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Abstract

A systematic investigation was carried out to elucidate several aspects of the gas/solid methylation of phenol over high Si/Al ratio beta-
structured zeolite in protonated form, characterised by various techniques, including XRD, SEM, BET, ICP, FTIR, TGA, microcalorimetry, and
modeling by ab initio calculations. Data on the characteristics and the kinetic and mechanistic features of the catalytic reaction, as well as on
catalyst deactivation, show that these zeolites, besides being very active for the present reaction, lead to cresols and anisole as primary products.
As catalyst deactivation proceeds, the selectivity to cresols and anisole increases substantially, accompanied by a rapid decrease in selectivity to
polyalkylated species. Medium- to low-strength silanols are the main contributors to catalyst surface acidity. High-strength Lewis acid sites either
are virtually absent (especially when metal cations partially substitute for protons) or play a role essentially in catalyst deactivation. Stacking
faults in the zeolite framework, generated by the intergrowth of at least two beta polymorphs, lead to an increased concentration of silanol-based
Brønsted acid sites. Deactivation is due to the interaction of phenol and oxygenated products with the silanol-based acid sites and of methanol
only with the strong acid sites of both Lewis and Brønsted nature. Self-oligomerisation–cyclisation of methanol to olefins and aromatics, followed
by further alkylation to aromatic C atoms, contributes to catalyst deactivation. At any conversion level and at any temperature, the anisole/cresol
ratio is systematically lower for the larger-crystal size zeolite, because the secondary transformations of anisole to cresols by both intramolecular
rearrangement and intermolecular alkylation of phenol is favoured by the longer residence time of anisole within the zeolite pores.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Methylation of phenol over acidic catalysts represents an in-
dustrially interesting process by which a set of important chem-
icals and chemical intermediates, such as cresols, anisole, and
polyalkylated phenols, can be prepared [1]. The most widely
investigated catalysts include strong Brønsted-type acid ma-
terials, such as H-Y and H-ZSM-5 zeolites [2–13], as well
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as weaker acid catalysts, such as metal phosphates [14,15].
The main limit of zeolites is the low selectivity achieved to
one specific compound, because several products are obtained
(O-alkylated, mono- and poly-C-alkylated), the selectivity of
which is a function of phenol conversion, reaction conditions,
and zeolite characteristics. This is not the case for heteroge-
neous basic-catalysed methylation, a much more specific reac-
tion. In fact, this reaction yields almost exclusively the products
of ortho-C-alkylation [16–20].

Furthermore, alkylation reactions over solid acid catalysts,
especially with reactants in the gas phase, are usually accompa-
nied by several unwanted side reactions, triggered by the same
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surface acidity of the catalyst, leading to a more or less rapid
deactivation of the catalyst due to fouling by carbonaceous de-
posits, usually referred to as “coke” [21]. However, it is worth
noting that, to the best of our knowledge, the scientific literature
on the alkylation with alcohols of phenol and of phenol deriv-
atives, especially from a reaction kinetics standpoint, does not
explicitly take any catalyst deactivation effect into considera-
tion.

The literature on gas-phase alkylation of phenol with alco-
hols over beta zeolites is scarce [22–27]. Over beta zeolite,
a somewhat different acidity can add to that based on Al3+ sites.
Indeed, in such a zeolite, randomly intergrown structures of two
or even three different polymorphs, with a considerable amount
of random stacking faults, leads to a substantial increase in lat-
tice defects and structural disorder [28]. This disorder creates
additional internal surface hydroxylated species (SiOH nests of
variable geometrical arrangement) and Lewis-type electron ac-
ceptor sites. Consequently, both catalyst activity and resistance
to coking are simultaneously affected by zeolite crystal struc-
ture and pore width, nature and concentration of surface acid
sites, and zeolite crystal size [29–31].

The aim of the present work was to investigate the effect on
catalytic performance for phenol methylation of properly pre-
pared samples of H-beta zeolite of similar Si/Al ratio but much
different crystal size. In fact, it is expected that in a complex
reaction pattern, including parallel and consecutive reactions,
the distribution of products can be greatly affected by the in-
traparticle residence time of products. Besides reaction rate and
selectivity to the various products, the present analysis takes
into account the activity decay and the change of selectivity
with time on stream, looking for correlations between catalytic
behaviour and the zeolites’ physicochemical characteristics.

2. Experimental

2.1. Catalyst preparation

Three main samples of beta zeolite, designated beta-1,
beta-2, and beta-3 (Table 1), were prepared by hydrothermal
synthesis [32,33]. Tetraethyl-orthosilicate (TEOS, 98% pure,
Aldrich), tetraethylammonium hydroxide (TEAOH, 40% aque-
ous solution, Fluka), sodium aluminate (56% Al2O3, 37%
Na2O, Carlo Erba), and NaOH (97% pure, Aldrich) were used
as reagents. The silico-aluminate precursor gel was obtained by
vigorously stirring the mixture of reagents at room temperature
for several hours. After hydrolysis of the organo-silicon com-
pound was complete, stirring was continued for at least 24 h
under final gentle warming, to remove the ethanol that was re-
leased.

The synthesis of the zeolite was then carried out at 135 ◦C
(for beta-1) or 150 ◦C (for beta-2 and beta-3) in PTFE-lined
stainless steel autoclaves, tumbling at 20 rpm. After 24 h for
beta-1, 48 h for beta-2, and 94 h for beta-3, the autoclaves were
rapidly cooled, and the solid was recovered from the milky
suspension by centrifugation at 40,000g. The solid was then
repeatedly washed with distilled water until the washing liquid
was neutral, dried at 120 ◦C overnight, and calcined in nitro-
gen and air flow up to 550 ◦C, to remove the TEAOH trapped
in the channels of the zeolite crystals. The as-prepared samples
then underwent three ion exchanges for 3 h at 80 ◦C with fresh
0.1 M ammonium nitrate (Janssen, “pro analysi”) solution. Af-
ter the final exchange, the solid was separated by centrifugation,
repeatedly washed with distilled water, and calcined in air at
550 ◦C to obtain the final protonated zeolite by decomposition
of ammonium ions.

A fourth sample (beta-silicalite, with an Si/Al ratio >500)
was also prepared for characterisation comparison purposes
only. This involved preparing a special templating agent, 4,4′-
trimethylene-bis(N -benzyl-N -methyl-piperidinium)-dihydrox-
ide; the commonly used TEAOH failed to lead to the desired
beta structure for very high Si/Al ratios [34].

The template solution was prepared as follows. First, 77 g
of 4,4′-trimethylene-bis-(1-methyl-piperidine) (Aldrich, 98+%
pure) was dissolved in 103 g of ethanol (Fluka, anhydrous). To
this solution was added 110 g of benzyl bromide (Fluka, 98%
pure) dropwise under vigorous stirring. The solid dibromide
precipitate so formed was repeatedly washed with anhydrous
ethanol and dried under flowing nitrogen. The dihydroxide was
then obtained from the dibromide by electrodialysis, using an
electrolytic cell equipped with an anionic membrane separating
the cathodic 0.46 M bromide solution from the anodic 25 wt%
aqueous ammonia solution. The final 0.79 M solution of the
templating agent was finally obtained by low-temperature re-
moval of excess water.

The synthesis of beta-silicalite was then carried out as de-
scribed previously, in the absence of sodium aluminate and
by substituting the 4,4′-trimethylene-bis(N -benzyl-N -methyl-
piperidinium)-dihydroxide for TEAOH. A fifth sample, de-
signed beta-10 and used for comparison purposes only, was
kindly supplied by Polimeri Europa srl.

2.2. Catalyst characterisation

The crystalline structure was identified by X-ray diffrac-
tion (XRD) using a Philips PW 1820 powder diffractometer,
Table 1
Main characteristics and energetics of interaction with H2O and CH3OH of the investigated catalysts

Catalyst SiO2/Al2O3
mol ratio

Si/Al
mol ratio

Al/uc Av. cryst.
size (nm)

SSA
(m2/g)

VpTOT

(cm3/g)

VpMicr

(cm3/g)

Na+
(wt%)

q0 H2O
(kJ/mol)

q0 CH3OH
(kJ/mol)

Beta-1 65 130 ≈0.5 200 481 0.343 0.239 2.42 100 –
Beta-2 77 154 ≈0.4 100 559 0.627 0.266 0.07 160 50
Beta-3 65 130 ≈0.5 590 565 0.324 0.299 0.01 160 50
Beta-silicalite 255 510 <0.1 450 529 0.311 0.270 <0.001 80 –
Beta-10 4.9 9.8 ≈6 50 360 – – – 165 –
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operated at 40 kV and 40 mA, with Ni-filtered CuKα radia-
tion (λ = 1.5418 Å). The BET specific surface area (SSA) was
measured by N2 adsorption–desorption at liquid nitrogen tem-
perature on a Micromeritics ASAP 2010 instrument. Zeolite
crystal size and shape were determined by scanning electron
microscopy (SEM) using either a Cambridge Stereoscan 150
or a Leica LEO 1430 instrument. Elemental analysis was per-
formed on a Varian Liberty 200 inductively coupled plasma
(ICP) spectrometer.

Catalyst surface acidity was measured by FTIR spectroscopy
using a Perkin-Elmer 1750 spectrometer. First, self-supporting
wafers of pure zeolite were evacuated at 500 ◦C in vacuo (resid-
ual p = 10−6 mbar). Then adsorption of pyridine was carried
out at room temperature, followed by desorption carried out by
outgassing the sample at 50, 150, 250, 350, and 450 ◦C. The
FTIR spectrum was recorded after evacuation at each tempera-
ture level.

The reactivity toward CH3OH, the large-excess reactant of
the methylation reaction (vide infra), was also investigated by
IR. The interaction between CH3OH and beta-1, beta-2, and
beta-3 catalysts, after preactivation in vacuo (residual p =
10−5 Torr) at 773 K, was analysed at 2 cm−1 resolution on
a Bruker IFS 66 FTIR spectrometer, equipped with an MCT
detector. The samples were preevacuated as for the acidity mea-
sures (vide supra).

The catalysts’ adsorption features were investigated by
contacting (at 303 K) the activated samples with CH3OH
vapour, as well as with H2O vapour, to investigate the hy-
drophilic/hydrophobic properties of the catalysts. The study
was performed using a heat-flow microcalorimeter Tian-Calvet
type (C80 by Sétaram) connected to a high-vacuum gas-
volumetric glass apparatus, equipped with a Varian Ceramicell
0- to 100-Torr transducer gauge, following a well-established
procedure [35–37]. All samples were activated in vacuo for
2 h at a residual pressure p � 10−5 Torr at T = 873 K
for H-beta and at T = 673 K for the all-silica zeolite. The
individual activation temperature was selected according to
the indications of IR spectroscopy (spectra not reported for
brevity), so to achieve the maximum dehydration of the sur-
face compatible with the stability of the structure and aiming
for the maximum density of Lewis and Brønsted acidic sites.
CH3OH and H2O were distilled in vacuo and outgassed by
several freeze–pump–thaw cycles. The adsorption measure-
ments have been performed at least twice on a virgin por-
tion of the same batch of the materials, activated under the
same conditions, to check the reproducibility of the experi-
ments.

At last, a calculation was made relative to the interaction
of CH3OH and H2O molecules with a molecular cluster simu-
lating a coordinatively unsaturated framework Al(III) site act-
ing as Lewis (L) acidic site. All calculations have been run at
ab initio level using the B3-LYP/6-31 + G(d,p) model chem-
istry [38]. The binding energies (BEs) of the probe molecules
with the L site were calculated and compared with the enthalpy
change associated to the adsorption processes on the real sys-
tems.
2.3. Catalytic activity tests

Methylation of phenol was carried out in a continuous-
downflow tubular reactor at four different temperatures, rang-
ing from 320 to 450 ◦C, at atmospheric total pressure. An ex-
cess of methanol with respect to the stoichiometric requirement
for the methylation of phenol was fed (methanol/phenol feed
ratio = 7/1). In fact, due to the strong interaction between phe-
nol and the catalyst, acceptable reaction rates are obtained only
when the partial pressure of methanol is much higher than
that of phenol. Usually methanol/phenol feeding ratios >5 are
used [39] for an analysis of the effect of such a ratio on cat-
alytic performance, to obtain a phenol conversion >10–20% at
T < 400 ◦C. On the other hand, feeding ratios >10 favour the
formation of polyalkylated phenols. Our aim was to investigate
the selectivity ratio between O- and C-alkylated compounds,
with minimal formation of polyalkylated products. Therefore,
we chose a methanol/phenol molar ratio of 7/1 as a compro-
mise between these two counteracting effects.

Catalyst samples of 0.6 g were loaded. The flow rate of
the reactants was 60 cm3/min of gaseous N2 and 1.75 ×
10−3 cm3/min of organic liquid feeding mixture, so as to
have a residence time value of τ = 0.98 s (cm3

catalyst bed s/

cm3
overall gaseous feeding flow). The reactor temperature was main-

tained at the desired value by an electric furnace surrounding
the reactor and governed by a TRC, through a thermocou-
ple placed within the catalyst bed. Reactor effluent analysis
was made by means of a Thermo Focus gas chromatograph,
equipped with a HP-5 semicapillary column.

When needed, the catalyst was regenerated in situ in flowing
air (20 cm3/min) by increasing the temperature by 5 ◦C/min
from room temperature up to 300 ◦C, then by 0.83 ◦C/min up
to 350, 400, and 450 ◦C. After each temperature step (i.e., 300,
350, 400, and 450 ◦C) temperature was kept constant for 1 h.

2.4. Coke analysis

Samples of aged catalyst, recovered after a few hours on
stream at 390 ◦C, were analysed according to a well-known
technique [40] to collect information on the amount and na-
ture of the fouling carbonaceous material (coke). A weighed
portion of aged catalyst was disaggregated in HF (40% aque-
ous solution) to dissolve the zeolite and allow collection of the
remaining carbonaceous solid particles by filtration and drying.
The carbonaceous solid particles were repeatedly leached with
small portions of fresh CH2Cl2 and then dried and weighed.
The leaching CH2Cl2 solutions were combined, and most of
the solvent was removed in vacuo at room temperature. The
concentrated solution of the soluble coke was then analysed
by gas chromatography-quadrupolar mass spectrometry (GC-
QMS) by an Agilent HP 5973N GC-MS instrument.

For the beta-1 and beta-2 aged samples only, the amount of
accumulated carbonaceous matter was also evaluated by ther-
mogravimetry in air using a TA TGA 2050 instrument. The
following heating program was followed: 80 ◦C in flowing N2
for 5 min, heating from 80 to 550 ◦C (5◦/min) in 60 ml/min
flowing air, and a final isothermal step at 550 ◦C for 60 min.
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Fig. 1. XRD patterns of the catalysts prepared. (a), (b), and (c) refer to polymorphs A, B and C [42,43].
3. Results and discussion

3.1. Catalysts characterisation

3.1.1. Surface area, crystal size, and Si/Al ratio
Under the synthesis conditions adopted, beta zeolite was the

only crystalline phase obtained. The XRD patterns matched
those reported in the literature [41–43]. Beta-1 had less crys-
talline than the other samples (Fig. 1). Our BETA samples re-
sulted from the intergrowth of two polymorphs, A and B [43],
or even of a third polymorph, C [42]. Although our XRD pat-
terns does not allow a reliable quantitative determination of
the polymorph distribution, the crystallinity of our samples can
be characterised (Table 1) by comparing micropore volume
(VpMicr, determined from t -plot data) with total pore volume
(VpTOT, determined from the total gas volume adsorbed at satu-
ration).

SSA ranged from 480 to 570 m2/g (Table 1), typical val-
ues for these zeolites. SEM micrographs (Figs. 2a, 2b, and 2d)
showed that beta-1, beta-2, and beta-silicalite were composed
of spheroidal-shaped crystals with a narrow crystal size distri-
bution. The beta-3 crystals appeared slightly cuboidal-shaped
(Fig. 2c). The average particle size, determined by direct mea-
surement on properly enlarged micrographs for the various ze-
olites, is given in Table 1.
ICP analysis showed a similar SiO2/Al2O3 molar ratio (Ta-
ble 1) for all samples except, of course, the beta-silicalite. Fur-
thermore, the protonated beta-2 and beta-3 (and mainly beta-
silicalite) catalysts were almost Na-free, whereas the beta-1
sample contained a considerable amount of exchangeable Na+
ions (Table 1).

3.1.2. Reactivity toward CH3OH from FTIR spectroscopy
All our catalysts, except beta-10, are characterised by a very

low Al content (Table 1). This, accompanied by the high struc-
tural defectivity (vide supra) of these zeolites, which is associ-
ated with a large abundance of silanols, becomes relevant in the
spectroscopic features of their reactivity with CH3OH. Another
important point is the concentration of residual Na+ species,
which was rather abundant only in the beta-1 sample (2.42 wt%;
Table 1).

After activation at 773 K, all samples (Fig. 3a) showed no IR
bands over 3750 cm−1, characteristic of the hydroxyl groups
bound to extra-framework Al (EFA), and all samples exhib-
ited a strong maximum at 3740 cm−1, due to nearly isolated
silanols. Another common characteristic was the broad tail at
lower frequency, extending up to 3400 cm−1, indicating the
presence of an abundant fraction of interacting hydroxyls. No
further specific absorption was evident in the beta-1 sample:
in particular, no bands were seen in the region where bridging
OH groups would be expected. This observation is in agreement
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Fig. 2. SEM micrographs of: (a) beta-1, (b) beta-2, (c) beta-3, and (d) beta-silicalite.
with the fact that the beta-1 sample had mainly Na+ as counte-
rions. The beta-2 sample was characterised by a broad-tailed
signal, extending from 3740 to 3400 cm−1, due to H-bound
silanols. A second weak maximum was observed at 3580 cm−1,
where the band due to bridged B groups (3615 cm−1) is super-
imposed. The situation is very similar to that observed in beta-3
sample, that shows an even more complex shape of the band in
the OH stretching region: peak at 3613 cm−1 superimposed to
the broad component due to H-bonded silanols (maximum at
3500 cm−1). Also in this case an evaluation of the concentra-
tion of bridged B groups is prevented by the mixing with the
silanols components.

Fig. 3b shows the reactivity towards CH3OH of beta 2 and 3.
The data on the Na-rich sample, beta-1, are not reported be-
cause they did not show any feature associable with bridg-
ing Brønsted acid sites. In particular, after interaction with
methanol no specific signals ascribable to strong acid sites was
noticed (total absence of A, B and C signals, vide infra). In
addition, a considerable reversibility of the interaction of beta-
1 with methanol was observed, a behaviour typical of purely
siliceous materials. This is very likely due to the saturation by
Na+ ions of the strongest acid sites generated by the framework
Al ions.

As demonstrated by Pazè et al. [44], in the presence of mole-
cules like H2O or CH3OH with medium to high proton affinity,
a zeolite, which is characterised by the presence of high Brøn-
sted acidity, is able to realize a strong H-bond interaction, which
produces two main effects: at first the band associated to the OH
stretching mode is strongly red-shifted, generating an intense
and broad absorption which can be extended until 1000 cm−1,
while the band due to the overtone of the bending mode of the
same species is deeply blue-shifted. From a theoretical point
of view, the phenomenon is called Fermi resonance and the ef-
fect on the spectra is the appearance of three bands identified
as A, B and C, separated by two Evan’s windows: the presence
and the relative intensity of these three bands indicate the entity
of the interaction and consequently the acidity of the material
[44–48].

Coming to the effect of increasing dosages of methanol on
beta-2 sample (upper left of Fig. 3b), one may observe the pro-
gressive erosion of the OH bands and the growth of a very
broad absorption with a maximum centred at about 3400 cm−1.
This absorption extends till the region of framework vibration,
suggesting the presence of some species strongly engaged by
methanol. However, because these species are only a minor
feature with respect to silanols (characterised by a medium-
to low-strength acidity), we did not clearly observe the forma-
tion of the A, B, and C components. At around 3000 cm−1,
the C–H stretching vibrations of CH3OH are superimposed. In
particular, the absorptions at 3000 and 2958 cm−1 represent
asymmetric vibrations, whereas the absorption at 2854 cm−1 is
associated with symmetric modes of the CH3 groups. The fre-
quencies are shifted upward slightly compared with the vibra-
tions of the free molecules. The band at 2916 cm−1 is probably
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(a)

(b)

Fig. 3. (a) IR spectra of beta-1, beta-2 and beta-3 zeolites outgassed at 753 K. (b) IR spectra of beta-2 and beta-3 zeolites (left and right couple of figures,
respectively). Effect of the interaction with CH3OH. Top parts of the figure (b) report data related to increasing amounts of methanol; bottom parts of the figure (b)
report the effect of progressive pumping out at room temperature.
due to overtones of the ν(CH3) bending mode at 1450 cm−1,
enhanced by a Fermi resonance effect [49].

The interaction with methanol was not completely reversible
on beta-2, as evidenced by the lower-left of Fig. 3b. In partic-
ular, only part of the external silanols was restored, whereas
the majority of the OH groups remained unaffected by pro-
longed outgassing at room temperature. The fact that methanol
remained entrapped within the zeolite cavities was also demon-
strated by the permanent nature of the bands associated with the
C–H vibration modes at around 3000 cm−1.

Turning to the data related to the beta-3 sample (upper right
of Fig. 3b), at low methanol loadings, the ABC triad, caused by
Fermi resonance of the ν stretching and 2δ and 2γ overtones of
bond 1 (Scheme 1), can be distinguished.

This in turn induces the formation of two Evans windows,
one at about 2720 cm−1 and the other at 2000 cm−1. The
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Scheme 1.

Table 2
Summary of the most important IR spectroscopic features

IR feature Frequency (cm−1)

Beta-1 Beta-2 Beta-3

ν(OH) isolated silanols 3740 3740 3740
ν(OH) internal and/or H-bonded silanols 3670 3580 3500
ν(OH) SiOHAl Not visible 3615 3613
ν(OH)· · ·OH–CH3 Not reported 3400 2100
Acomp maximum Not reported Not revealed 2900
First Evans window Not reported Not revealed 2720
Bcomp maximum Not reported Not revealed 2500
Second Evans window Not reported Not revealed 2000
Ccomp maximum Not reported Not revealed 1600

approximate frequency of the ν(OH) mode of (zeoliteO–H· · ·
Omethanol) in the absence of Fermi resonance effects can be
estimated as 2100 cm−1. The corresponding vibration mode
of bond 2 (see Scheme 1) is assigned to a component grow-
ing at 3500 cm−1. This band grows in parallel with the ABC
triplet and confirms the formation of a neutral adduct. The evo-
lution of the spectra in the 2000–1300 cm−1 range, where the
C component is growing, shows greater complexity. Negative
components originate from perturbative effects on the zeolitic
framework, inferred by CH3OH. Moreover, an additional neg-
ative band at 1450 cm−1 corresponds to an Evans window
due to the superposition of the C component with the δ(CH3)
mode.

At high methanol coverage, the spectra are dominated by an
unstructured broad band extending over the entire medium IR
region, overshadowing the ABC components associated with
formation of the methanol–silanol adducts.

Also with beta-3, the interaction with methanol is only par-
tially reversible, as evidenced by the effect of prolonged out-
gassing at room temperature (Fig. 3b, lower right). The final
spectrum collected (bold curve) is very similar to that obtained
for the beta-2 sample.

It may be concluded that the present materials have a low
concentration of structural (SiOH−Al+) strong Brønsted acid
sites, and that most of the surface acidity comes from rela-
tively weaker (SiOH nests) Brønsted silanol species. At re-
action temperature, the slightly higher abundance of strong
acidic sites present in the beta-3 sample could have only a
minor effect on overall catalytic activity. This acidity distrib-
ution can be considered a major cause of the relatively lower
deactivation rate of high-silica BETA zeolite. Table 2 summa-
rizes the most important IR spectroscopic features of our sam-
ples.
Fig. 4. Differential heats of adsorption of CH3OHvap on beta-2 (") and beta-3

(a) zeolites as a function of the increasing coverage (qdiff vs nads). Inset:
volumetric isotherms, nads (CH3OH molecules/uc) vs pCH3OH equilibrium
pressure. Solid symbols: ads. I, open symbols: ads. II. Tads = 303 K.

3.1.3. Energetics and hydrophilicity/hydrophobicity of active
sites

As mentioned earlier, the energetics of adsorption and hy-
drophilic/hydrophobic properties of the present catalysts were
investigated by progressive adsorption of CH3OH and wa-
ter vapour, monitored by microcalorimetry. The integral heat
evolved (Qint), as well as the adsorbed amount (nads) for
small adsorptive increments, were determined in the same
experiment, as described previously [35–37]. The reversibil-
ity/irreversibility on evacuation of first-run-adsorbed phase
(ads. I) at room temperature was checked by performing a
second adsorption run (ads. II) after outgassing the sample
overnight (residual p � 10−5 Torr). The adsorbed amounts
(nads = CH3OH or H2O molecules per unit cell) were collected
as volumetric isotherms. Calorimetric data were collected either
as differential heats of adsorption (qdiff = δQint/δnads) or as in-
tegral molar heats of adsorption [qmol]p = (Qint/nads)p. The
[qmol]p quantities are intrinsically average values, referring to
the thermal response of the surface as a whole from the begin-
ning of the adsorption process up to the equilibrium pressure,
whereas the qdiff quantities represent a reasonable measure of
the energy of interaction of the probe molecule with the indi-
vidual sites at any adsorbate coverage.

Fig. 4 shows the results for beta-2 and beta-3 samples using
CH3OH as a probe. The qdiff versus nads plots give a detailed
description of the surface heterogeneity. In particular, the dif-
ferential heat of adsorption, extrapolated to vanishing coverage
(q0, kJ/mol; Table 1), represents the enthalpy change associ-
ated with the adsorption on the most energetic sites. Values of
the same order of magnitude were obtained for the binding en-
ergy (BE, kJ/mol) through the ab initio calculations (vide infra)
for the individual molecular probe’s interaction with the model
Lewis acid site and corrected for the basis set superposition er-
ror by the standard Boys–Bernardi counterpoise method [50].

Inspecting Fig. 4 reveals the following findings:
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(i) The qdiff versus nads experimental points of both beta-2
and beta-3 zeolites are best fitted by the same curve, indi-
cating that no significant difference in the acid strength of
the two catalysts is demonstrated by the room-temperature
adsorption of CH3OH. The curve starts at q0 ∼ 130 kJ/mol
and drops down quite smoothly, eventually approaching
the latent heat of liquefaction of CH3OH (38 kJ/mol) at a
coverage corresponding to ca. 12 molecules adsorbed per
unit cell.

(ii) The only detectable differences between the two catalysts
is that the CH3OH adsorption capacity is significantly
larger for beta-3 (see the inset of Fig. 4), because the num-
ber of molecules adsorbed per unit cell at any equilibrium
pressure investigated is greater than that for beta-2. We as-
cribe this difference to the different Si/Al ratios, with a
slightly higher Al content for beta-3 than for beta-2 [al-
though the two values of Si/Al ratio are too close (130 for
the former vs 154 for the latter; Table 1) to permit a more
detailed comparison].

(iii) The irreversibly adsorbed CH3OH, evaluated by the differ-
ence between the ads. I and ads. II curves (the latter drawn
after outgassing overnight the reversibly adsorbed alcohol
of ads. I), amounted to ca. 20% of the total amount ad-
sorbed by both zeolites. Nonetheless, the qdiff versus nads
experimental points for the second run were best fitted by
the same curve, indicating that for reversible adsorption,
a significant difference between the two catalysts is not
found when using CH3OH as a molecular probe.

(iv) The quantitative calorimetric data are in agreement with
the data from the IR analysis (vide supra).

As a preliminary conclusion, beta-2 and beta-3 catalysts
showed a distribution of acid sites of comparable strength, in
line with Al content (as expected), although some influence of
material morphology (especially zeolite crystal size), cannot be
excluded.

Fig. 5 reports the differential heat of adsorption of H2O
vapour as a function of the increasing surface coverage (qdiff vs
nads) for all of the catalysts investigated here. For comparison
purposes, an Al-free beta-silicalite was added, along with a pre-
viously investigated [35,51] beta-10 sample, characterised by a
much higher Al content (Si/Al ≈ 10), that is, a much greater
number of Al atoms per unit cell (∼6; Table 1). The correspond-
ing volumetric isotherms are shown in the inset. For brevity, in
both qdiff versus nads and nads versus peq plots, only the first-
run adsorption data are reported and discussed; however, in all
catalysts, irrespective of Al content, a fraction of water mole-
cules was irreversibly adsorbed, whereas for the beta-silicalite,
the adsorption was completely reversible on outgassing at room
temperature.

Our findings can be summarised as follows:

(i) Initially, the experimental data of qdiff versus coverage for
beta-2 and beta-3 are best fitted by the same curve as for
the CH3OH qdiff versus nads plots (Fig. 4), partially con-
firming the close similarity of the acidic and hydrophilic
properties of the two systems. However, the curve starts
Fig. 5. Differential heats of adsorption of H2Ovap on beta-1 (F), beta-2 ("),
beta-3 (a) and beta-silicalite (Q), in comparison with catalyst beta-10 (2),
characterised by Si/Al = 10. Inset: volumetric isotherms, nads (H2O mole-
cules/uc) vs pH2O equilibrium pressure. In both qdiff vs nads and nads vs peq
plots only the first run data (ads. I) are reported. Tads = 303 K.

at q0 = 160 kJ/mol for the two samples, but drops more
rapidly for beta-3 than for beta-2, eventually approaching
the latent heat of liquefaction of water (qL = 44 kJ/mol) at
a much lower coverage for beta-3 than for beta-2. Indeed,
contrary to methanol, the H2O absorption capacity of beta-
3 is much lower than that for beta-2 (see the volumetric
isotherms in the inset), indicating that although beta-3 has
a slightly higher Al content than beta-2, it also has a lower
population of sites active toward H2O. In conclusion, beta-
3 zeolite is less hydrophilic than beta-2 despite the lower
Si/Al ratio, as if the larger crystal size of the former in-
hibits interaction with water.

(ii) The q0 value (close to 100 kJ/mol) for the Na-rich beta-1
catalyst was much lower than those for beta-2 and beta-3,
as expected. Furthermore, with increasing coverage, the
beta-1 curve merged into the beta-2 curve, because of the
close similarity in crystal size. It is noteworthy that the
water adsorption capacity (per unit cell) of beta-1 was only
slightly lower than that for beta-2 and much higher than
that for beta-3, due to the lower concentration of strong
acid sites (see the inset of Fig. 5).

(iii) The qdiff versus nads plot for beta-silicalite was below
those of the other catalysts in the range of coverage ex-
amined, in agreement with the absence of strong acidic
sites associated with framework Al species. The q0 value
for this sample was close to 80 kJ/mol, much lower than
that for other zeolites. Note, however, that the qdiff versus
nads plot for beta-silicalite was above the latent heat of liq-
uefaction of water (qL = 44 kJ/mol), as is typical of an
hydrophilic surface [35–37].

Comparing the results for beta zeolites reported in the
present study with those previously obtained for beta-10 makes
the difference in calorimetric response of the Al-rich beta-10
system dramatically evident. Both the beta-10 qdiff versus nads
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(a)

(b)

Fig. 6. Integral molar heats of adsorption [qmol]p = (Qint/nads) as a function
of the average crystals size of the catalyst, at two different surface coverage:
nads = 2 H2O molecules/uc (left) and nads = 4 H2O molecules/uc (right).
Tads = 303 K.

and nads versus peq plots lie well above the corresponding
curves for the beta zeolites that we obtained. This strongly con-
firms that the population of strong acidic sites is much more
abundant in the beta-10 catalyst, as expected. However, the ini-
tial heat of adsorption of water is quite close for the beta-2,
beta-3, and beta-10 catalysts (q0 ∼ 160 kJ/mol in all cases),
suggesting that the difference in calorimetric response is con-
nected more to the abundance of acid site than to the strength
of these sites.

The integral molar heat of adsorption qmol (vide supra) de-
termined at equilibrium pressure, corresponding to either 2 or
4 H2O molecules/uc coverage, are shown in Figs. 6a and 6b as
a function of the crystal size of the investigated materials (see
Table 1). Again, data for beta-10 are reported for comparison.
Our findings can be summarised as follows:

(i) The qmol value was very close (∼85 kJ/mol, irrespective
of the crystal size) for all catalysts, characterised by a close
Si/Al ratio (130 < Si/Al < 154).

(ii) The qmol value for beta-silicalite was lower (∼50 kJ/mol),
due to the fact that in this case, only H-bonding interac-
tions, much less energetic than both the Lewis and Brøn-
sted acid–base interactions, were operative.

(iii) The qmol value for beta-10 was much higher (∼160 kJ/
mol), because the coverage of 2 H2O molecules/unit cell
(a)

(b)

Fig. 7. B3LYP/6-31+G(d,p) optimized structures of the clusters adopted to
mimic the Lewis site interacting with CH3OH (a) and H2O molecule (b). Bind-
ing energies (BE for (a) 125 and for (b) 110 kJ/mol) corrected for the basis set
superposition error. Bonds between Al and the oxygen atom of the adsorbed
molecule shown as dotted lines.

was still very low, indicating that only one-third of the
acidic sites associated with framework Al had reacted.

(iv) At a coverage of 4 H2O molecules/unit cell over beta-10,
a few strong acidic sites were available, but in this case the
qmol values (intrinsically average values, including all in-
teraction contributions) were much closer (∼100 kJ/mol)
to the qmol values (∼75 kJ/mol) for the beta-1, -2, and -3
catalysts.

(v) At high coverage, the difference between the beta-1, -2,
and -3 set and beta-silicalite was much smaller, due to the
fact that at such coverage, the interaction was dominated
by H-bonding on both silanols and already adsorbed water
molecules in the beta-1, -2, and -3 catalysts as well.

Fig. 7 shows the B3LYP/6-31+G(d,p) optimized structures
of the clusters adopted to mimic the Lewis acid site interacting
with the CH3OH (a) and H2O (b) molecules. The calculated
BEs were 125 and 110 kJ/mol, respectively. These values are
in agreement with the calorimetric energetic data (differential
heats of adsorption) measured in the early stage of the process
and suggest that at least a fraction of acid sites are likely Lewis
in nature.
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Fig. 8. FTIR spectra of beta-1 catalyst after saturation with pyridine followed
by evacuation at progressively increasing temperature.

Fig. 9. FTIR spectra of beta-2 catalyst after saturation with pyridine followed
by evacuation at progressively increasing temperature.

3.1.4. Nature and strength of surface acidity by FTIR of
preadsorbed pyridine

Figs. 8 and 9 show the FTIR spectra recorded after pyri-
dine adsorption at room temperature, followed by desorption
at increasing temperatures, for the beta-1 and beta-2 samples,
respectively. For beta-1 (Fig. 8), the intensity of the band as-
sociated with pyridinium cation (1546 cm−1) was absent, that
relative to the interaction with Lewis sites (1455 cm−1) was
very weak, and pyridine was released already after evacuation at
250 ◦C. Finally, the amount of pyridine interacting with silanols
(bands at 1446 and 1596 cm−1) [52] was lower than for beta-2
catalysts (Fig. 9). In beta-1, clearly silanols were the only sites
present in nonnegligible amounts.

For beta-2 (Fig. 9), the strong bands at 1446 and 1596 cm−1,
due to pyridine adsorbed on silanols, decreased progressively
with increasing temperature and totally disappeared after evac-
uation at 250 ◦C. In contrast, some pyridine adsorbed on Lewis
sites (1455 cm−1) remained even after evacuation at 450 ◦C.
This indicates the presence of strong Lewis-type acid sites, in
line with what was found by the other techniques. The band
at 1546 cm−1, due to the interaction with Brønsted sites, was
very weak, as expected from the low concentration of these
sites in high-silica zeolites. When the sample was heated, the
intensity first increased (likely due to the evolution of the hy-
drogen bonding with the –OH group into pyridinium ions) and
then decreased, totally disappearing after evacuation at 450 ◦C.
The spectra recorded with beta-3 samples (not reported here for
space considerations) were very similar to those recorded with
beta-2 samples.

3.2. Catalyst activity and deactivation rate

There is a vast literature dealing with the use of zeolites
as catalysts for the liquid-phase and gas-phase methylation
of phenol. With MFI zeolites, at temperature above 350 ◦C,
Kaliaguine et al. [2,53] found that this reaction led to vari-
ous products, among which cresols and xylenols are the most
relevant. A mechanism was proposed in which diphenyl ether
and anisole (the two products of etherification) are the reac-
tion intermediates and interact with Brønsted sites and carbo-
nium ions to yield C-methylated products. The reaction pat-
tern was confirmed by others [12], who also found that in
liquid-phase methylation, anisole and cresols are primary prod-
ucts, and anisole undergoes a consecutive transformation to
cresols.

With H-Y zeolites, at 200 ◦C and phenol conversion <15%
O-alkylation was found to be quicker than C-alkylation (the
two reactions were substantially parallel), with an o-/p-cresol
molar ratio of 1.5. Anisole disproportioned into phenol- and
methyl-anisoles, whereas direct isomerisation of anisole into
cresols did not occur. Anisole also acted as an alkylating agent
for phenol to yield cresols and methyl anisoles. The latter reac-
tion was favoured over the disproportion of anisole in the pres-
ence of phenol [5]. An important contribution to C-alkylated
compounds also derived from the intramolecular rearrangement
of anisole into o-cresol [9]. The exchange of protons with Na
or poisoning with NH3 led to an increased anisole/cresols ratio,
indicating that anisole formation requires sites with lower acid
strength compared with those needed for cresol formation [6],
in agreement with findings of Namba et al. [10]. Similar results
were also obtained by other authors [7–9].

The reactivity of Al-MCM-41 also is similar to that of
H-Y [39], with anisole acting as a reaction intermediate. The
mechanism of reaction, involving direct formation of anisole
and cresols and consecutive transformation of anisole, was re-
cently confirmed by Weitkamp et al. [54] through in situ mea-
surements.

With beta zeolites, again the formation of anisole and cresols
occurred through parallel reactions [22,23]. Anisole was then
the intermediate in the formation of cresols. As for the effect
of the Si/Al ratio, higher ratios implied lower phenol conver-
sion and hence greater selectivity to anisole. No effect of shape
selectivity was found.

As for the electrophylic substitution on phenol, the active
species is generated by adsorption of methanol and formation of
framework-bound methoxonium (CH3OH+

2 ) ion and methoxy
species, which can coexist at low temperature. However, at
higher temperatures, the equilibrium shifts toward the methoxy
species [55], which acts as an electrophylic alkylating agent on
alkylaromatics [56,57].
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Fig. 10. Effect of time-on-stream on conversion of phenol in alkylation over
beta-2 catalyst at four different temperatures: 320 (Q), 350 (2), 390 (F) and
450 ◦C (").

Fig. 11. Effect of time-on-stream on products distribution in alkylation of phe-
nol over beta-2 catalyst. T = 450 ◦C. Selectivity to poly-alkylated phenol (F),
to o-cresol ("), to p-cresol (Q) and to anisole (2).

3.2.1. Performance of beta-2 and beta-3 catalysts in phenol
methylation

Fig. 10 shows the effect of time on stream on conversion of
phenol in methylation over the beta-2 catalyst at four different
temperatures. Fig. 11 shows the corresponding distribution of
products, measured at 450 ◦C. The following considerations are
of relevance:

(i) Considerable catalyst deactivation occurred with increas-
ing time on stream.

(ii) Initial conversion was 100% at temperatures above 320 ◦C
and approached 75% at 320 ◦C.

(iii) The deactivation rate appears to be substantially indepen-
dent of temperature.

(iv) Deactivation was accompanied by a change in the relative
amount of products. Specifically, at total conversion, the
main products were polyalkylated compounds (mainly di-
and tri-methyl phenols and methyl and di-methyl anisoles),
whereas the progressive decrease of conversion led to a
rapid decrease of the latter compounds, with a correspond-
ing increase in the primary alkylation products anisole,
o-cresol, and p-cresol. Of these latter products, the most
prevalent was o-cresol.
(v) A more detailed investigation of the trend of products for-
mation indicated that the selectivity to cresols decreased
monotonously with increasing conversion, whereas the se-
lectivity to anisole decreased more rapidly. This is because
the cresols underwent consecutive reactions of transfor-
mation to diphenols, whereas anisole not only underwent
analogous consecutive alkylation to methyl anisole, but
also acted as an alkylating agent by itself. Indeed, it is
known that anisole can either rearrange to o-cresol (in-
tramolecular rearrangement) or act as an intermolecular
alkylating agent, with cogeneration of phenol [5,9,39,54].

(vi) At lower temperatures, the distribution of products was
similar to that obtained at 450 ◦C. The only difference was
in the selectivity ratio between anisole and cresols.

It is noteworthy that in the alkylation of alkylbenzenes (e.g.,
of toluene) with methanol, it is possible to obtain a high se-
lectivity to the para-C-alkylated compound. In contrast, in the
alkylation of activated arenes, such as phenol, diphenols and
aniline, with olefins or with alcohols, the selectivity for the
para-electrophilic substitution was lower than expected [58].
Indeed, on amorphous acid catalysts, the selectivity to o-cresol
can even approach 100% [8,59,60]. The low selectivity to
p-cresol in phenol methylation has been attributed to different
factors [61,62], specifically the following:

(i) The alkylation at heteroatom is an intermediate step in
C-alkylation by the olefin or the alcohol [63].

(ii) An interaction exists between the alkylating agent and the
oxygen atom of phenol that favours alkylation at the ortho
position [5,63].

(iii) A reaction between adsorbed anisole, which acts as the
alkylating agent, and gas-phase phenol can be hypothe-
sised [8] in which the interaction between the two O atoms
puts the methyl group of anisole closer to the ortho posi-
tion of phenol.

(iv) Furthermore, even in the homogeneous acid-catalysed
electrophylic substitution on phenols, ortho/para ratios
>2/1 are usually found [58,64]. This implies that adsorp-
tive/geometric effects are not the main reasons for the
regioselectivity observed here.

Consequently, the overall mechanism for the acid-catalysed
methylation of phenol [8] includes direct C-alkylation at the
ortho and para positions (in confined environments, direct
para-C-alkylation may be preferred) and O-alkylation to yield
anisole, with the ratio of C-/O-alkylation a function of the
catalyst’s acid strength. Thus, the present data on acidity, hy-
drophilicity/hydrofobicity, and energetics of the interaction
with CH3OH (vide supra) can help elucidate the role of dif-
ferent acid sites in both catalyst activity and deactivation. The
secondary, consecutive intramolecular rearrangement of anisole
to o-cresol makes the final ortho/para C-alkylation ratio very
high, especially over less acidic catalysts (e.g., on amorphous
materials).

The performance of the beta-3 catalyst is summarised in
Fig. 12 (effect of time on stream on phenol conversion at four
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Fig. 12. Effect of time-on-stream on conversion of phenol in alkylation over
beta-3 catalyst at four different temperatures. Symbols as for Fig. 10.

Fig. 13. Effect of time-on-stream on products distribution in alkylation of phe-
nol over beta-3 catalyst. T = 450 ◦C. Symbols as for Fig. 11.

different temperatures) and Fig. 13 (effect of time on stream
on distribution of reaction products at 450 ◦C). A comparison
with the data obtained with the beta-2 zeolite (Figs. 10 and 11)
reveals the following:

(i) The initial activity of the beta-3 zeolite was greater than
that of beta-2. This was evident for the runs at 320 ◦C
only; higher temperatures led to total or almost total con-
version for both catalysts. This difference is very likely
due to the higher intraparticle residence time of reactants
in the larger-crystal size zeolite.

(ii) At higher temperatures, the deactivation rate seemed little
affected by crystal size. Only at 320 and 350 ◦C did the
beta-2 zeolite exhibit more rapid deactivation than beta-3.
This likely was due to the shorter mean path within the
smaller zeolite crystals, the pores of which became ob-
structed more quickly than the longer pores of beta-3. The
fact that this difference was evident only at low tempera-
tures indicates that the species responsible for deactivation
are not the alkyl-aromatics formed by methanol transfor-
mation (the formation of which is favoured at high temper-
ature), but more likely phenol and oxygenated products,
the diffusion of which occurs more slowly at lower tem-
perature, due to their low volatility and stronger interaction
Fig. 14. Effect of phenol conversion on the anisole/cresols molar ratio at 320 ◦C
(black symbols), 390 ◦C (grey symbols) and 450 ◦C (white symbols), for the
beta-2 (squares) and beta-3 (triangles) catalysts.

with the zeolite acid sites. The characterisation of spent
catalysts (vide infra) confirms this hypothesis.

(iii) The nature of products and the effect of conversion and of
temperature on selectivity did not differ significantly from
those observed with the beta-2 catalyst.

Finally, Fig. 14 shows the effect of phenol conversion on
the anisole/cresols ratio at 320, 390, and 450 ◦C on beta-2
and beta-3 catalysts. We can see that (i) the ratio decreased
with increasing conversion, due to the secondary consec-
utive transformations occurring on anisole, with formation
of additional cresols, and (ii) the ratio decreased with in-
creasing temperature at any conversion level, indicating that
low temperature favours primary methylation at oxygen (and
hence to anisole) over primary methylation at aromatic car-
bons.

Even though the comparison between zeolites is debatable
when done under conditions leading to catalyst deactivation
and coke accumulation, the data of Fig. 14 indicate that the
anisole/cresols ratio for beta-3 zeolite was systematically lower
than that for beta-2 at any conversion level and any temper-
ature. This means that the extent of the consecutive transfor-
mation of anisole to cresols was higher in the larger-crystal
size zeolite, due to the longer permanence of anisole within
the zeolite pores, favouring both the secondary consecutive in-
tramolecular rearrangement and intermolecular alkylation of
anisole.

An effect of crystal size on products distribution was
also reported by Moon et al. for phenol methylation over
MCM-22 [12]. Those authors found that p-cresol formed pref-
erentially with respect to o-cresol, especially for catalysts with
zeolite crystal size >1 µm. Consequently, they proposed that
for MCM-22, the 10 MR pores allow easy diffusion of p-
cresol, and that the effect of this phenomenon is enhanced
when the crystal size is relatively large. In the case of cresol
isomerisation, the distribution of isomers (the formation of
which occurs both by intramolecular methyl shift and bi-
molecular disproportionation) is governed by product desorp-
tion/diffusion. Shape selectivity favours monomolecular reac-
tions [65].
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Fig. 15. Effect of time-on-stream on methanol conversion and on products
distribution in polyalkylbenzenes formation over beta-2 catalyst. T = 390 ◦C.
Symbols: (F) methanol conversion; (") selectivity to toluene, (2) to pen-
tamethylbenzene, (Q) to hexamethylbenzene.

Fig. 16. Effect of time-on-stream on methanol conversion and on products
distribution in polyalkylbenzenes formation over beta-3 catalyst. T = 390 ◦C.
Symbols as for Fig. 15.

3.2.2. Transformation of methanol into polyalkylated benzenes
During reaction with phenol, methanol also undergoes a par-

allel transformation to olefins and alkylbenzenes. The relative
amounts of the two classes of compounds are a function of
reaction temperature, with higher temperatures favouring the
formation of the latter compounds. Therefore, we also inves-
tigated the formation of alkylbenzenes. Figs. 15 and 16 show
the yields of these compounds for the beta-2 and beta-3 cata-
lysts, respectively, as a function of time on stream at 390 ◦C in
tests performed by feeding only methanol. It noteworthy that no
“light” products of methanol decomposition (i.e., CO, CO2, or
H2) was formed.

The principal products coming from methanol transforma-
tion were toluene, pentamethylbenzene, and hexamethylben-
zene. Minor byproducts were xylenes and tri- and tetra-methyl
benzenes. The present paper is the first report of this finding in
the literature on gas-phase methylation of phenol catalysed by
zeolites. Furthermore, it is evident that this is one reason for the
need to feed a large excess of methanol with respect to the sto-
ichiometric requirement for mono-alkylation. The competitive
reaction of methanol transformation to alkylbenzenes signifi-
cantly decreases the amount of methanol available for phenol
methylation.
The conversion of methanol increased during the elapsing
reaction time, due to the increased formation of polyalkylated
compounds. Therefore, it seems that the active sites for the
formation of these compounds were generated during reac-
tion. The conversion of methanol reached a maximum at ap-
proximately 800–1000 min on stream, after which it dropped
rapidly, likely due to the considerable amount of coke accumu-
lated in the catalyst from the growth of polynuclear aromatics.
Polyalkylbenzene formation was also observed during the reac-
tion of phenol methylation; however, in this case the yields of
these compounds were lower than those found in the absence of
phenol.

The behaviour of the two zeolites did not differ much, apart
from the slightly different value of time on stream at which
the maximum methanol conversion was attained (700 min for
beta-2 vs 1000 min for beta-3). This is probably due to the
larger crystal size of the latter sample, which increased the time
for pore filling by coke compared with that in the former sam-
ple. With both samples, the yield to toluene decreased, whereas
that to pentamethylbenzene showed a maximum before the re-
action time needed to reach the highest methanol conversion.
The yield to the totally alkylated compound (hexamethylben-
zene) increased until the maximum methanol conversion was
reached, indicating that growth of the molecular weight oc-
curred in a consecutive-steps network fashion.

The formation of alkylated benzenes by self-reaction of
methanol over zeolites (the MTG process) includes a first step
of dehydration of methanol to dimethylether. Two mechanisms
for this have been proposed: an indirect pathway, in which the
adsorbed methanol reacts with the methoxy species, which then
reacts with another methanol molecule to dimethylether [66],
and a direct pathway, in which two methanol molecules react
over an acid site, with the formation of dimethylether and H2O
in a single step [67]. The surface methoxy species SiO(CH3)Al
plays a role in the formation of dimethylether [68]. The fur-
ther conversion of the equilibrium mixture of methanol and
dimethylether (as well as water) is dominated by a “hydrocar-
bon pool” route [69,70] in which methanol is directly added
onto reactive organic compounds to form aliphatic and aromatic
hydrocarbons. The methoxy species also plays a role in the ki-
netic “induction period,” leading to the reactive hydrocarbon
pool.

Alternative “direct” mechanisms have been proposed in
which a carbenium ion (CH+

3 ) reacts with dimethylether to gen-
erate either a carbonium ion (CH3–CH+

3 –OCH3) or an oxonium
ylide species. Other mechanisms include a carbene species
(:CH2) as the reaction intermediate; see the review by Haw et
al. [71] for an analysis of the several mechanisms proposed
in the literature. The methoxy species acts as an alkylating
agent in the presence of aromatic compounds. Furthermore, at
T > 170 ◦C, hydrogen atoms are abstracted by basic oxygen
atoms of the framework, with formation of surface-stabilised
intermediates of a ylide or carbene nature [72], which are re-
sponsible for the methylation of aliphatic compounds and the
formation of hydrocarbons, both aliphatic and aromatic (poly-
methylbenzenes) [73].
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In the case of beta zeolites, the predominant aromatic com-
pounds in methanol transformation at high temperature were
hexamethylbenzenes and pentamethylbenzenes (in full agree-
ment with our results), whereas ZSM-5 gave mostly dimethyl
and trimethylbenzenes [74]. These compounds can be further
converted to naphthalene derivatives, which are finally respon-
sible for the formation of coke precursors and of zeolite deacti-
vation [21].

Our data support the need for an induction period for the
formation of these compounds, associated with the generation
of a “hydrocarbon pool.” This corresponds to the progressive
increase of methanol transformation into polyalkylbenzenes
shown in Figs. 15 and 16. The progressive transformation of the
hydrocarbon pool into increasingly heavier polyalkylated com-
pounds and to coke leads eventually to complete deactivation of
the catalyst.

3.2.3. Coke composition
Thermogravimetric (TG) analysis showed a weight loss

due to burning out of coke components trapped in aged cat-
alyst by calcination in air of 3.4% for beta-1 and 12.8% for
beta-2. These findings obviously relate to the higher acidity
of beta-2 compared with beta-1. The organic matter extracted
from beta-2 with CH2Cl2 amounted to 12.7%, perfectly in line
with the value determined by TG. GC-QMS analysis of the
extracted fraction showed the presence of the following com-
pounds: phenol (8 mol%), o- and p-cresols (4%), dimethyl-
phenols (8%), trimethylphenols (15%), tetramethylphenols
(18%), pentamethylbenzene (5%), hexamethylbenzene (5%),
3-ethyl-5-methylphenol (1%), 2-hydroxyphenyl-phenylmeth-
anone (15%), 2-methyl-5-(1-methylethyl)-phenol (6%), and
1-methoxy-4-methyl-2-(1-methylethyl)-benzene (15%). In the
case of beta-1, the following compounds were identified: phe-
nol, cresols, dimethylphenols, trimethylphenols, tetramethyl-
phenols, and (dimethyl-ethyl)-phenols. Thus, for beta-1 there
was substantially no formation of polyalkylbenzenes—the
species coming from the transformation of methanol. With
both catalysts, the insoluble coke recovered after dissolution
of the zeolite was almost weightless and presumably composed
of high-molecular-weight polynuclear species; their very low
amount prevented any reliable quantitative determination, how-
ever.

These data indicate that the presence of strong Lewis acid
sites in beta-2 is responsible for the formation of polyalkylben-
zenes, whereas silanols (present in both the beta-1 and beta-2
samples, though in a lower concentration in the former) are
strong enough to catalyse the reaction of phenol methylation.
This also indicates that the active methanol species able to at-
tack phenol to yield methylated phenol is different from the
species that self-reacts to yield polyalkylbenzenes. Indeed, on
one hand, the latter species can form only on acid sites much
stronger than those needed to form the former species, but on
the other hand, the former species, although not able to gener-
ate polyalkylbenzenes, is sufficiently electrophylic to react with
phenol.

Furthermore, beta-1 was less active than beta-2 and beta-3
(data not reported), but exhibited a comparable deactivation
rate. This indicates that the main reason for catalyst deactiva-
tion in phenol methylation is associated with the build-up of
oxygen-containing species (phenol and alkylated phenol com-
pounds) in catalyst pores. It is noteworthy that analysis of the
compounds retained in the pores revealed a high concentra-
tion of heavier species (polyalkylated phenol) that instead are
present in low concentrations in the reactors’ outgoing product
stream. Therefore, heavier phenol derivatives accumulate more
easily in the porous structure, as expected due to their more
cumbersome structure.

Consequently, two different deactivation mechanisms can be
envisaged. One mechanism responsible for the progressive de-
activation of the catalyst in the methylation of phenol is due to
the retention of heavy, oxygenated compounds (i.e., polyalky-
lated phenols). These compounds are derived from the strong
interaction of phenol and phenol derivatives with the active
sites, which is established from the very beginning of the reac-
tion and hinders generation of the active species responsible for
the electrophylic attack on the phenol aromatic ring. Methanol
is simultaneously converted to alkyl and polyalkylbenzenes,
generated from the buildup of the “hydrocarbon pool” inside
pores. This mechanism is also supported by the change in
the nature of the alkylbenzenes forming along with increas-
ing methanol conversion. However, the progressive hardening
of these species generates polynuclear aromatics, which fill up
the pores within a few hours and eventually deactivate the cata-
lyst.

4. Conclusions

The systematic analysis carried out in the present work pro-
vided insight into several aspects of the methylation of phenol
from various points of view, ranging from catalyst structure,
crystal size, and surface acidity characteristics, to the energet-
ics of the interaction between methanol and water and acid sites
and the effect of all of these characteristics on the kinetics and
mechanistic features of the catalytic reaction and catalyst deac-
tivation phenomena. The main conclusions that can be drawn
from our results can be summarised as follows:

1. High Si/Al ratio BETA-structured zeolite in protonated
form is a very active catalyst for the methylation of phenol,
leading to cresols and anisole as primary products, which
rapidly methylate to polyalkylated phenols. As catalyst de-
activation proceeds, the selectivity to cresols and anisole
increases significantly, and the selectivity to polyalkylated
species decreases rapidly.

2. In this protonated zeolite, acidity is predominately of the
Brønsted type, independent of zeolite crystal size. The acid
sites are mainly of medium to low strength. High-strength
Lewis-type sites either are almost absent (especially when
metal cations are partially substituted for protons) or seem
to play a role in catalyst deactivation.

3. Stacking faults in the zeolite framework, generated by the
intergrowth of at least two BETA polymorphs, can increase
the concentration of relatively low-strength silanol-based
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acid sites. Nonetheless, these sites appear to be sufficiently
active to trigger the phenol methylation primary reaction.

4. Deactivation is triggered essentially by phenol and polyalk-
ylated phenol derivatives. Self-oligomerisation–cyclisation
of methanol to olefins and aromatics, followed by further
alkylation to aromatic C atoms, also contributes to catalyst
deactivation.

5. At higher temperatures, all of the zeolites deactivate at
a comparable rate, whereas at lower temperatures, initial
catalytic activity is higher for larger-crystal size zeolites,
due to the longer diffusion time of reactants within zeolite
pores, favouring a longer contact time with active sites.

6. At any conversion level and any temperature, the anisole/
cresols ratio is systematically lower for the larger-crystal
size zeolites, because the secondary transformations of
anisole to cresols by both intramolecular rearrangement
and intermolecular alkylation of phenol is favoured by the
longer residence time of anisole within the zeolite pores.
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