R (�); (d) GaPt-ZSM-5-OxR (�).

and only weakly on the C–H vibrations. The shift of
C–H out-of-plane vibrations (ν5 + ν17) and (ν10 +
ν17) of ca. 40–100 cm−1 is attributed of the benzene
molecule interacting with 12R windows of zeolites
[26,28,29].

ZSM-5 has three-dimensional pore system and three
possible adsorption location: the intersection between
the straight and zigzag channels and the midsection
of either straight or zigzag channels. Goyal et al.[31]
have demonstrated using X-ray diffraction that be-
low 4 molecules/u.c. (m/u.c.), benzene molecules are
confined in the intersection of straight and sinusoidal
channels. Above 7.6 m/u.c., benzene molecules are
located at intersection in the sinusoidal channels and
in the straight channels. Huang and Havenga[32]
in FT-Raman spectroscopy study demonstrated simi-
larly that in the range of 1–4 m/u.c., guest molecules
are in the channel intersection. At the high loading,
the rest of benzene moves to the midsection of the
straight channels. However, Sahasrabudhe et al.[33]
concluded that at the loading of 1.6 m/u.c., benzene
cluster might be formed and the large fraction of
them is located at intersection sites. At the same
time the small fraction exists in the straight and si-
nusoidal channels. Upon increasing benzene loading,
the other sites are occupied. Portsmouth et al.[34]

and Shah et al.[35] reported same contrary obser-
vations. According to these authors, at low benzene
loading (≤4 m/u.c.) the guest molecules are situated
in straight channels. Above 4 m/u.c., the benzene
molecules migrate to the channel intersection.

Simultaneously with the changes in the hydroxyl
spectra upon benzene adsorption, the changes in
the spectra of C–H out-of-plane vibrations were
studied. Upon benzene adsorption up to 0.9 m/u.c.
on H-ZSM-5 (spectrum (b) ofFig. 9A), Pt-ZSM-5
(spectrum (a) ofFig. 9B), Ga-ZSM-5Ox (spectrum
(a) of Fig. 10A), GaPt-ZSM-5OxR (spectrum (a) of
Fig. 10B), the bands at 1830 and 1970 cm−1 have
appeared. Small bands at around 2002 and 1860 can
be seen at this benzene loading. The position of these
two pairs of bands is independent of metal present,
suggesting that specific interaction between metal and
benzene molecules is small. All bands do not change
their position upon increasing benzene in the IR cell.

According to the shift value of around 11–28 cm−1

compared with that of liquid benzene, the bands at
around 1830 and 1970 cm−1 should be assigned to the
interaction of the zeolitic protons and/or cations with
the �-cloud system of benzene[26,28,29]. The band
intensity increases up to benzene loading of 3.6 m/u.c.
(spectrum (e) ofFig. 9A) for H-ZSM-5 and 2.6 m/u.c.
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Fig. 9. Changes in the infrared absorbance spectra of the C–H out-of-plane vibrations of benzene adsorbed on H-ZSM-5 and Pt-ZSM-5
as a function of the amount of benzene introduced (molecules/u.c.) in the IR cell: (A) H-ZSM-5: (a) 0.5, (b) 0.95, (c) 1.45, (d) 2.4, (e)
3.6, (f) 4.6, (g) 6.2, (h) 9.8; (B) Pt−ZSM-5: (a) 0.86, (b) 1.7, (c) 2.63, (d) 3.4, (e) 5.9, (f) 25.9.

Fig. 10. Changes in the infrared absorbance spectra of the C–H out-of-plane vibrations of benzene adsorbed a function of the amount of
benzene introduced (molecules/u.c.) in the IR cell: (A) Ga-ZSM-5: (a) 0.9, (b) 2.8, (c) 9.8, (d) 10, and (B) GaPt-ZSM-5-OxR: (a) 2, (b)
11, (c) 3.



S. Todorova, B.-L. Su / Journal of Molecular Catalysis A: Chemical 201 (2003) 223–235 233

(spectrum (c) ofFig. 9B) for platinum modified sam-
ple, indicating saturation of all framework protons.
This result is in good agreement with Brönsted acid-
ity determined from ammonia desorption (Table 2).
The bands at 1810 and 1955, attributed to pseudo liq-
uid phase[26,28,29]can be seen in IR spectra after
1.7 m/u.c. (spectra (b) ofFigs. 9B, 10A and B) for gal-
lium and platinum loaded samples and after 0.9 m/u.c.
for H-ZSM-5 (spectrum (b) ofFig. 9A). Most proba-
bly these two bands are the result of the condensation
of benzene in the zeolite channels and intersections.
The presence of small pair of bands at around 1860 and
2002 cm−1 is also noted at any benzene loading in the
spectra of all samples (shift around of 40–60 cm−1).
They appeared simultaneously with bands for pseudo
liquid phase for metal modified samples (spectra (b) of
Figs. 9B, 10A and B), but can be seen in the spectra of
pure zeolite before the appearance of the pseudo liquid
phase bands (spectrum (a) ofFig. 9A). The intensity of
high frequency bands (1860 and 2002 cm−1) increases
slightly with increasing benzene concentration. The
shift of C–H out-of-plane vibrations (ν5 + ν17) and
(ν10 + ν17) of ca. 40–100 cm−1 is generally attributed
to the benzene molecule interaction with 12R win-
dows of a zeolites[26,27–29]. However, ZSM-5 does
not contain 12R.

In our opinion, the bands with high frequency shift
could result from the interaction of benzene molecule
with the zeolite channels if assumed that the ring of
benzene molecule is perpendicular to the surface of
the walls of zeolite channels. The amount of ben-
zene adsorbed in this position is low, because of low
intensity of bands. The benzene molecule dimen-
sion (diameter∼= 5.85 Å) [32] is near to that of the
channel (5.5 Å)[33] and surrounding framework can
compress the C–H bond. This leads to increase in the
effective force constant, resulting in frequency shifted
toward higher wave-number. The same explanation is
given by Huang and Havenga[32] for shift of benzene
Raman frequencies at 3059 and 3047 cm−1 to high
wave-numbers after adsorption on ZSM-5. As men-
tioned above, bands at 1810 and 1955 cm−1 can be
seen in spectra of metal modified samples at benzene
loading of 1.7 m/u.c. (spectra (b) ofFigs. 9B and 10)
and at 0.9 m/u.c. for pure zeolite. With increasing ben-
zene concentration, pseudo liquid phase increases in
intensity because of stacked benzene molecules in the
zeolite channels. This means that part of benzene enter

in the zeolite channels and form the pseudo liq-
uid phase. The formation of pseudo liquid phase
for pure zeolite starts at low benzene concentration.
The difference between H-ZSM-5 and gallium and
platinum loaded catalysts can be explained by hin-
dered transport of benzene molecules in the metal
modified samples as a result of partial blockage of
channel by metal particles or exchanged cations and
possible adsorption of benzene molecules on Pt parti-
cles dispersed on external surface of zeolite crystals,
which prevent the aggregation of benzene molecules.
A more important amount of benzene molecules is
necessary for the formation of benzene clusters. Our
observation for metal loaded samples are in a good ac-
cordance with the conclusion made by Sahasrabudhe
et al. [33] that benzene cluster is formed above
1.6 m/u.c.

Fundamentalν19 C–C stretching vibration: The
variation of this band was closely followed because
of the high sensitivity of this IR band to the chemical
and geometrical nature of zeolite[30]. No frequency
shift or band splitting are observed upon adsorption
of benzene.

Fig. 8 shows the relative absorbance of 1479 cm−1

bands as a function of benzene loading on pure zeo-
lite and metal modified samples. As can be seen with
increasing benzene amount, the intensity of band at
1479 cm−1 increases for platinum containing sam-
ples. Abnormal adsorption isotherm is observed for
H-ZSM-5 and Ga-ZSM-5 catalysts that upon adsorp-
tion of increasing and known amount of benzene, the
intensity increases first then decreases. The decrease
is more pronounced for a pure zeolite (Fig. 8b). A
Similar phenomenon was observed during the adsorp-
tion of CO on platinum catalysts[27]. With increasing
the coverage the absorbance of linear CO species
decreases as result of decreasing in the extinction
coefficient.

With increasing the benzene loading, molecule
concentration in the zeolite channels and intersection
rises and molecules packed closely. Each benzene
molecule undergoes perturbation from the surround-
ing framework and other benzene molecules. These
interactions most probably lead to the change in the
electronic state of benzene molecule and in the dipole
moment of different vibration. It is well known that
integrated band intensity is proportional to the square
of change in the dipole moment with respect to the
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normal coordinate[36].

A = 304.75
∂µ

∂q

This means that small changes in dipole moment
and electronic state in molecule will cause the change
in the integrated intensity.

In the case of platinum loaded sample part of metal
particles are dispersed on the external surface of zeo-
lite crystals. These Pt particles can be adsorption sites
for benzene molecules. At high loading of benzene,
after saturation of Brönsted acid sites, the benzene ad-
sorption on these Pt particles occurs, leading to the
normal isotherm (Fig. 8c and d).

Considering the above results we can conclude that
up to benzene loading 1.7 m/u.c., the guest molecules
occupied the channels intersection. Above 1.7 m/u.c.
part of benzene molecules enter the straight or si-
nusoidal channels and form pseudo liquid phase. In-
teraction of benzene with framework protons gives
raise band at 1970 and 1830 cm−1. Above 3.0 m/u.c.,
all framework protons are occupied. High concentra-
tion of benzene molecules in zeolite channels (for
H-ZSM-5 and Ga-ZSM-5) leads to change in dipole
moment of different vibrations and intensity of the
band at 3246, 3200–3000 and 1479 cm−1 decreases.

4. Conclusion

The type of the hydroxyl groups on GaPt-ZSM-5
and Ga-ZSM-5 is very sensitive to the pre-treatment
of the samples. Besides the IR bands at 3746,
3612 cm−1 3665 cm−1 assigned to terminal silanol
Si–OH, bridged Si–(OH)–Al groups and OH group
attached to extra-framework aluminium, gallium
loaded samples show additional IR band at around
3699 cm−1. It is attributed to OH groups attached to
Ga, such as Ga2(OH)O3−x , which is reduced in H2
flow. Upon benzene adsorption, the hydroxyl groups
linked to Ga species shift toward lower wave-numbers
with a lower extent compared with that of bridged
hydroxyls. This means that the last hydroxyls have
relatively low acidity compared with Si–(OH)–Al.

Upon benzene loading of 1.7 m/u.c., for metal
loaded samples and 0.5 m/u.c. for pure zeolite, the
guest molecules occupied the channels intersection.
Above these loading part of benzene molecules enters

the straight or sinusoidal channels and form pseudo
liquid phase. Interaction of benzene with framework
protons gives raise band at 1970 and 1830 cm−1. At a
loading of around 2–3.6 m/u.c., all framework protons
are occupied. Above these loadings, the concentration
of benzene molecules in zeolite channels increases
and each molecule undergoes perturbation from the
surrounding molecules and framework, which lead to
a change in electronic state of molecules and in dipole
moment of different vibrations. Changing in dipole
moment causes abnormal absorption isotherm for
pure zeolite and gallium loaded samples. This effect
is not observed for Pt loaded samples, probably due
to adsortpion of benzene molecules platinum particle
dispersed on the external surfaces of zeolite crystals.
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