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a b s t r a c t

Several heterogeneous catalysts based on MCM-41 were synthesized either by chemical vapor deposition
(CVD) or hydrothermally, i.e. adding SnCl4, SnCl2 or ZnCl2 as precursor salts into the MCM-41 synthesis
gel. Synthesized materials were characterized by XRD, BET surface area, atomic absorption, UV–Vis, H2-
TPR, NH3-TPD, TEM and pyridine-FTIR. Better textural properties and more reactive materials were
obtained using tin salt precursors compared with ZnCl2. UV–Vis and TPR analyses of selected Sn–
MCM-41 materials indicate that depending on the synthesis and pretreatment conditions several species
may be formed: Sn4+ as Lewis acid sites of different coordination, SnO2 nanoparticles and bulk tin oxide
species. The presence of SnO2 nanoparticles was also confirmed by TEM. Medium strength Lewis acid
sites appear to increase nopol selectivity. Hydroxylated groups, i.e. Sn–OH, increased the weak acid sites
and diminished nopol selectivity.

Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction

Nopol is an important starting material for the synthesis of fra-
grances and household products [1]. Quantitative nopol yields lar-
ger than 95% based on paraformaldehyde, and 86% nopol
selectivities based on b-pinene are typically obtained at 180 °C
[2]. On the other hand, by using homogeneous catalysts such as
ZnCl2, nopol yields are about 71% between 105 and 120 °C [3,4].
We have recently found that Sn–MCM-41 materials are promising
heterogeneous catalysts for the Prins condensation of b-pinene and
paraformaldehyde at 90 °C. Corma et al. also evaluated several Sn–
MCM-41 catalysts synthesized under hydrothermal conditions at
135 °C [5,6]. More recently, Zn–Al–MCM-41 [7] and mesoporous
iron phosphate [8] were reported for nopol production. Typically,
nopol yields above 80% have been obtained over the above hetero-
geneous catalysts under mild reaction conditions.

Although, high nopol yields have been obtained over Sn–MCM-
41 prepared by chemical vapor deposition (CVD) of SnCl4, several
steps are required for obtaining these materials. Besides, SnCl4 is
hazardous and must be handled carefully under inert atmosphere
because it hydrolyzes in air. Alternatively, SnCl2 has been used as
Sn precursor and is easier to handle [9–11]. In this contribution,
several Sn–MCM-41 synthesis procedures are assessed for nopol
production. Additionally, Zn-loaded materials were hydrother-
mally synthesized at room temperature using ZnCl2 as precursor
salt. Selected materials were characterized by XRD, single point
BET surface area, atomic absorption, UV–Vis, TEM, H2-TPR, NH3-

TPD, pyridine-FTIR and tested for the Prins condensation of b-
pinene and paraformaldehyde to obtain nopol.

2. Experimental

2.1. Materials

Commercial products were used as received: myristyltrimethy-
lammonium bromide (CH3(CH2)13N(Br)(CH3)3, 99 wt%, Aldrich),
tetra ethyl ortho silicate (TEOS 98 wt%, Acros Organics), aqueous
ammonia (28–30 wt%, EM Science), anhydrous SnCl4 (99.995 wt%,
Aldrich), SnCl2 � 2H2O (reagent grade, AlfaAesar), ZnCl2 (reagent
grade, Merck), b-pinene (99 wt%, Aldrich), paraformaldehyde
(95 wt%, Aldrich), toluene (99.5 wt%, Mallinckrodt) and anhydrous
dodecane (99 wt%, Aldrich).

2.2. Catalyst synthesis

MCM-41 was synthesized following the procedure reported by
Grün et al. [12]. Myristyltrimethylammonium bromide was used
as template and SnCl4, SnCl2 � 2H2O and ZnCl2 as metal precursors
of Sn- or Zn-loaded materials. CVD was carried out by batch and
continuous processes and resulting catalysts coded SnMBx, SnMCx,
ZnMCx, where, B and C correspond to batch and continuous pro-
cesses, respectively and x to the metal loading in lmol/g as deter-
mined by atomic absorption. In a typical synthesis of SnMBx

materials [5], calcined MCM-41 (0.5 g) was exposed to the vapors
generated by SnCl4 (10–160 lmol) at 100 °C for 8 h. SnMNCB0 (Ta-
ble 1, entry 6) was prepared by CVD of SnCl4 over as synthesized
MCM-41 following a previous reported procedure [13]. SnMCx
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and ZnMCx materials (Table 1, entries 8–12) were obtained by CVD
of SnCl2 or ZnCl2 on calcined MCM-41 in a tubular reactor at 450 or
500 °C, respectively, under a stream of 25–50 ml/min N2. The
recovered solids were washed with deionized water until negative
chloride test and dried at 100 °C. SnMGx and ZnMGx materials were
hydrothermally synthesized following a reported procedure by
Stockenhuber et al. [14]. In a typical synthesis, aqueous ammo-
nium hydroxide (2.0 ml) was added into a solution of myristyltrim-
ethylammonium bromide (0.74 g) and deionized water (32.6 ml).
The initial pH of the homogeneous solution was measured with
an Orion 3 Star pH meter equipped with a glass electrode
9272BN. Then, SnCl2 � 2H2O or ZnCl2 (180–360 lmol) was added
followed by drop wise addition of TEOS (2.8 g). The resulting mix-
ture was stirred 1 h at room temperature. The gel composition was
SiO2:xMeOy:0.152MTABr:2.8NH4OH:141�2H2O, where MeOy corre-
sponds to SnO2 or ZnO and x to 0.0268 or 0.0134. The resulting sol-
ids were filtered, washed with deionized water until negative
chloride test, dried at 100 °C for 12 h and calcined at 550 °C for
5 h (entries 13–17).

2.3. Characterization

XRD analyses were carried out in an AXS Brucker diffractometer
with copper radiation. Atomic absorption was performed in a Ther-
mo Elemental SOLAAR S4 Spectrometer. BET surface area was
determined by single BET point measurement in a Micromeritics
Autochem 2920; before nitrogen adsorption (5% N2/He) the sample
was degassed at 150 °C for 30 min. UV–Vis spectra were recorded in
a Shimadzu Spectrophotometer using barium sulfate as reference.
TEM micrographs were obtained in a Hitachi 200 kV instrument.
Temperature programmed desorption of ammonia (TPDA) was car-
ried out in a Micromeritics Autochem 2920 instrument. Typically, a
0.05 g sample was heated at 10 °C/min in flowing 50 ml/min He up
to 550 °C for 30 min. Then, the sample was cooled at 40 °C and sat-
urated with 50 ml/min of 0.3% NH3/He during 1.5 h. Physisorbed
ammonia was flushed with 25 ml/min He at 40 °C for 1 h. Finally,
ammonia was desorbed by increasing the temperature up to
800 °C at 10 °C/min in flowing helium. The TCD signal was cali-
brated with ammonia mixtures of known composition. Blank

experiments were carried out over the support using helium in-
stead of ammonia. Signal deconvolution was carried out with Mic-
rocal Origin 6.0. Temperature programmed reduction (TPR)
measurements were performed in a Micromeritics Autochem
2920 instrument. The samples were pretreated following the same
procedure used in TPDA analysis and reduced in 25 ml/min of flow-
ing 5% H2/Ar from room temperature to 1100 °C at 10 °C/min. Two
blank experiments were performed: with no sample (blank 1) and
by flowing pure Ar through a sample (blank 2). For FTIR-pyridine
analysis, catalyst samples were previously activated at 200 °C un-
der vacuum for 24 h and stored for 24 h at room temperature in a
closed vessel under the vapors generated from water-free pyridine.
FTIR spectra at room temperature were obtained in a Perkin–Elmer
Spectrum 1 FTIR using 32 scans with a resolution of 4 cmÿ1.

2.4. Catalytic tests

Reactions were performed in 2 ml vials immersed in an oil bath
at 90 °C. Both the oil bath and vial mixtures were homogenized by
magnetic stirring. The reactions were carried out at 90 °C for 1 h
using mixtures of paraformaldehyde (0.5 mmol), toluene (0.5 ml),
b-pinene (0.25 mmol) and 25 mg catalyst samples. The reaction
products were identified by gas chromatography using a Varian
Star 3400 equipped with a flame ionization detector (FID), a CP
8200 autosampler and a DB-1 capillary column (0.32 mm �

50 m � 1.20 lm). The oven temperature was increased from 140
to 195 °C. The quantification of nopol and b-pinene was carried
out with multi point calibration curves using dodecane as internal
standard. Response factors were determined from the curve slopes.
Conversion and selectivity were determined according to Eqs. (1)
and (2)

% Conversion ¼
Cti ÿ Ctfð Þbÿpinene

ðCtiÞbÿpinene

100% ð1Þ

% Selectivity ¼
ðCtfÞnopol

ðCti ÿ CtfÞbÿpinene

100% ð2Þ

where Cti and Ctf are the initial and final concentrations.

Table 1

Metal loading and BET surface area of Sn- and Zn-loaded MCM-41 materials.

Entry Catalysta Metal precursor lmol Me/g supportb % metal Deposition BET Surface area(m2/g)

1 SnMB70c SnCl4 320 21.9 nd
2 SnMB16 SnCl4 160 9.8 1106 ± 6
3 SnMB25 SnCl4 80 30.7 963 ± 60
4 SnMB7 SnCl4 40 17.5 1049 ± 40
5 SnMB0 SnCl4 20 < 0.2 984 ± 30
6 SnMNCB0d SnCl4 80 < 0.06 1075 ± 6
7 M0 None 0 0 929 ± 29
8 SnMC113 SnCl2�2H2O 320 35.2 963 ± 16
9 SnMC68 SnCl2�2H2O 160 42.2 1154±21
10 SnMC129e SnCl2�2H2O 320 40.4 1072 ± 19
11 ZnMC174 ZnCl2 320 54.5 nd
12 ZnMC118 ZnCl2 160 73.6 816 ± 14
13 SnMG195 SnCl4 446f 43.7 976 ± 188
14 SnMG135 SnCl2�2H2O 446f 30.3 980 ± 23
15 SnMG94 SnCl2�2H2O 223f 42.2 1069 ± 1
16 ZnMG340 ZnCl2 446f 76.2 478 ± 67
17 ZnMG142 ZnCl2 223f 63.7 600 ± 5

nd: Not determined.
a The numbers in catalyst codes indicate the lmol metal loading/g catalyst determined by atomic absorption.
b lmol metal loading/g catalyst employed in the synthesis gel.
c Corresponds to the catalyst Sn-MCM-41-D2 cited in Table 2 of reference [5].
d The support was as synthesized MCM-41.
e Material synthesized using 25 mL/min of flowing gases.
f Assuming the amount of SiO2 in the synthesis gel of MCM-41.
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2.5. Leaching tests

Leaching tests were carried out according to reported proce-
dures [15]. In a typical reaction a 6 mg catalyst sample was added
to a mixture (kept at 90 °C) of 1 ml of 0.5 M b-pinene in toluene,
and a paraformaldehyde: b-pinene ratio of 2:1. The catalyst was re-
moved from the reaction mixture when conversions were lower
than 20% (5 min reaction time) and the filtrate analyzed for further
reactions. Then, paraformaldehyde was added to the filtrate and
stirring continued at 90 °C for 3, 6 and 24 h. A blank reaction was
carried out under the same conditions of the leaching tests but,
with no catalyst.

3. Results and discussion

3.1. Elemental analysis, XRD diffraction, BET

As can be observed in table 1 Sn was more efficiently deposited
by CVD when SnCl2 � 2H2O was used as metal source as compared
to SnCl4 (entries 1–6 and 8–10), probably because of the higher
temperature used with the stannous precursor. No Sn was detected
in SnMNCB0 (entry 6) [13]. It might suggest that the anchoring
sites within the channels of MCM-41 are fundamental for Sn depo-
sition. Under the same synthesis conditions, Zn was more effi-
ciently deposited than Sn (entries 9 and 12). A slight increase of
deposited tin was obtained when the gas flow was reduced to a
half (entries 8 and 10). The Sn loading increased when the amount
of SnCl2 precursor decreased, either by CVD (entries 8 and 9) or by
hydrothermal procedures (entries 14 and 15). Larger Sn loadings
on hydrothermally synthesized Sn–MCM-41 were obtained with
SnCl4 as precursor (entries 13 and 14) compared to SnCl2, more
likely because SnCl4 rapidly hydrolyzed.

BET surface areas of Sn–MCM-41 materials varied between 929
and 1154 m2/g and did not depend on the synthesis method. Zn
modified materials exhibited lower surface areas than Sn-loaded
materials particularly those synthesized by hydrothermal method.
Sn–MCM-41 samples synthesized by CVD of SnCl4 showed the
characteristic XRD features of MCM-41 materials (see Fig. 1a). A

strong peak at 2.6° (d100 = 33.19 Å), and two smaller reflection
peaks at 4.6° (d110 = 19.06 Å) and 5.4° (d200 = 16.43 Å) are typical
of hexagonal channels. Also a peak around 7° (d210 = 12.63 Å) can
be observed. No significant d-spacing displacement was observed
after SnCl4 deposition. More ordered materials were obtained upon
additional heat treatment since the intensity of the main peak in-
creased with respect to the support, M0. Because of the pretreat-
ment conditions, i.e. high temperatures and very reactive acid
precursors, the intensity of the characteristic MCM-41 peaks de-
creased when SnCl2 or ZnCl2 were used as precursors in the CVD
method, Fig. 1b, and is attributed either to depolymerization of sil-
ica walls [17] or to hexagonal symmetry decrease [18]. The low
intensity and peak broadening observed in the XRD pattern of
Zn-loaded catalysts indicate that these materials are not well or-
dered [16], i.e. the hexagonal array of their channels is not quite
regular. The high temperature required to deposit ZnCl2 and
SnCl2 � H2O by CVD may be responsible for high metal loading
and diminished hexagonal geometry of the resulting materials,
mainly those prepared using ZnCl2 as precursor. XRD of SnMG195
(not shown) only exhibited the main peak moreover SnMG94
displayed both 110 and 200 reflections. Although, SnMG135 exhib-
ited a surface area similar to Sn–MCM-41, its diffraction pattern
did not correspond to an organized structure (not shown). The
d100 reflections in the XRD patterns of Zn-loaded materials synthe-
sized by CVD shifted to lower d-spacing. Sn–MCM-41 materials
prepared by hydrothermal method at room temperature appear
to be an alternative option. Zn-loaded materials hydrothermally
synthesized did not show the characteristic peaks of MCM-41
[19], although, Zn/Si ratios lower than 0.1 were used as suggested
by Kowalak and co-workers [20]. Since Zn-loaded materials with
hexagonally ordered channels were not obtained by this methodol-
ogy, other synthesis variables should be considered in future
studies.

3.2. TPR-H2

TPR-H2 was carried out to determine reducible species in syn-
thesized materials. Signals corrected with blank experiments are
displayed in Fig. 2. As shown in Fig. 2, the reduction peaks at 690

Fig. 1. (a) XRD patterns of synthesized materials by CVD of SnCl4, and (b) hydrothermally synthesized using SnCl2 or ZnCl2 as precursors.
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and 730 °C for SnMG135 and SnMG94, respectively, have been
attributed to the presence of bulk tin oxide species (SnOx)
[21,22]. Reduction peaks below 600 °C are assigned to isolated
sites of tin oxide nanoparticles or nanofilms of Sn–MCM-41 [21].
The broad peak at 810 °C with shoulders at lower temperatures
in the ZnMG340 profile might be attributed to reducible ZnO spe-
cies of different sizes [23]. In spite of the high Sn and Zn loadings of
CVD materials no characteristic signals of reducible species were
observed. Therefore, the metal environment of materials prepared
by CVD is quite different from that of materials prepared by direct
hydrothermal synthesis at room temperature.

Under basic conditions, i.e. SnMG, it has been suggested that
insoluble Sn(OH)4 species [24], a-stannic acid, or hydrous tin
(IV) oxide (SnO2 � H2O) [25] are formed after aqueous ammonia
hydrolysis [26,27]. Besides, co-precipitation of Sn with silicon
species produces dispersed tin sites or stannic acid aggregates
that could be occluded into MCM-41 channels. SnOx agglomerates
are formed after heat treatment in oxygen, which is in agreement
with TPR-H2 measurements (Fig. 2). Furthermore, stannous chlo-
ride could generate complexes with water and ammonia that are
transformed into tin oxide species after calcination [25]. On the
other hand, it is well known that silanol groups play an important
role for anchoring the reactive precursor; it has been suggested
that Sn–OH and Sn–O–Sn species are produced after grafting
organotin chloride compounds and tin tetrachloride, respectively
[28,29].

3.3. UV–Vis and TEM

Fig. 3 shows the UV–Vis spectra of selected materials. The
intensity of the characteristic bands of Sn–MCM-41 varied with
tin loading. The spectra of SnMBx materials are not well defined
probably because of their low tin loading; however, one of the
characteristic signals is observed around 243 nm suggesting the
presence of highly dispersed tetrahedral isolated Sn4+, ascribed to
charge transition from Oÿ

2 to Sn4+ in a tetrahedral coordination
environment. SnMG195 and SnMC113 show a broad band around
208 nm suggesting the presence of Sn4+ in tetrahedral coordination
in the silica framework [19]. Site-isolated Sn in a distorted tetrahe-
dral environment and/or in penta- or octahedral coordination
sphere may be associated with such broadening character of
SnMG195 and SnMC113 spectra. It was suggested that the amor-
phous nature of the pore wall having wide range of Sn–O–Si bond
angles might cause the distortion in tetrahedral environment of Sn
species and hydration of some of the Sn sites might result in the

formation of Sn sites with coordination number higher than four
[30]. This broad band may overlap signals around 230 and
280 nm. It was reported that pure SnO2 exhibited a broad absorp-
tion at �280 nm assigned to hexacoordinated polymeric Sn–O–Sn
type species [20]. A blue shift of the absorption edge in comparison
to bulk SnO2 (absorption at �280 nm) in the spectra of Sn-loaded
samples is observed in Fig. 3. These blue shifts result from the
size-quantization effect and indicate SnO2 particles in the nanome-
ter regime [31]. The UV–Vis band around 280 nm in the spectrum
of ZnMC174 may be assigned to ZnO encapsulated nanoparticles
[32–34]. The spectrum of ZnMG340 (not shown) does not display
any band.

In Fig. 4 TEM micrographs of SnMB25 show the hexagonal
structure of MCM-41 type materials, in agreement with the XRD
data. Also the solid seems homogeneous as if the tin atoms had
been deposited uniformly. However, most of the pores appear grey
indicating an increase of the electron density in the interior and,
thus, the presence of Sn oxide species [31]. It is highly probable
that in the wide pores of the MCM-41 structure aggregates consist-
ing of several Sn atoms formed.

3.4. NH3-TPD

The acid nature of several Sn– and Zn–MCM-41 materials was
evaluated by temperature programmed desorption of ammonia
(TPDA). The TPDA profile has been divided into two regions accord-
ing to the acid strength; a low temperature region (T < 400 °C) re-
lated to weak acid sites and a high temperature region (P400 °C)
attributed to strong acid sites [35]. According to ammonia desorp-
tion energy measurements, weak, medium and strong acidity have
been also assigned to signals in the 180–250, 280–330 and 380–
500 °C region, respectively [36]. Signals below 180 °C are usually
assigned to ammonia physisorption on very weak acid sites [37].
Blank experiments (not shown) exhibited a broad desorption band
starting around 550 °C, which has been associated with dehydr-
oxylation of silanol groups [17].

As can be observed in table 2 and Fig. 5 all analyzed materials
exhibited three main signals. Zn-loaded materials exhibited higher
amount of acid sites than Sn–MCM-41. Although, total acidity is
not directly related to metal loading, materials with lowmetal con-
tents exhibit low total acidity. Silanol groups contribute to weak
and medium acidity [38,39], as observed in M0. The signal shift
to higher temperatures or the increase of the type of acidity indi-

Fig. 2. H2-TPR profiles of several Sn-loaded MCM-41 materials.

Fig. 3. UV–Vis spectra of several Sn- and Zn-loaded MCM-41 materials.
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cates that the acidity of MCM-41 is increased by metal loading. The
analyzed materials show weak and medium acid sites. The latter
being the type of active sites reported for the Prins reaction
[40,41]. UV–Vis and TPR analyses indicate the presence of Sn4+ as
Lewis acid sites of different coordination [42] and SnO2 nanoparti-
cles [38]. Acidity measurements of SnO2 suggest that Sn–OH spe-
cies are weak acid sites. Meanwhile, different coordination states
of Sn are responsible of medium and strong acid sites [43] and their
distribution depends on heat treatment.

3.5. Fourier transform infrared spectroscopy

The FTIR spectra of adsorbed pyridine of several catalysts were
obtained for the identification of acid sites (Fig. 6). The bands at
1596 and 1445 cmÿ1 have been assigned to pyridine weakly inter-
acting with hydrogen bonds [44]. For MCM-41 these bands corre-
spond to linked silanol groups and very weak acid free silanol
species, respectively [45]. Additionally, the band at 1578 cmÿ1

has been attributed to Lewis acid sites due to superficial silanol
groups [46]. Bands between 1485 and 1492 cmÿ1 assigned to both
Bronsted and Lewis acid sites [47,48] are observed in the spectra of
SnMG135, SnMC129 and ZnMG142. The presence of Lewis and
Bronsted acid sites in SnMC129 and SnMG135 catalysts are sug-
gested by the bands at 1614 cmÿ1 and near 1548 cmÿ1, respec-
tively [49]. Lewis acid sites of ZnMG142 and ZnMC118 are
evidenced by the band around 1610 cmÿ1 [48].

3.6. Catalytic tests

Table 3 shows the results of nopol production over several
materials. Poor conversion is obtained over MCM-41 and materials
with none or insignificant Sn loading (entries 5–7). We previously
reported that the conversion and selectivity obtained over Sn–
MCM-41 catalysts synthesized by CVD of SnCl4 with metal loadings
between 30 and 500 lmol Sn/g are similar [5]; however, current

Fig. 4. TEM micrographs of SnMB25.

Table 2

Deconvoluted TPDA weak and medium strength signals of several Sn- and Zn-loaded
MCM-41 materials.

Catalyst Acidity, lmol desorbed ammonia/g catalyst % Weak

Weak Medium Total

M0 10 8 18 25
SnMB16 2 38 40 3
SnMB25 32 35 67 40
SnMB7 5 42 47 7
SnMC113 53 60 113 40
SnMC68 60 109 169 31
SnMC129 58 91 149 34
SnMG195 59 26 85 56
SnMG94 66 44 110 47
ZnMC174 63 168 234 24
ZnMG340 135 248 383 32
ZnMG142 95 105 200 38

Fig. 5. Deconvoluted TPDA profile of selected Sn- and Zn-loaded MCM-41 mate-
rials. Inset values indicate the temperature of the corresponding fitted peak.
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results indicate that a metal loading around 16 lmol Sn/g gives a
high yield. On the other hand, the selectivity of SnMB25 which is
similar to M0 seems to be linked to the high proportion of weak
acid sites. Although, a large amount of tin was deposited by CVD
of SnCl2 (entries 8–10), the TOF obtained with these materials is
lower than on materials synthesized by CVD of SnCl4 under static
conditions (entries 2–4). It seems that the differences in the ther-
mal treatment of Sn–MCM-41 materials synthesized by CVD could
be responsible for the differences in acid site distribution. The
highest selectivity was obtained over SnMB7 (entry 4) possessing
a low total acidity and high proportion of medium acidity.
SnMC195 and SnMG94 materials containing weak acid sites were
less selective. SnMGx materials containing a high proportion of
weak acid sites give high b-pinene conversion and low nopol selec-
tivity (entries 13–15). Although, Zn–MCM-41 materials have larger
amount of acid sites andmetal loading than Sn–MCM-41materials,
b-pinene conversion and TOF were not appreciable. The low sur-

face area of Zn-loaded materials may be another reason for their
poor catalytic performance in nopol production. b-Pinene conver-
sion, nopol selectivity and TOF were quite similar on ZnMG142
and ZnMC118 materials having strong Lewis acid sites; the same
trend was observed over SnMC129 (entry 10) and SnMG135 (entry
14).

b-pinene and nopol conversions increased with time over
SnMB25 in the absence of paraformaldehyde (Fig. 7). Under the
reaction conditions of this study b-pinene and nopol may be isom-
erized [2,50] or polymerized [51]. The main by-product reported
when nopol was obtained in homogeneous systems has been 4-
(1-methyl etenyl)-1-cyclohexene-1-ethanol [50]. GC–MS analyses
of reaction products over SnMB25, SnMC68 and SnMG94 yield
camphene and limonene from isomerization of b-pinene and myr-
tenol from allylic oxidation reaction. Additionally, nopyl acetate
from nopol was also obtained over SnMC68 and SnMB25, and bor-
nyl formate over SnMC68. Only isomeric by-products as described
above appear to be formed. Isomerization of a-pinene to camphene
and limonene has been linked to weak and strong acid sites,
respectively [52]. The formation of borneol type structure upon
hydration of a-pinene was reported in an interesting review about
the isomerization of pinenes over solid catalysts [53]. The broad
distribution of acid sites in Sn–MCM-41 materials may be respon-
sible for the differences in the type of by-products obtained.

Fig. 8 shows the results of leaching tests over SnMG94, SnMB25
and SnMC68. After removing the solid, conversion was negligible
and close to the conversion obtained after 24 h in blank experi-
ments. Without catalyst, b-pinene concentration in the reaction
mixture did not vary more than 2% after 3, 6 and 24 h of additional
reaction time. Summarizing, no leaching of the active species ap-
pears to occur during reaction over Sn–MCM-41 synthesized by
different methods. Reusing of materials prepared by CVD of SnCl4
[5] showed a progressive deactivation probably due to nopol
remaining adsorbed on the catalyst after reaction. However, these
materials can be activated by calcination.

From leaching tests (Fig. 8) and catalytic behavior (table 3) it
can be inferred that b-pinene conversion decreased in the follow-
ing order SnMG94 � SnMB25 (98%) > SnMC68 (83%) > ZnMC118
(42%). b-pinene conversion over ZnMC118 is 8% after 24 h, under
reaction conditions of Fig. 8. Furthermore, TOF decreased in the fol-
lowing order SnMB25 (392 hÿ1) > SnMC68 (122 hÿ1) > SnMG94
(105 hÿ1). In agreement with previous studies over Sn–MCM-41
synthesized by CVD [54], selectivity may be improved by reducing
catalyst amount, but in detriment of conversion. Results from table
3 and Fig. 8 show that nopol selectivity over SnMG94 can be mod-
ified by changing reaction conditions; nopol selectivity increased
from 46% to 85% by decreasing catalyst amount.

Fig. 6. FTIR spectra of adsorbed pyridine on several Sn- and Zn-loaded MCM-41
materials.

Table 3

b-pinene conversion, nopol selectivity and TOF on Sn and Zn doped MCM-41a.

Entry Catalyst Conversion (%) Selectivity (%) TOF (hÿ1)b

1 SnMB70c 91 83 130
2 SnMB16 95 79 594
3 SnMB25 98 73 392
4 SnMB7 70 84 1000
5 SnMB0 21 61 nd
6 SnMC0 7 57 nd
7 M0 8 71 nd
8 SnMC113 85 78 75
9 SnMC68 83 75 122
10 SnMC129 91 63 71
11 ZnMC174 56 73 32
12 ZnMC118 42 84 36
13 SnMG195 98 61 50
14 SnMG135 94 70 70
15 SnMG94 99 46 105
16 ZnMG340 58 82 17
17 ZnMG142 42 84 30

nd: Not determined.
a Reaction conditions: 0.25 mmol b-pinene, 0.5 mmol HCHO, 25 mg catalyst,

0.5 ml toluene, 90 °C, 1 h.
b Average turnover frequency for a 1 h-reaction.
c Catalyst Sn–MCM-41-D2 as cited in reference [5].

Fig. 7. Conversion of b-pinene and nopol on SnMB25, with no paraformaldehyde.
Reaction conditions: 0.25 mmol substrate (b-pinene or nopol), 12.5 mg catalyst,
0.5 ml toluene, 80 °C.
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4. Conclusions

MCM-41 materials were modified with Sn and Zn by CVD and
hydrothermal procedures. Higher b-pinene conversion and nopol
selectivity are obtained over Sn–MCM-41 materials synthesized
by CVD or hydrothermally than over Zn-loaded materials. Nopol
selectivity over Sn–MCM-41 materials synthesized by CVD of
either SnCl4 or SnCl2 as metal precursors is higher than that over
hydrothermally synthesized Sn–MCM-41. All synthesized Sn–
MCM-41 materials showed weak and medium acid sites, and Zn–
MCM-41 materials exhibited higher amount of acid sites than
Sn–MCM-41.
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