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Heterogeneous basic catalysts as alternatives to homogeneous
catalysts: reactivity of Mg/Al mixed oxides in the alkylation

of m-cresol with methanol
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Abstract

Mg/Al mixed oxides, obtained by decomposition of hydrotalcite-like precursors, represent interesting heterogeneous cat-
alytic systems for basic-catalyzed reactions, as an alternative to environmentally unfriendly homogeneous catalysts. The
reactivity of these oxides was evaluated using the methylation ofm-cresol as a test reaction and relationships between cat-
alytic performance and chemical–physical features were established. The basicity of the samples was evaluated by CO2

adsorption and thermal-programmed-desorption. The presence of Al in the mixed oxides considerably affected the density
and the strength of the basic sites with respect to MgO. These basic properties in turn influenced the catalytic performance of
the materials. Under the reaction conditions used in the present work, medium strength basic sites played the major role in
the reaction. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years attention has been focused on the
development of heterogeneous materials with basic
properties, which can efficiently catalyze reactions of
industrial interest (alkylation, condensation, isomer-
ization), and for which homogeneous bases are cur-
rently employed [1,2]. Heterogeneous basic systems
would make it possible to decrease or avoid efflu-
ents containing inorganic salts and thus considerably
lower the negative environmental impact of these pro-
cesses. Among the different types of materials studied,
Mg/Al mixed oxides, prepared starting from hydro-
talcite precursors, have shown the best basic features,
and indeed in recent years these materials have been
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reported as catalysts for many different reactions, such
as the Claisen–Schmidt condensation [3], the Knoeve-
nagel condensation [4], the Claisen condensation, and
many others [5–7]. The reactions examined are of in-
dustrial interest for the synthesis of intermediates for
pharmaceuticals or in general for the fine-chemicals
industry.

In order to study the acid–base properties of Mg/Al
mixed oxides, we chose the liquid-phase alkylation
of m-cresol with methanol [8,9] as a test reaction.
The catalytic performances inm-cresol methylation
of Mg/Al mixed oxides prepared by decomposition
of HT precursors were compared with results of sur-
face characterization determined using CO2 adsorp-
tion and thermal-programmed-desorption (TPD), in
order to find relationships between surface character-
istics and basicity as inferred from the reactivity tests.
Understanding these relationships may be useful to
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develop heterogeneous catalytic materials with a ba-
sicity tailored for specific industrial applications.

2. Experimental

Mg/Al hydrotalcite (HT) precursors were prepared
following the conventional procedure as described
elsewhere [10]. The so-obtained precursors were cal-
cined at 450◦C for 8 h. Activation of the catalysts
before reaction was carried out at 450◦C for 3 h in
a gas-chromatographic N2 flow. Reference MgO and
Al2O3 were prepared following the same procedure
as for the preparation of the HT precursors, in the
absence of the second element.

The catalysts were characterized by means of:
(i) X-ray diffraction analysis (Philips PW 1050/81),
(ii) surface area measurements (single point BET,
Sorpty 1700 Carlo Erba), (iii) adsorption and TPD of
CO2 (PulseChemisorb 2705, Micromeritics), and (iv)
atomic absorption spectroscopy (Philips PU 9100).

The overall density (�mol/g) of the basic sites was
evaluated from the adsorption of CO2 at 21◦C. The
presence of physisorbed CO2 was avoided by carry-
ing out the adsorption under helium flow. The basic
strength distribution was evaluated from the capacity
of the material to retain the probe during desorption
at increasing temperature. A deconvolution procedure
was applied to the experimental TPD profiles; curve
fit quality was measured by the correlation coefficient
(R2), standard deviation (σ ) and the Levenberg–
Marquardt algorithm (χ2). The quality of the decon-
volution was high in all experiments:R2 > 0.996, δ <

0.004 andχ2 < 1.133.
The catalytic tests were carried out in a 300 ml

Parr 4560 autoclave reactor loading 32 g ofm-cresol,
19 g of methanol (molar ratiom-cresol/methanol 0.5)
and 5.7 g of catalyst. The initial molar ratio between
m-cresol and methanol at reaction conditions in the liq-
uid phase was equal to 2.3 (in the gas-phase 0.31). The
reaction temperature was 300◦C; the initial autoge-
neous pressure at 300◦C was 38 atm and the final pres-
sure was around 35 atm. The reaction was carried out
for 6 h and the stirring rate was 700 min−1. The testing
procedure can be summarized as follows: the catalyst
is loaded first, the reactor is sealed and evacuated, and
the m-cresol/methanol mixture is then loaded. Heat-
ing up is started, and the beginning of the reaction

time is taken as being when the temperature reaches
300◦C.

3. Results and discussion

3.1. Characterization of the oxides obtained by
thermal treatment of HT precursors

The theoretical and experimentally determined
Mg/Al atomic ratios for the samples prepared are
reported in Table 1, together with the surface areas
of the samples after calcination at 450◦C. The exper-
imentally determined atomic ratios were systemati-
cally lower than the theoretical values, due either to
incomplete precipitation or to partial re-dissolution of
some components during the washing step. Through-
out the text, however, the samples are referred to on
the basis of the theoretical ratio, i.e., the ratio used
for the preparation of the starting solutions.

Fig. 1 reports the X-ray diffraction patterns of the
calcined samples. In all samples, the patterns cor-
respond to that of a poorly crystallized MgO. The
progressive increase in Al content (i.e., a decrease
in the Mg/Al ratio) causes a shift in the reflections
towards higher 2θ values. This implies a decrease
in the volume of the crystallographic cell of MgO
(periclase), in agreement with progressive isomorphic
replacement of Mg2+ cations with the smaller Al3+
cations (Mg2+ = 0.65 Å; Al3+ = 0.50 Å) [5]. Only
in the Mg/Al = 4.0 mixed oxide, having the lowest
Al content, are additional reflections present, which
can be attributed to the presence of the spinel-like

Table 1
Main characteristics of the Mg/Al samples obtained by thermal de-
composition of HT precursors, and of reference MgO and�-Al2O3

Theoretical Mg/Al
atomic ratioa

Surface area
(m2/g)

Experimental Mg/Al
atomic ratiob

∞ (MgO) 206 ∞
4.0 209 3.7
3.5 204 3.0
3.0 223 2.6
2.5 224 2.2
2.0 185 1.8
0 (�-Al2O3) 203 0

a Ratio used in the starting solution for preparation of HT
precursors.

b As determined by atomic absorption spectroscopy.
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Fig. 1. X-ray diffraction patterns of Mg/Al mixed oxides having different Mg/Al ratios and the pure oxides MgO and Al2O3.

phase MgAl2O4. It is known that non-stoichiometric
spinel-like phases may be formed, together with the
poorly crystallized MgO, by decomposition of the
HT precursor when a large excess of the divalent
metal ion is present; for lower Mg/Al ratios instead
a random distribution of Al3+ in the MgO lattice
develops [10 and references therein]. The same sam-
ple is also characterized by a crystal size slightly
higher than that of samples having an Mg/Al ratio
lower than 4, i.e., 40 Å against 30 Å, supporting the
hypothesis of MgO segregation. The sample pre-
pared in the absence of magnesium corresponds to
�-Al2O3.

CO2–TPD profiles for MgO and for two Mg/Al
mixed oxides (Mg/Al = 2.0 and 4.0) are shown in
Fig. 2. The complex desorption profiles are clearly
related to the presence of basic sites with different
strengths. For all samples the profiles consist of: (i) a
low temperature peak, with a maximum of desorption
at temperatures lower than 100◦C, and attributed to
the interaction with sites having weak basic strength,
(ii) a desorption peak with a maximum in the range
140–170◦C, related to desorption of CO2 from sites
at medium basic strength, and (iii) a broad desorption

area which covers the temperature range from 200 to
450◦C, attributed to CO2 desorption from sites with
strong basicity. A deconvolution procedure was ap-
plied to discriminate the different components. The
results of this analysis are summarized in Table 2,
which also reports the overall amount of ammonia ad-
sorbed at 21◦C, and the overall amount of desorbed
ammonia, the latter value having been determined by
integration of the desorption profile. The good corre-
spondence between the two values indicates that no
ammonia was retained by the samples at the end of
the desorption experiment.

The following considerations can be drawn from the
data of Table 2:

(a) The pure oxides (MgO, Al2O3) have a large
number of strong basic sites and a small amount
of basic sites with weak or medium strength.
Furthermore, MgO shows the highest total basic
density compared to the other materials.

(b) Within the series of Mg/Al mixed oxides, the
distribution of the basic strength is quite different
from that of the pure oxides. The Mg/Al atomic
ratio does not seem to have much influence
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Fig. 2. TPD profiles of MgO and of Mg/Al mixed oxides(Mg/Al = 2.0; Mg/Al = 4.0).

on the basicity of the calcined hydrotalcites in
the range 2.0 < Mg/Al < 3.5. The amount
of the medium strength sites is predominant
(125–145�mol/g), followed by lower amounts
of strong (50–105�mol/g) and weak basic sites
(30–50�mol/g).

(c) The sample with an Mg/Al atomic ratio of 4.0 is
clearly the least basic, with both a low density
and a reduced strength of the basic sites.

These general findings are in agreement with the
literature data [10–13]. It has been proposed that the
weak basic sites in calcined hydrotalcites are the sur-
face OH− groups; in agreement with this hypothesis
the density of these OH− groups is roughly compa-
rable in all our materials characterized by a similar

Table 2
Basicity distribution from CO2 adsorption/TPD experiments

Sample Mg/Al Overall amount
adsorbed (�mol/g)

Overall amount
desorbed (�mol/g)

Weak sites
(�mol/g)

Medium sites
(�mol/g)

Strong sites
(�mol/g)

∞ (MgO) 356 346 56 25 265
4.0 144 146 25 68 52
3.5 270 275 44 126 105
3.0 262 272 36 139 96
2.5 212 221 32 135 54
2.0 263 274 50 148 77
0 (�-Al2O3) 264 286 37 20 229

surface area. The medium strength sites are related to
the oxygen in both Mg2+–O2− and Al3+–O2− pairs.
The presence of these sites is favored in Mg/Al mixed
oxides due to the higher electronegativity of Al3+ as
compared to Mg2+, which decreases the electron den-
sity and thus the nucleophilicity of the neighboring
oxygen anions. Correspondingly, a higher density of
medium strength basic sites is found in our Mg/Al
mixed oxides. Isolated O2− anions are responsible for
the strong basic sites in single oxides; in calcined hy-
drotalcites, strong basic sites consist predominantly
of low-coordination O2− ions associated with cationic
vacancies which are generated as a consequence of
the introduction of Al3+ in the MgO lattice [14,15].
Therefore, the density of the strong basic sites de-
creases compared to that of MgO.
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The addition of a small amount of Al (i.e., the
amount of Al in the Mg/Al = 4.0 sample) decreases
drastically the overall density of the basic sites in
MgO, probably due to the partial coverage of the sites
at the surface of MgO by segregation of the spinel
phase, as indicated by XRD analysis, or by AlOx clus-
ters, in agreement with Di Cosimo et al. [14]. Further
additions of Al (i.e., Mg/Al ratios lower than 4) lead
to a better dispersion of Al ions in MgO with devel-
opment of the Mg/Al mixed oxide, and consequently
to an improvement in the basic character.

In regard to the presence of acid sites, it is known
that the introduction of Al also generates weak Lewis
acid sites [15]. Pyridine adsorption at 21◦C on our
samples indicates the presence of coordinatively un-
saturated Al3+(Td) in the lower Mg/Al atomic ratios
and coordinatively unsaturated Al3+(Oh) in the sam-
ple Mg/Al = 4.0. These Lewis acid sites are very
weak and thus they are likely unable to interact with
molecules such asm-cresol and methanol, whose ba-
sicity is lower that that of pyridine.

3.2. Reactivity in m-cresol methylation

Preliminary tests were carried out to determine the
absence of external diffusional limitations. Specifi-
cally, tests made by varying the stirring rate demon-
strated that for values between 400 and 700 rpm the
rate of reaction was not affected by this parameter.

Fig. 3. m-Cresol conversion and selectivity to the main products as functions of the reaction time. Catalyst with Mg/Al = 2.0. Reaction
conditions described in Section 2.

The absence of deactivation phenomena was ver-
ified by re-loading a catalyst(Mg/Al = 2.0), pre-
viously discharged after 6 h reaction, washed with
methanol to remove the adsorbed compounds, and
checking again the catalytic performance. The re-
cycled sample gave am-cresol conversion of 9.3%,
lower than that of the corresponding fresh catalyst
(12.9%). However, it has to be considered that each
fresh catalyst is usually activated in flowing nitrogen
at high temperature; this pretreatment could not be
applied for the unloaded catalyst. Therefore, we can
assume that no heavy deactivation phenomenon oc-
curred during the catalytic tests. This validates both
the experimental conditions chosen and the com-
parison among the catalytic performances after 6 h
reaction.

In order to check the reaction scheme, tests were
made using different reaction times, with the Mg/Al =
2.0 mixed oxide as the catalyst. The results of this
series of experiments are shown in Fig. 3. The con-
version ofm-cresol increased with increasing reaction
time. Apparently, no short-term deactivation phenom-
ena of the active sites occurred, confirming the results
of the previous experiments on deactivation.

The scheme of reaction is depicted in Fig. 4. The
reaction products were: 3-methylanisole (3-MA, the
product of O-alkylation), 2,3-dimethylphenol and 2,5-
dimethylphenol (2,3-DMP and 2,5-DMP, the products
of ortho C-alkylation), 3,4-dimethylphenol (3,4-DMP,
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Fig. 4. Reaction scheme for the methylation ofm-cresol.

the product of para C-alkylation), side-chain alkylation
products, 2,3,6-trimethylphenol (2,3,6-TMP, the prod-
uct of ortho C-dialkylation), and 2,3-dimethylanisole
and 2,5-dimethylanisole (2,3-DMA, 2,5-DMA). In our
catalytic tests, the prevailing product was 3-MA, with
a selectivity around 80%, while the remaining prod-
ucts were mainly DMPs. The amounts of DMAs and
TMPs, as well as the amounts of side-chain alkylated
products and of other polyalkylated and heavier prod-
ucts were in all cases very low (selectivity far lower
than 0.5%).

As shown in Fig. 3, the reaction proceeds through
the parallel formation of the main products, none of
which underwent consecutive transformations. This
may be due to the relatively lowm-cresol conversion
achieved under these conditions (maximum 16%). The
absence of consecutive reactions makes it possible to
use the values of selectivity to specific products as pa-
rameters for the characterization of the surface prop-
erties. These parameters include: (i) the conversion of
m-cresol (since the surface areas of all samples are
very close, the specific activity shows the same trend
as the absolute conversion), (ii) the ratio between the
selectivity of products of ortho C-alkylation and those
of para C-alkylation (ortho/para ratio), and (iii) the ra-
tio between the selectivity to 3-MA and the selectivity
of the products of C-alkylation (O/C ratio).

The importance of each one of the above men-
tioned parameters for the reaction of phenol alkylation
has been widely discussed in the literature [16–23].
Even though there is not complete agreement on the
proper use of these parameters for the characterization
of surface sites, the following considerations can be
done:

(a) With both acid and basic catalysts, C-alkylation
becomes preferred with respect to O-alkylation
as the strength of the site increases. It has been
reported that it is possible to achieve very high
(higher than 90%) selectivity to the product of
O-alkylation when weakly acid [16] or weakly
basic [17] catalysts are used, while formation of
C-alkylated products is preferentially obtained
with catalysts having strong acid sites [18,19].
Some authors have claimed that O-alkylation is
preferred over basic sites [7,20].

(b) With basic sites, C-alkylation at the ortho position
with respect to the hydroxy group is more pre-
ferred than the para position. In fact, the repulsion
between the aromatic ring and the basic site favors
phenol adsorption (through its hydroxyl group)
perpendicular to the surface. This makes the adja-
cent ortho position closer to the surface and thus
more available for electrophilic attack by activated
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methanol [21]. The product ofp-methylation has
been obtained only when the replacement of Mg
by Cu in HT precursors led to more acidic mixed
oxides [7,20]. On acidic sites the interaction with
the aromatic ring brings it closer to the surface,
and makes the reaction possible at both para and
ortho positions.

(c) The product of O-alkylation may be an intermedi-
ate in the formation of C-alkylated products. For
example, it has been found that in phenol methy-
lation, anisole may act as an alkylating agent
towards a second molecule of anisole, yielding
phenol and 2-methylanisole, or towards a mole-
cule of phenol, formingo-cresol, or may generate
o-cresol with an intramolecular rearrangement
[14,18]. Some authors [22,23] have reported that
high selectivity to the product of O-alkylation of
phenol (anisole) is found only for low conver-
sions; anisole is then intermediate in the formation
of o-cresol over Mg/Al mixed oxides [20], while
with acid catalysts direct C-alkylation is preferred
[7]. In m-cresol gas-phase methylation, 3-MA has
been found to be intermediate in the formation
of 2,3,6-TMP [8]. In our case, a possible reaction
scheme involving 3-MA as a reaction intermediate
was not operating (Fig. 3). However, it cannot be
excluded that a consecutive contribution of 3-MA
transformation to C-alkylated products might
occur under conditions ofm-cresol conversions
higher than those achieved in our tests.

As a possible example of differences which occur
between acid and basic catalysts, Table 3 compares
the distribution of products for MgO, Mg/Al = 2.0,
and an H-Y zeolite (Tosoh). The H-Y zeolite was con-
siderably more active than the basic catalysts; after
6 h reaction time, a conversion of 67% was reached.
The results reported in Table 3 are referred to 27%
conversion, achieved in a few minutes of reaction. A

Table 3
Catalytic performance of MgO, Mg/Al = 2.0 and H-Y zeolite in the methylation ofm-cresol

Catalyst Conversion percentage
of m-cresol (%)

Selectivity percentage (%)

3-MA 2,3-DMP 2,5-DMP DMA 3,4-DMP Polyalkylates 3-EP Heavies

MgO 2.9 87.2 4.4 5.2 0 2.4 0 0.5 0.3
Mg/Al = 2.0 12.9 81.7 8.6 8.3 0.2 0.7 0.1 0.3 0
HSZ-320HOA

(H-Y, Tosoh)
26.6 44.4 13.5 11.8 6.5 17.0 4.6 0 2.1

lower amount of O-methylated product (3-MA) was
obtained (implying a lower O/C ratio), as well as a
greater selectivity to polyalkylated products (not only
2,3,6-TMP), and to heavier compounds. The selectiv-
ity to the para C-alkylated product (3,4-DMP) was
considerably higher than for basic catalysts, and this
led to a much lower ortho/para ratio.

The catalytic performances of the oxides having dif-
ferent Mg/Al atomic ratios (from pure Al2O3 to pure
MgO) are summarized in Fig. 5. The following effects
are observed:

(a) The pure oxides (MgO, Al2O3) showed a lower
activity than the Mg/Al mixed oxides, and a lower
ortho/para ratio, even though the total density of
the basic sites was high.

(b) An increase inm-cresol conversion was observed
in the Mg/Al mixed oxides as the Mg/Al ratio de-
creased. While the difference in activity between
the Mg/Al = 4.0 and 3.5 samples was relevant, a
further increase in Al content (from Mg/Al = 3.5
to 2.0) did not considerably affect them-cresol
conversion. The same behavior was also found
for the ortho/para ratio, which exhibited minor
changes for samples having Mg/Al ratios between
3.0 and 2.0.

(c) The O/C ratio decreased with decreasing Mg/Al
ratio. On the basis of literature information, the
C-alkylation might be favored by either an in-
crease in the basic strength, or the contribution of
the acid character, which develops with increasing
Al content. The characterization of acidity could
exclude the presence of acid sites playing a cat-
alytic role in Mg/Al mixed oxides; furthermore
the ortho/para ratio should decrease with increas-
ing Al content (i.e., as the Mg/Al ratio decreases).
On the contrary, the ortho/para ratio showed the
opposite trend and, thus, the O/C ratio trend can
be attributed to the increasing basic strength.
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Fig. 5. Catalytic performance as function of the Mg/Al ratio.

These data can be explained by making the hypoth-
esis that the strong basic sites (which are the prevail-
ing sites in the two single oxides) do not take part
in the reaction, because they immediately deactivate
after interaction with the reagent molecules [14]. Un-
der our reaction conditions (300◦C) it is likely that
the strongest basic sites (those sites able to desorb
CO2 only at very high temperature) are not available,
and this is even more important at high pressure, in
the condensed phase. On the other hand, weakly ba-
sic sites probably do not play an important role in
the reaction. Therefore, it can be hypothesized that
sites having intermediate basic strength are the active
sites for the alkylation ofm-cresol under our reac-
tion conditions. The increase in the number of these
sites with decreasing Mg/Al ratio causes the enhance-
ment of the ortho/para ratio and the decrease in the
O/C ratio.

The catalytic behaviors of Mg/Al mixed oxides hav-
ing Mg/Al ratios between 2.0 and 3.0 are similar, in
agreement with the results of CO2 characterization,
which evidences a similar distribution of surface ba-
sic sites for these samples. Only for Mg/Al ratios
higher than 3.0 are significant differences in the cat-
alytic behavior observed, in correspondence with a
decrease in the number of basic sites having medium
strength.

Al2O3 represents a case on its own. CO2 character-
ization indicates a predominance of strong basic sites,
as observed for MgO, and correspondingly some reac-
tion parameters are similar to those of MgO:m-cresol
conversion and ortho/para ratio. On the other hand,
the O/C ratio is lower than that of all the other sam-
ples. It is possible that the surface acidity of alumina
may play a role in favoring C-alkylation rather than
O-alkylation.

In the range examined in the present work no clear
maximum in activity is observed in correspondence
with an intermediate value of the Mg/Al ratio. A dif-
ferent behavior has been reported in the literature. A
maximum has been observed for the dehydrogena-
tion of isopropanol (maximum activity for the sample
having Mg/Al = 3) [5], for Claisen–Schmidt con-
densation(Mg/Al = 2.3) [24], and for the gas-phase
methylation of phenol(Mg/Al = 4.0) [25]. It has been
proposed that intermediate Al contents might corre-
spond to the highest basicity, due to the compromise
between the large amount of low-coordination O sites
(the concentration of which increases with decreasing
Mg/Al ratio) and the low average electronic density
of these O species (which decreases with increasing
average electronegativity of the solid and thus the Al
content) [5]. This discrepancy with our results may
well be due to the different reaction conditions applied
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(i.e., reagents, temperature, pressure) and their influ-
ence on the reactivity of the sites playing a role in the
mechanism. Under the conditions used in the present
work, the strongest basic sites likely do not take
part in the reaction, and good correspondence exists
between the number of medium strength basic sites
and the catalytic performance. If reaction conditions
are chosen which allow participation of the strongest
basic sites, a different trend in reactivity might be
expected.

4. Conclusions

The reaction ofm-cresol methylation can be used
to check the reactivity of basic Mg/Al mixed oxides
prepared by hydrotalcite decomposition. These mate-
rials are possible candidates for the preparation of het-
erogeneous systems alternative to the environmentally
unfriendly homogeneous ones. Specific features such
as: (i) the conversion ofm-cresol, (ii) the ratio between
the selectivity to the products of ortho C-alkylation
and of para C-alkylation and (iii) the ratio between
the selectivity to the products of O-alkylation and of
C-alkylation, can give useful indications about the site
strength.

In the present case, the total density of the basic
sites was higher in MgO than in the other materials,
while the number of the medium strength basic sites
was higher in the Mg/Al mixed oxides than in the
pure oxides, MgO and Al2O3. In correspondence,
in Mg/Al mixed oxides the activity and the ortho-/
para-C-alkylated products ratio increased, while
the O-/C-alkylated products ratio decreased with
decreasing Mg/Al atomic ratio. A relationship be-
tween the catalytic performance and the basic-
ity distribution, as determined by adsorption/TPD
of CO2, is proposed. Under the reaction condi-
tions used, the medium strength basic sites act as
the active sites for the alkylation ofm-cresol with
methanol.
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