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The role of the acid base properties of a catalyst to direct the surface chemistry and hence
the selectivity in catalyzed reactions, i.e., the toluene methylation with methanol, was investigated.
It is shown that the selectivity depends critically upon the nature of the surface complexes and the
concentration of the two reactants in the zeolite pores. In the presence of Bronsted acid sites, only
xylenes are found as primary products. Methanol is preferentially adsorbed over toluene, the rate
of methylation being directly proportional to the surface concentration of chemisorbed methanol.
The aromatic ring of toluene is only weakly adsorbed and interacts with the sorbed methanol
species. On strong basic zeolites (e.g., Rb-X), toluene is preferentially adsorbed over methanol.
Toluene is strongly bound via the aromatic ring to the Rb cation and the methyl group interacts
with the lattice oxygens of the zeolite. At reaction temperatures, methanol forms a formaldehyde
like species at the surface. The positively charged carbon-atom of chemisorbed formaldehyde
reacts with the carbon atom of the side chain of sorbed toluene to yield styrene as the main
product.

1. INTRODUCTION

The chemical selectivity obtained in the alkylation of aromatic molecules over zeolitic
catalysts critically depends upon their acid base properties. While xylenes are the primary products
in the methylation of toluene over acidic zeolites like HZSMS [e.g. 1,2,3], ethylbenzene and
styrene are formed over basic zeolites such as Rb-X and Cs-X [e.g. 4,5,6]. Previous reports
suggested the surface chemistry of chemisorbed methanol to be the most decisive parameter to
determine the selectivity [7,8]. Recent experiments on toluene methylation to xylenes indicated,
however, that various bimolecular precursors to the transition state in the rate determining step
exist and may be important for the catalytic properties of zeolites [9,10].

We report an in situ IR spectroscopic study performed during sorption and kinetic
measurements to show that these adsorbate structures consequently predetermine the chemical
selectivity. The importance of the individual surface species (and their relative concentrations) on
the activity and selectivity of the catalyst for the alkylation of aromatic molecules is investigated.
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2. EXPERIMENTAL

2.1. Materials

The protonic form of zeolite ZSM-5 (H, ; Al, ¢ Sigs ; O, SVAI=35) obtained from MOBIL
Corp. and a partially Rb ion exchanged form of X faujasite (Rby Na,, Al,, Si;,, Oy, SI/AI=1.75)
obtained from Union Carbide Corp. were used as typical zeolites with an acidic and basic
character, respectively.

2.2. Sorption and coadsorption experiments

IR spectroscopy was mainly used to characterize the sorbed species. The zeolite powder
was pressed into self supporting wafers and analyzed in situ during all treatments (i.e., activation,
sorption, reaction) by means of transmission absorption IR spectroscopy using a BRUKER IFS
88 FTIR spectrometer (resolution 4 cm™). For the sorption experiments, an IR cell equipped with
IR transparent windows which could be evacuated to pressures below 10 mbar was used [11].
The activated zeolite wafer was contacted with a constant partial pressure (0.001 mbar) of the
adsorbate at 308 K until adsorption-desorption equilibrium was reached (which was monitored
by time resolved IR spectroscopy). For the coadsorption experiments, the catalysts were
equilibrated with 0.001 mbar of both adsorbates admitted in sequentional order. The spectra were
normalized for the sample thickness by comparing the intensities of the absorption bands of the
adsorbate with the integral intensity of the lattice vibration bands of the zeolite between 2090 and
1740 cm™. The surface coverage was quantified by calibration with gravimetric measurements
(under conditions identical to the IR spectroscopic experiments).

2.3. Reaction studies

For in situ reaction studies, an IR cell which approximates a continuously stirred tank
reactor (volume = 1.5 cm®), equipped with 1/16" gas in- and outlet tubing and CaF, windows, was
used [12]. For the characterization of the surface species in the zeolite pores during the reaction,
time resolved IR spectra of the catalyst were recorded as the activated zeolite was contacted with
a He stream containing the reactants. Simultaneously, samples of the effluent gas stream were
collected in sample loops of a multi port valve and subsequently analyzed by gas chromatography.
This allowed to directly compare the type and concentration of the surface species with the rate
of the catalyzed reaction.

3.RESULTS and DISCUSSION

3.1. Sorption and surface reaction of methanol

The IR spectra of methanol sorbed on (the acidic zeolite) HZSMS and (the basic zeolite)
Rb-X show distinct differences in the absorption maxima, the shape and the relative intensities of
the CH and OH vibrational bands (see Fig. 1). For methanol on HZSMS5, CH stretching vibration
bands were observed at 3012, 2993, 2958 and 2856 cm™. OH vibration bands induced by the
sorption of methano! were observed at 3545, 2900, 2400 (v,...,) and 1687 cm™ (v,.). These bands
were attributed to a methoxonium ion hydrogen bound to the lattice of HZSMS [see
refs.13,14,15,16,]. Gravimetric measurements indicate that under the experimental conditions
chosen (T=308 K, p= 0.001 mbar), all acid sites were covered with one alcohol molecule. With
increasing temperature, elimination of water from the protonated surface species of methanol
occurred. In parallel to the desorption of water, the formation of methoxy groups associated with
the bridging oxygen between the Al and the neighbouring silica tetrahedron (Si-OCH;-Al) of the
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negatively charged lattice of HZSMS5 takes place [16,17,18].

With Rb-X, the bands attributed to the CH stretching vibrations of sorbed methanol were
observed at much lower wavenumbers (2936 and 2820 ¢cm™)compared to methanol adsorbed on
HZSMS suggesting strong interaction of the methyl group with the zeolite. At a partial pressure
of 0.001 mbar, a coverage of 0.5 methanol molecules per cation was achieved. The hydroxyl group
of methanol sorbed on Rb-X gave rise to a broad band centred around 3236 cm™ (width at half
height = 310 cm™) Upon sorption of methanol on Na-X, the corresponding OH-band was
observed at 3353 cm™ (width at half height = 300 cm™), on Na-ZSMS at 3613 cm™ (width at half
height = 55 ¢m™). It should be noted that the band of the v, of a free OH group of methanol
is sharp and has a maximum at approximately 3680 ¢cm™. The much lower wavenumber and the
width of the band observed for methanol on Rb-X indicates, therefore, strong hydrogen bonding
of the hydroxyl group to the zeolite lattice. Thus, we propose that methanol is coordinatively
bound via the lone electron pair of its oxygen to the cation in zeolite Rb-X. Simultaneously, strong
interactions of the proton of the hydroxyl group with the basic lattice oxygens of Rb-X occur. At
elevated temperatures, a H, molecule is split off resuiting in the formation of formate species at
the surface [7,8]. The probability of the formation of methoxy species is decreasing with increasing
size of the alkali cation of the zeolite and is expected to be very low for Rb-X. The reaction of
methanol on basic zeolites (Rb-X and Cs-X) at 673 K yields adsorbed formaldehyde and formate
species, which are absent on acidic zeolites like HZSMS or even at the less basic Na-X [see also
7.8].
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Figure 1. IR spectra of methanol sorbed on (a) HZSMS5 and (b) Rb-X (T=308 K, p= 0.001 mbar)
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3.1. Sorption of toluene

Similarly, toluene was found to be quite differently sorbed on the two zeolites investigated.
The most striking differences were seen in the IR spectra of the sorbed species in the region of the
CH stretching vibrations (see Fig.2). In both cases, the coverage of toluene per sorption site (Si-
OH-Al, alkali cation) was lower than for methanol under otherwise identical conditions (0.5
toluene/site in HZSMS and 0.25 toluene/cation in Rb-X at pyuene = 0.001 mbar ).

The shift (from 3610 to 3220 ¢cm™) and the broadening of the Si-OH-Al band of the zeolite
after sorption of toluene on HZSMS (Fig. 2a) indicates hydrogen bonding of the aromatic
molecule on the hydroxyl group. Because the absorption maxima and the relative intensities of the
bands of the CH stretching vibrations of toluene on HZSMS were similar to those of toluene on
amorphous silica, only weak interactions between the hydrogen atoms of toluene and the zeolite
lattice were concluded to exist.

After sorption of toluene on Rb-X, the bands attributed to the asymmetric and symmetric
CHj-stretching vibrations were observed at 12 and 20 cm™ lower wavenumbers than after sorption
of toluene on HZSMS5. This is interpreted as a weakening of the C-H bonds due to strong
interactions of the methyl group with the lattice oxygens of Rb-X.
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Figure 2. IR spectra of sorbed toluene on (a) HZSMS5 and (b) Rb-X (T=308 K, p= 0.001 mbar)

In general, the interaction between toluene and Rb-X is much stronger than the interaction
between toluene and the Bronsted acidic HZSMS. This results mainly from 2 contributions: (i) The
large cations in Rb-X are much better suited to symmetrically interact with the aromatic ring of
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toluene than the small protons in HZSMS. (ii) The hydrogen atoms of toluene seem to strongly
interact with the oxygens of the lattice of Rb-X leading to multi point interaction [19]. In
consequence this situation leads to the low mobility of the sorbed molecules which was also
concluded from NMR studies [20,21]. It is suggested that the strong interaction of toluene with
the zeolite leads to a configuration were the delocalized melectrons of the ring are forced in
localized double bonds resulting in a C;H,=CH, like structure [22]. In this case, the side chain of
toluene is strongly polarized and will interact with the positively polarized C-atom of the
methylating species (formaldehyde) to yield side chain alkylated products.

3.1. Coadsorption and reaction of toluene and methanol

Coadsorption of both reactants on HZSMS resulted in a spectrum in which the OH band
typical for the hydrogen bonding between toluene and the zeolite (3220 cm™) was absent. The
intensities of the bands of the OH vibrations of adsorbed methanol were lower compared to single
adsorption of methanol alone while those of the CH vibrations were similar. These effects in
combination with the appearance of a new IR band at 3460 ¢cm™ which was not observed after
sorption of either one of the reactants alone indicates that a bimolecular complex between
methanol and toluene at the acid sites of HZSMS is formed [10]. In this complex, methanol is
directly sorbed at the Si-OH-Al group of the zeolite. The band at 3460 cm™ was attributed to the
OH stretching vibration of chemisorbed methanol interacting with the aromatic ring of toluene [9].
While all active sites were covered with methanol, less than half of these molecules form a
coadsorption complex with toluene under the experimental conditions (T = 308 K, p=0.001
mbar of each reactant).

It should be stressed that a preferential adsorption of methanol over toluene occurs not
only on Bronsted acidic zeolites like HZSMS5, but was also observed upon coadsorption of
methanol and toluene on Na-X. In this case, methanol was present in 4 fold excess over toluene.

Upon heating, the loaded HZSMS catalyst in a gas stream containing both reactants, the
coadsorption complex was observed up to temperatures of 453 K. The decrease in its
concentration occurred in parallel with the appearance of the first reaction products (xylenes)(see
Figure 3). Thus, we concluded that it is likely to be a possible precursor to the transition state in
the methylation reaction. This is supported by the fact that under reaction conditions the rate of
methylation of toluene was found to be directly proportional to the surface concentration of the
activated methanol species [23,10]. We think that during the reaction only a small concentration
of the bimolecular complex exists which can not be monitored by IR spectroscopy. Its abundance
should, however, depend upon the concentration of chemisorbed methanol.

When both reactants were coadsorbed on Rb-X at 308 K, indications for the formation of
reaction products or bimolecular complexes were not found in the IR spectra. The spectra rather
suggest that toluene and methanol are independently sorbed. It should be noted, however, that
after equilibration with equal partial pressures of both reactants, toluene was the main sorbed
species. Note that only part of the sites can be covered by toluene molecules due to steric reasons
(theoretically 2/3 of the cations are accessible) and pore filling, while methanol achieved a
coverage of approximately one molecule/cation at elevated partial pressures (p = 1 mbar).
Coadsorption of toluene onto a surface preequilibrated with methanol resulted in the displacement
of the main fraction of the methanol molecules (80 %) from the sorption sites [24]. The same
coadsorbed state was reached irrespective of the sequence of adsorption of the two reactants. If
toluene was adsorbed first, coadsorption of methanol did not change the coverage of
toluene.

Toluene was observed to be the main adsorptive on the Rb-X also under reaction



454

conditions. Even at elevated temperatures (measurable conversions were not achieved below 623
K) toluene was strongly bound with the aromatic ring to the cation while the methyl group was
interacting with the lattice oxygens of the zeolite. Although toluene was preferentially adsorbed
over methanol which formed chemisorbed formaldehyde at this temperature, a direct correlation
between the rate of methylation and the surface concentration of both reactants was observed.
Styrene is suggested to be the only primary product formed by the reaction of toluene with
formaldehyde which is subsequently hydrogenated in part to ethylbenzene[25].
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Figure 3. IR spectra of HZSMS during the reaction of toluene and methanol as function of the
reaction temperature (T = 373 - 673 K)

4.CONCLUSIONS

In sitn 1R studies of sorbed toluene and methano! under non reactive conditions showed
that both reactants assume different adsorption structures on HZSM5 and Rb-X. While methanol
is stabilized as hydrogen bonded methoxonium ion in the pores of HZSMS, it is coordinatively
bound via its oxygen to the cations in zeolite Rb-X. In addition to this coordinative bond, strong
lateral interactions of the hydroxyl group of methanol with the basic oxygens of the lattice of
zeolite Rb-X were detected.

Toluene adsorbed on Rb-X is strongly interacting with the cation and the framework
oxygen atoms. By comparison with the IR spectra of toluene hydrogen bonded to the OH groups
of silica or protonic zeolites like HZSMS, it can be concluded that the C-H bonds of the methyl
group of toluene are significantly weakened. This makes the methyl group the preferential site for
an attack of the surface bound formaldehyde species.

In the case of HZSMS3, the elimination of water from chemisorbed methanol becomes
favourable with increasing temperature leading to the formation of a methoxy group associated
with the negatively charged lattice (Si-OCH,-Al). In contrast, the abstraction of hydrogen from
methanol adsorbed on the basic zeolite Rb-X led to the formation of chemisorbed formaldehyde
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and formate.

Coadsorption of both reactants resuited in the formation of a bimolecular complex between
methanol and toluene at the acid sites of HZSMS. This complex involves the interaction of the
protonated hydroxyl group of a methoxonium ion with the aromatic ring of toluene. Methanol is
preferentially adsorbed over toluene on acidic zeolites. Under the reaction conditions employed,
the rate of methylation of toluene was found to be directly proportional to the surface
concentration of the activated methanol species. The concentration of the bimolecular complex,
which is expected to be a precursor to the transition state in the rate determining step is very low
under reaction conditions.

In contrast, toluene and methanol coadsorbed on Rb-X do not form a bimolecular
precursor complex and both reactants seem to be independently adsorbed at the surface. It should
be noted, however, that after equilibration of the catalyst with equal partial pressures of both
reactants, toluene was the main adsorptive. During toluene methylation, sorbed toluene was again
the main surface species, the reaction rate, however, was proportional to the surface
concentrations of both chemisorbed species (toluene, formaldehyde). The onset of the reaction
was observed at much higher temperatures than in the ring alkylation which is at large ascribed
to the indispensable conversion of methanol to a formaldehyde (or formate) species.
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