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Hydration and acetoxylation of limonene and o-pinene into terpineol and terpinyl acetate in the liquid
phase have been studied using transition metal and rare earth ion-exchanged beta zeolite. These catalysts
under optimized reaction conditions showed higher activity and selectivity compared to conventionally
used acid catalysts such as H,SO4 and amberlyst-15. Conversions of 9-26% and 58-82% were obtained
for limonene the in presence of glacial and aqueous acetic acid, respectively, and the selectivity for major

products a-terpinyl acetate and terpineol were up to 54% and 65%, respectively. Conversion values in
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the range of 62-100% and 72-100% were obtained for a-pinene in the presence of glacial and aqueous
acetic acid, respectively. Virtually no oligomerisation of monoterpenes occurred under studied conditions.
From the measured acidity data of these zeolites, it is observed that both hydration and acetoxylation are
Bronsted acid-catalysed reactions.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Limonene, o-pinene and [-pinene are naturally occurring
monoterpenes used as substrates for the production of monoter-
penoid flavours and fragrances [1,2]. Acid-catalysed hydration and
acetoxylation of terpenes are among the important synthetic routes
to valuable terpenic alcohols and esters which find applications in
perfumery and pharmaceutical industry [1]. Strong mineral acid
such as H,S0y4 is frequently used for hydration and acetoxylation of
terpenes [1]. However, the disposal of spent mineral acids poses a
serious environmental problem. Therefore, solid acid catalysts such
as zeolites [3-7] and cation exchange resins [8-10] being environ-
mentally benign have been considered for these transformations.

Industrially, the hydration of a-pinene to produce a-terpineol,
which is one of the top 30 commonly used flavour compounds
[11], is mainly performed using dilute aqueous solutions of sul-
phuric and phosphoric acid [12]. a-Terpineol can also be obtained
by hydration [13-18] or bioconversion [19] of limonene. How-
ever, search for higher selectivities and environmentally friendly
reaction conditions have resulted in a number of research efforts
with an objective to replace the traditional homogeneous processes
by heterogeneous ones. In recent years, a reasonable amount of
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research work has been done on a-pinene isomerisation, using
natural or synthetic zeolites as catalysts [20-25]. Zeolites namely
beta [26,27] and USY [27,28] have also been successfully used in
the hydration reaction of a-pinene, with good selectivity of 48%
for terpineol, although long reaction times and high water/terpene
ratios are required to ensure good selectivities for a-terpineol at
high pinene conversions. The acid-catalysed processes of limonene
hydration commonly produce large amounts of diols besides terpi-
neols [29]. The mixture of a- and y-terpinyl acetates were obtained
from limonene and acetic acid with ferric sulphate as the catalyst
[30]. The homogeneous and heterogeneous hydration and acetoxy-
lation of monoterpenes catalysed by heteropoly acid have been
reported [31]. In hydration of a-pinene, the application of solid acid
catalysts such as cation exchange resins, activated carbon dispersed
in polymeric membranes [32] and zeolites [8,26,27,33,34] have also
been reported.

Zeolite beta can be synthesized [35-37] with Si/Al values from
10to >100, and possesses a three-dimensional intersecting channel
system, two mutually perpendicular straight channels, each with a
cross-section of 7.4 x 6.5 A running in the a- and b-directions and a
sinusoidal channel of 5.5 x 5.5 A running parallel to the c-direction
[38-40]. Due to its high acidity and larger sized pore system this
zeolite has been reported to be a potential re-generable catalyst
in organic reactions [41-45] catalytic cracking [46], isomerisation
[47,48], aromatic alkylation with alkenes [49], isobutane alkylation
with n-butene [50], and disproportionation of hydrocarbons [51].

The present study describes the liquid phase acetoxylation
and acetoxylation/hydration of limonene and o-pinene using
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zeolite beta and its cation-exchanged analogues as catalysts. Cation
exchange is known to modify catalytic activity and molecular siev-
ing properties of zeolites [52]. Emphasis is put on achieving high
selectivities towards the addition products, terpineol, borneol and
their acetates.

2. Experimental
2.1. Materials

Zeolite beta was purchased from Zeocat, Uetikon which had
a chemical composition of 1.2% Na,0, 7.8% Al;03 and 91% SiO,.
Limonene, a-Pinene was purchased from Sigma-Aldrich, USA and
all other chemicals used in the present study were AR grade from
S.D. Fine Chemicals Ltd., Bombay, India. All chemicals procured
were used as such without any purification or any other treatment.

2.2. Catalysts preparation

The commercially obtained beta zeolite denoted as Na-beta was
used for preparing H-beta as follows; Na-beta was ammonium
exchanged by treating zeolite with 0.1 M ammonium chloride solu-
tionin a 1:80 (w/v) ratio at 80°C for 6 h in an oil bath. Thus treated
zeolite was then filtered, and washed with hot distilled water till
Cl~ was no more detected by AgNOs3 solution. The same proce-
dure was repeated thrice to ensure complete ammonium exchange.
Dried ammonium-exchanged zeolite sample was calcined by heat-
ing at 550°C in air for 6 h to produce H-zeolite. The H-beta thus
prepared was ion-exchanged with solutions of 11 different metal
salts. The different metal salt solutions used were those of La3*,
Li*, Ce3*, Co%*, Cu?*, Ag*, Fe?*, Mn2*, NiZ*, Sr?*, and Zn2*. H-beta
was mixed with 0.1 M aqueous solution of each salt separately.
The zeolite to salt solution ratio was kept as 1:80 (w/v). The resul-
tant mixture was heated to 80°C for 6 h and then filtered, washed
with distilled water and dried at a temperature below 80°C in vac-
uum. The above-described procedure was repeated twice to achieve
higher ion exchange of all metal ions. In the case of silver exchange,
the above procedure was performed in dark to prevent oxidation
of silver ions. The catalysts were designated as M-beta, where M
represents the exchanged metal ion.

2.3. Catalysts characterization

All prepared catalysts were characterized for surface area, pore
volume, pore size distribution, and crystallinity. The surface area
and pore volume were determined by N, physisorption measure-
ments at 77.4 Kemploying the BET method [53] using Micromeritics
ASAP 2010 surface area analyzer. The samples were activated under

Table 1
Properties of the catalysts on dry basis.

Catalyst BET S.A. (m?/g) Micropore volume (cm?/g) Crystallinity (%)
Na-beta 548 0.171 100
Li-beta 543 0.167 70
Cu-beta 534 0.173 91
La-beta 523 0.167 91
Ce-beta 512 0.164 91
Mn-beta 523 0.161 84
Co-beta 534 0.167 86
Zn-beta 534 0.169 85
Sr-beta 518 0.167 77
Ni-beta 546 0.175 64
Fe-beta 528 0.170 91
Ag-beta 513 0.163 76
H-beta 544 0.174 87

vacuum (1 x 10-2 mmHg) at 350°C for 4 h prior to N, adsorption
measurements.

Structural analysis of catalysts was done by X-ray diffraction
using Philips X’Pert MPD diffractrometer with CuKa1 (A =1.5405 A)
as a radiation source in 20 range from 2° to 60°.

The catalyst morphology was determined by electron
microscopy using a scanning electron microscope, Leo 1430VP.
The catalyst samples were mounted directly on the holders and
covered with sputtered gold and then observed at an accelerating
voltage of 10-20 keV.

Diffuse reflectance FT-IR spectra were recorded on a
PerkinElmer Spectrum GX FT-IR spectrophotometer, equipped
with ‘The Selector’ DRIFT accessory (Graseby Specac, P/N 19900
series), an environmental chamber (EC) (Graseby Specac, P/N
19930 series), an automatic temperature controller (Graseby
Specac, P/N 20130 series) and a water circulator system (Julabo,
model F-25, HD). ‘The Selector’ collects diffuse reflectance using
optically optimized off-axis configuration. Activated samples with
pyridine adsorbed on its surface were placed in the micro cup (cell)
of EC equipped with a ZnSe window using a special Delrin filling
funnel. For DRIFT experiments, catalyst sample was activated at
120°C for 3h and then exposed to pyridine vapour. Typically in
a vacuum desiccator, 25ml of dry pyridine and 0.5¢g of zeolite
samples were kept under vacuum for 24 h. Subsequently, the sam-
ples were evacuated (102 Torr) for 30 min at room temperature
to desorbs physisorbed pyridine. DRIFT spectra were recorded,
initially at room temperature, in the range of 400-4000 cm~! using
dry N, as a carrier gas. The sample was then successively heated
at a specific temperature in the range of 100-450°C at the rate of
25°Cmin~! at atmospheric pressure. The sample was held at each
temperature for 30 min, thus allowing sufficient time for pyridine
desorption before recording spectra. Vapours of desorbed pyridine
were collected in dilute HCI solution. For recording the spectra,
typically 100 scans were co-added at a resolution of 4cm~! with
a standard mid-IR DTGS detector and a germanium-coated KBr
beam splitter.

2.4. Catalytic activity

Typically, reactants were taken in a 50 ml two-necked round
bottom flask fitted with a coiled condenser. Reaction mixture was
heated to desired temperature with the reaction temperature being
controlled by a PID controller. The magnetic stirring was contin-
uously done for efficient contact between reactant molecule and
catalyst surface. Adequate precautions were taken to maintain the
reaction temperature and to restrict the vapour loss of products.
All catalysts were activated at 450°C for 4 h prior to their use in
catalytic reaction.

Bronsted acidity of all catalysts was measured using model
reaction of dehydration of cyclohexanol to cyclohexene. For cyclo-
hexanol dehydration, 0.1 g of the catalyst, 2 ml of cyclohexanol and
1 g of molecular sieve 4 A were taken in a 50 ml two-necked round
bottom flask. Reactions were conducted at 150 °C under continuous
stirring for 9 h. The catalysts and molecular sieve 4 A were activated
at 450°C for 4 h their use in the reaction. Molecular sieve 4 A was
used for in situ adsorption of water generated during dehydration
of cyclohexanol.

The reaction products were analyzed by a gas chromatograph
(Hewlett-Packard, model 6890 USA) equipped with a Carbowax
capillary column 60m long and 0.25mm in internal diameter.
Nitrogen was used as a carrier gas (flow 0.5 ml/min) with injection
port temperature of 250 °C, and column temperature ranging from
70 to 220°C. Pure a-pinene, camphene, limonene, a-terpinene
and tricyclene, a-terpinyl acetate, a-terpineol, bornyl acetate and
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Fig. 1. Pyridine-adsorbed DRIFT IR of ion-exchanged beta zeolites at various temperatures: (A) 100°C; (B) 200°C; (C) 300°C; (D) 350°C; (E) 400°C; (F) 450°C.
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borneol were used for calibration of gas chromatography response:

initial mol% — final mol%

initial mol% x 100

conversion (mol%) =

GC peak area of desired product

100
E GC peak area of all products

selectivity of product =

3. Results and discussions
3.1. Catalyst characterization

Table 1 shows the surface area and micropore volume of cata-
lysts studied for acetoxylation/hydration reactions. No significant
change in the surface area and micropore volume of zeolite beta

after cation exchange. The X-ray diffraction patterns correspond-
ing to Na-zeolite, H-zeolite and ion-exchanged zeolites are shown

Dehydration of cyclohexanol

OH

Cyclohexanol

in Fig. S1 (supporting information). All the catalysts showed char-
acteristic peaks in 26 range of 7.5-22.5 corresponding to zeolite
beta. The X-ray crystallinity of ion-exchanged beta zeolites were
compared with Na-beta using the equation:

g;‘) x 100

where I is the intensity of six major peaks of samples and Iy, is the
intensity of six major peaks of Na-beta zeolite.

Loss in crystallinity was found in ion-exchanged catalysts as
shown in Table 1. It could be due to dealumination in beta zeolite
during the cation exchange and calcination processes [54]. H-beta
structure is known to be relatively fragile and calcination or steam-
ing above 673 Kis reported to cause dealumination with deposition
of extra framework aluminum inside the channels [55,56].

The scanning electron micrographs of the ion-exchanged cal-
cined form of zeolites (Fig. S2, supporting information) show that
these zeolites are well crystalline. Furthermore, textural properties

crystallinity (%) = (

Zeolite
-H,0

Cyclohexene

Hydration and acetoxylation of limonene

Limonene
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Hydration and acetoxylation of a-pinene
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Scheme 1. Hydration and acetoxylation of limonene and a-pinene with acetic acid.
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of all catalysts are retained on ion-exchange and were similar to
Na-zeolite.

Pyridine interacts differently with solid surface acid sites
depending upon the nature of acid sites, i.e., Bronsted or Lewis
sites[57] as depicted in Scheme 1 (supporting information). Species
I (Lpy) is formed as coordinately bound pyridine through its lone
pair of electrons on the nitrogen atom to Lewis acid center, e.g., AI>*
cations present on clay mineral surface. Species II (Bpy) is formed
as pyridinium ion, with a transfer of H* ion from the Bronsted acid
site of the minerals to pyridine. Species IIl (Hpy) is formed as a
result of hydrogen bonding between the pyridine nitrogen atom
and the —OH groups of minerals. Pyridine vibration bands appear
in the IR region of 1400-1700 cm~". The IR bands near 1640 and
1540 cm~! correspond to Bpy (Bronsted pyridine) acid sites. The
band at 1540 cm~! attributed to —NH bending of pyridinium ions
is characteristic for Bpy acid sites. The IR band at 1450-1455 cm~! is
characteristic of Lpy (Lewis pyridine) acid sites and bands near 1440
and 1590cm~! correspond to Hpy (pyridine hydrogen-bonded)
sites [58,59]. A strong band at 1490 cm™! is attributed to pyridine
associated with all acid sites, i.e., Lpy + Bpy + Hpy [60,61].

The DRIFT spectra of pyridine-adsorbed ion-exchanged beta
zeolites were recorded at various temperatures as shown in Fig. 1.
In all samples, a broad peak at 1437-1445 cm~! appearing at lower
temperature was attributed to the physical adsorption of pyri-
dine. At lower temperatures, the LPy peak at 1450-1455 cm~! was
found to merge with the above peak. However, at higher tem-
peratures, the LPy peak appeared clearly up to a temperature of
400°C in all catalysts. The characteristic peaks of BPy appeared
at 1540-1545 and 1637cm~! at lower temperature. The peaks
appearing at 1540-1545 cm~! were sharper at lower temperatures
and started diminishing as the temperature was increased. The
peak at 1637 cm~! broadened at higher temperature. The peak at
1490 cm~! attributed to all types of sites disappeared at higher tem-
peratures. The HPy peaks at 1437-1445 and 1595-1599 cm~! also
disappeared after 300°C.

3.2. Reaction studies

The acidic catalyst promotes not only addition of acetic acid
or water to limonene and a-pinene but also many side reactions
such as skeletal and/or double-bond isomerisation and oligomeri-
sation of substrate molecules. The formation of a-terpineol along
with its acetate was detected as the major products of limonene,
while monocyclic a-terpineol and bicyclic borneol along with their

Table 2
Reaction of limonene with aqueous acetic acid using ion-exchanged beta zeolite.

Catalysts  Conversion of Selectivity of products (%)
limonene (%)
A B C D E F G H I

Li-beta 51 1 4 2 3 7 5 65 10 O
Cu-beta 57 2 7 3 3 9 5 57 8 3
La-beta 52 3 8 4 4 11 6 55 6 2
Ce-beta 54 3 7 4 5 11 8 53 7 2
Mn-beta 52 3 7 4 5 1 8 52 6 3
Co-beta 53 2 6 3 4 8 5 58 12 2
Zn-beta 58 3 7 4 5 10 8 51 7 4
Sr-beta 52 3 7 3 5 10 6 57 7 2
Ni-beta 52 4 13 5 6 1 9 43 5 4
Fe-beta 51 4 8 4 6 13 9 46 4 4
Ag-beta 28 8 20 9 1 19 9 24 0 O
H-beta 59 4 10 5 6 1 10 45 4 5

Reaction conditions: Catalyst weight 0.1 g, limonene 2 ml, reaction temperature 50°C,
reaction time 24 h, aqueous acetic acid 10 ml. A, a-Phellendrene; B, a-terpinene;
C, y-terpinene; D, p-cymene; E, terpinolene; F, other isomers; G, a-terpineol; H,
a-terpinyl acetate; I, others addition products.

acetate were the major products of a-pinene (Scheme 1). The
balance between various reaction pathways is very delicate and
depends on the reaction conditions. The effect of reaction variables
on the catalytic activity and product distribution was studied as
described below.

4. Hydration and acetoxylation of limonene

Hydration and acetoxylation reaction of limonene was carried
out at 50 °C with aqueous acetic acid and glacial acid. Tables 2 and 3
show the results obtained from hydration and acetoxylation of
limonene with cation-exchanged zeolite beta. Product distribution
shows that terpinyl acetate and terpineol are the main products. In
the presence of acid catalyst, limonene produces carbocation and
nucleophile attacks easily on the exocyclic double bond. The reac-
tion is normally complicated by acid-catalysed oligomerisation of
limonene. In the present study, only isomerisation of limonene took
place together with formation of addition products.

The catalytic activity of ion-exchanged beta zeolites in the pres-
ence of glacial acetic acid on limonene showed the following order:

Cu> Mn>Zn> Ni>H > Co>Lla>Fe>Li>Ce>Sr>Ag

In the presence of 10% aqueous acetic acid on limonene, the
catalytic activity was in the following order:

H>Zn> Cu> Ce> Co> Mn>» La> Sr> Ni>Fe >Li>Ag

In presence of glacial acetic acid with all catalysts, limonene
conversion was in the range of 9-26% maximum conversion of 26%
was obtained with Cu-beta while it was minimum 9% with Ag-beta.
The product composition showed that two types of products were
formed, addition products and isomerised products. a-Terpinyl
acetate was the main product with selectivity varying from 41%
to 53%.

In aqueous acetic acid conditions, maximum conversion of 59%
was obtained with H-beta while it was minimum 28% with Ag-beta.
The conversions obtained by Zn-beta 58% and Cu-beta 57% were
closer to that obtained with H-beta. For other ion-exchanged zeo-
lites, it varied from 51% to 54%. Product types were similar to those
obtained with glacial acetic acid conditions. a-Terpineol was the
main product. The maximum selectivity of 65% was obtained with
Li-beta while it was minimum 24% with Ag-beta. The remaining
catalysts showed selectivity in the range of 43-58%.

The conversions in aqueous condition were always higher than
those in glacial acetic acid. In acetic acid solution, in presence of the

Acetoxylation of Limonene
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Fig. 2. Isomers addition products and conversion for acetoxylation of limonene.
Catalyst weight 0.1 g, limonene 2 ml, reaction temperature 50 °C, reaction time 24 h,
glacial acetic acid 10 ml.
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Table 3
Reaction of limonene with glacial acetic acid using ion-exchanged beta zeolite.

M.Kr. Yadav et al. / Journal of Molecular Catalysis A: Chemical 297 (2009) 101-109

Catalysts Conversion of Selectivity of products (%)
limonene (%)

A B C D E} I¥ G H
Li-beta 18 3 1 5 4 2 10 50 0
Cu-beta 26 3 14 6 3 17 10 41 2
La-beta 19 3 11 5 3 13 10 41 0
Ce-beta 18 3 12 5 5 15 1 45 0
Mn-beta 26 3 7 5 8 15 10 48 2
Co-beta 22 3 12 5 4 14 10 40 2
Zn-beta 25 3 13 6 5 17 8 42 2
Sr-beta 18 3 12 5 5 12 9 41 0
Ni-beta 23 3 13 6 5 14 10 44 2
Fe-beta 19 3 10 5 7 13 9 41 0
Ag-beta 9 0 11 5 8 13 10 53 0
H-beta 23 3 14 6 3 16 10 42 2

Reaction conditions: Catalyst weight 0.1 g, limonene 2 ml, reaction temperature 50°C, reaction time 24 h, glacial acetic acid 10ml. A, a-Phellendrene; B, a-terpinene; C,
y-terpinene; D, p-cymene; E, terpinolene; F, a-terpineol; G, a-terpinyl acetate; H, others addition products.

catalysts acetic acid easily adds to the exocyclic double bond of the
limonene yielding a-terpinyl acetate. In addition, a-terpineol was
also formed, as acetic acid always contains water which is a more
efficient nucleophile than the acetic acid. In aqueous acetic acid,
hydration was very fast, and therefore a-terpineol was the major
product in the reaction.

Fig. S3 (supporting information) depicts the amount of total
addition products of both the reactions. It can be understood that
the addition products were always higher in aqueous conditions
than in glacial acetic acid conditions. However, almost similar
amounts of addition products were obtained with Ag-beta catalyst
with conversions at their minimum.

Another side reaction that occurred under acetoxylation or
hydration condition is the isomerisation of exocyclic double bond
of the limonene yielding terpinolene, a-terpinene, y-terpinene as
the main products. The acid-catalysed isomerisation of limonene
was fast and reversible; therefore, products such as terpinolene,
a-terpinene, y-terpinene can be recycled together with the uncon-
verted limonene [62]. In glacial acetic acid and aqueous acetic acid,
a-terpinene and terpinolene were the major products. The prod-
uct selectivities in the former were in the range of 7-14% and
2-17%, respectively, while in the latter it ranged from 4% to 20%
and 7% to 19%. The formation of p-cymene was also observed for the
reaction.

Figs. 2 and 3 concisely show the conversion of limonene and the
total amount of isomerised and addition products for the all cata-
lysts. The conversion levels and the amount of the addition products

Table 4
Reaction of a-pinene with glacial acetic acid using ion-exchanged beta zeolite.

were always higher in aqueous acetic acid than the glacial acetic
acid.

5. Hydration and acetoxylation of a-pinene

Tables 4 and 5 show the results of hydration and acetoxylation
of a-pinene with cation-exchanged beta zeolite. The product distri-

Hydration of Limonene
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Fig.3. Isomers addition products and conversion for hydration of limonene. Catalyst
weight 0.1 g, limonene 2 ml, reaction temperature 50 °C, reaction time 24 h, aqueous
acetic acid 10 ml.

Catalysts Conversion of Selectivity of products (%)
a-pinene (%)

A B C D E F G H 1 ] K L M
Li-beta 70 12 3 6 28 4 4 7 6 12 2 12 0 5
Cu-beta 100 10 1 16 19 6 2 10 5 12 2 3 1 14
La-beta 86 12 2 7 26 4 4 8 7 12 3 6 1 7
Ce-beta 87 13 2 6 27 4 7 8 8 13 1 4 1 7
Mn-beta 91 12 2 7 28 5 6 8 7 12 2 4 1 8
Co-beta 89 13 2 6 27 4 7 7 7 11 2 6 0 7
Zn-beta 95 12 1 7 27 4 7 8 6 12 2 4 1 9
Sr-beta 79 12 2 7 30 4 6 7 8 12 2 4 0 6
Ni-beta 94 13 2 8 26 4 6 8 5 12 3 5 1 9
Fe-beta 81 14 2 5 29 3 7 7 7 14 1 2 1 7
Ag-beta 62 10 3 7 34 4 4 8 10 11 1 3 0 3
H-beta 93 13 2 7 27 4 8 8 6 14 2 2 1 8

Reaction conditions: Catalyst weight 0.1 g, a-pinene 2 ml, reaction temperature 50 °C, reaction time 24 h, glacial acetic acid 10 ml. A, Camphene; B, a-phellendrene; C, a-
terpinene; D, limomene; E, y-terpinene; F, p-cymene; G, terpinolene; H, others isomers; I, bornyl acetate; J, a-terpineol; K, a-terpinyl acetate; L, borneol; M, others addition

products.
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Table 5
Reaction of a-pinene with aqueous acetic acid using ion-exchanged beta zeolite.
Catalysts Conversion of Selectivity of products (%)
a-pinene (%)

A B C D E F G H | ] K L M
Li-beta 82 7 1 5 21 3 4 7 7 6 21 9 4 6
Cu-beta 95 7 1 11 20 5 1 8 7 5 17 5 4 7
La-beta 87 7 2 11 26 5 2 9 8 6 12 4 4 5
Ce-beta 89 7 3 10 25 5 3 9 9 6 11 4 4 5
Mn-beta 87 8 2 6 27 5 5 9 9 6 12 4 4 5
Co-beta 93 7 2 11 21 5 1 8 8 6 16 6 4 6
Zn-beta 93 8 2 7 24 4 5 8 7 6 15 4 4 6
Sr-beta 85 7 2 7 27 4 4 8 9 6 13 4 4 5
Ni-beta 90 8 3 8 27 4 5 8 g 6 10 3 4 5
Fe-beta 90 7 2 7 27 4 5 8 8 7 12 3 4 5
Ag-beta 72 6 3 7 33 4 3 10 10 5 9 3 2 5
H-beta 96 9 2 8 23 4 6 8 8 7 12 3 5 6

Reaction conditions: Catalyst weight 0.1 g, a-pinene 2 ml, reaction temperature 50 °C, reaction time 24 h, aqueous acetic acid 10 ml. A, Camphene; B, a-phellendrene; C, a-
terpinene; D, limomene; E, y-terpinene; F, p-cymene; G, terpinolene; H, others isomers; I, bornyl acetate; ], a-terpineol; K, a-terpinyl acetate; L, borneol; M, others addition

products.

bution in both the cases showed that more isomerisation products
were formed than addition products.

The catalytic activity of ion-exchanged beta zeolites in the pres-
ence of glacial acetic acid on a-pinene showed the following order:

Cu>Zn>Ni>H>Mn>Co>Ce>Lla>Fe>Sr>Li > Ag

Similarly in the presence of 10% aqueous acetic acid, the catalytic
activity showed the following order:

H> Cu>Co>Zn>Ce>Ni>Fe>Mn>1La>Sr > Li > Ag.

In the presence of glacial acetic acid with all the catalysts,
a-pinene conversion was in the range of 62-100%; maximum con-
version of 100% was obtained with Cu-beta while it was minimum
(62%) with Ag-beta. In aqueous acetic acid conditions, maximum
conversion of 96% was obtained with H-beta while it was minimum
(72%) with Ag-beta. For other ion-exchanged zeolites, it varied from
82% to 95%.

In the presence of glacial acetic acid, the formation of bicyclic
addition product dominated and bornyl acetate was the major
product. However, with aqueous acetic acid, monocyclic alcohol, a-
terpineol, was always a major product among the addition products.
In the presence of glacial acetic acid, the isomerised products were
in the range of 68-81% and addition products were in the range of
19-32%. However, with 10% aqueous acetic acid isomerised prod-
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Fig. 4. Total addition products of catalysts for hydration and acetoxylation of a-

pinene. Catalyst weight 0.1 g, a-pinene 2 ml, reaction temperature 50°C, reaction
time 24 h, glacial/aqueous acetic acid 10 ml.

ucts were less. In the presence of acid catalyst, a-pinene rapidly
formed carbonium ion, which rearranges to form the isomerised
products. The capture of nucleophile by the carbonium ion pro-
duced addition products. The addition of nucleophile occurred very
slowly by solvation of hydrocarbon products, rather than rear-
rangement of carbonium ion intermediate [3,63]. The formation of
borneol and a-terpineol in hydration of a-pinene in the presence
of aqueous acetone and acidic zeolites has been explained by van
der Waal et al. [26].

Fig. 4 shows the amount of total addition product formed in
both the reactions with all catalysts. It is understood that greater
amounts of addition products were formed in aqueous conditions
than in the glacial acetic acid conditions.

Henson et al. reported that beta zeolite proved more active
for the methoxylation of a-pinene with the formation of addition
product a-terpinyl ether in good yield. Figs. 5 and 6 represent the
conversion and total amount of isomerised and addition products
for all catalysts. It can be observed from the figures that conversion
levels and the amount of the addition products were always high
in aqueous acetic acid as compared to that in glacial acetic acid.

The data on acidity of ion-exchanged beta zeolites was as deter-
mined by cyclohexanol dehydration to cyclohexene. The conversion
seems to be high for metal ion-exchanged beta catalyst. However,
trend in the acidity of the catalyst is observed even from the data

Acetoxylation of a-Pinene
1007
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CJaddition
—e— Conversion

Conversion/amount of product

Li Cu La Ce Mn Co Zn Sr Ni

Fe Ag H
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* isomerised product includes p-cymene

Fig.5. Isomers addition products and conversion for acetoxylation of a-pinene. Cat-
alyst weight 0.1 g, a-pinene 2 ml, reaction temperature 50 °C, reaction time 24h,
glacial acetic acid 10 ml.
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Hydration of a-Pinene
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weight 0.1 g, a-pinene 2 ml, reaction temperature 50 °C, reaction time 24 h, aqueous
acetic acid 10 ml.
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Fig. 7. Comparison of cyclohexanol dehydration with acetoxylation and hydration
of a-pinene and limonene. Catalyst weight 0.1 g, limonene/a-pinene 2 ml, reaction
temperature 50°C, reaction time 24 h, glacial/aqueous acetic acid 10 ml.

Table 6S shows the following order:
Cu>Zn>Ni>H > Mn > Co > Ce > La > Fe
> Sr > Li > Ag

Fig. 7 represents the comparison of cyclohexanol dehydration
with hydration and acetoxylation of limonene and a-pinene. The
results obtained confirmed that the conversion trend were in agree-
ment with the order of the acidity. These results show that these
reactions were catalysed mainly by Bronsted acid. 3-Zeolite sam-
ples possess both Bronsted and Lewis acid sites as observed from
FT-IR spectra of pyridine-adsorbed samples.

6. Conclusions

The present study describes the modification of the beta zeo-
lites by ion-exchange with metal cations such as silver, lanthanum,
cerium, iron, cobalt, manganese, nickel, copper, zinc and strontium.
The pyridine-adsorbed IR data showed the presence of Bronsted
and Lewis acid sites in catalysts. These modified beta zeolites are
used for hydration and acetoxylation of a-pinene and limonene.
Conversion levels were 9-26% and 58-82% for limonene in the
presence of glacial and aqueous acetic acid, respectively, and the
selectivity for major products a-terpinyl acetate and terpineol were
up to 54% and 65%, respectively. Conversion levels were 62-100%
and 72-100% for a-pinene in the presence of glacial and aque-

ous acetic acid, respectively. Isomerisation and addition reactions
were found simultaneously in the system and bornyl acetate and
a-terpineol were the major products among addition products for
glacial and aqueous acetic acid, respectively. In the conversion of
both limonene and a-pinene the aqueous acetic acid conditions
are more favourable. The study shows the potential of ion-exchange
beta zeolites for Bronsted acid-catalysed monoterpene transforma-
tion.

Acknowledgements

The authors are thankful to the Council of Scientific and Indus-
trial Research, New Delhi, for financial assistance through Network
project on catalysis. MVP thanks CSIR for the award of Senior
Research Fellowship. The authors also acknowledge the editor,
reviewers for their valuable suggestions and J. Krishna Mohan for
his support in manuscript preparation.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.molcata.2008.09.017.

References

[1] W.E. Erman, Chemistry of the Monoterpenes, An Encyclopedic Handbook, Mar-
cel Dekker, New York, 1985.
[2] AJ. ChalK, in: P.N. Rylander, H. Greenfield, R.L. Augustine (Eds.), Catalysis of
Organic Reactions, vol. 22, Marcel Dekker, New York, 1988, p. 43.
[3] GJ. Gainsford, C.F. Hosie, R.J. Weston, Appl. Catal. A 209 (2001) 269.
[4] C.Benedek, L. Prékai, S. Toros, B. Heil, J. Mol. Catal. A 165 (2001) 15.
[5] K. Hensen, C. Mahaim, W.F. Holderich, Stud. Surf. Sci. Catal. 105 (1997) 1133.
[6] K. Hensen, C. Mahaim, W.F. Holderich, Appl. Catal. A 149 (1997) 311.
[7] H. Valente, ]. Vital, Stud. Surf. Sci. Catal. 108 (1997) 555.
[8] China Pat. 1.049.842 (1991) Chem. Abstr. 115 (1991) p. 159483z.
[9] S.Cao, X. Cai, Y. Li, G. Yang, Q. Chen, Linchan Huaxue Yu Gongye 15 (1995) 25.
[10] Z.Lin, A. Wang, Z. Ju, K. Zhu, Linchan Huaxue Yu Gongye 16 (1996) 29.
[11] EW. Welsh, W.D. Murray, R.E. Williams, Crit. Rev. Biotechnol. 9 (1989) 105.
[12] R.M.Traynor, R.M. Albert, R.L. Webb, in: D.F. Zinkel, J. Russels (Eds. ), Naval Stores,
Pulp Chemical Association, New York, 1989, p. 479.
[13] Y.Matsubara, K. Tanaka, M. Urata, T. Fukunaga, M. Kuwata, K. Takahashi, Nippon
Kagaku Kaishi (1975) 855.
[14] Chem. Abstr. (1976) 180398.
[15] M. Nomura, Y. Fujihara, Nippon Kagaku Kaishi (1983) 1818.
[16] Chem. Abstr. (1984) 192083.
[17] M. Nomura, Y. Fujihara, Kinki Daigaku Kogakubu Kenkyu Hokoku 19 (1985) 1.
[18] Chem. Abstr. (1987) 40092.
[19] Q. Tan, D.E. Day, K.R. Cadwallader, Proc. Biochem. 33 (1998) 29.
[20] A.Severino, A. Esculcas, J. Rocha, ]. Vital, L.S. Lobo, Appl. Catal. A 142 (1996) 255.
[21] C.M. Lépez, EJ. Machado, K. Rodriguez, B. Méndez, M. Hasegawa, S. Pekerar,
Appl. Catal. A 173 (1998) 75.
[22] A.L Allahverdiev, G. Gunduz, D. Murzin, Ind. Eng. Chem. Res. 37 (1998) 2373.
[23] C.M.Lépez, FJ. Machado, K. Rodriguez, D. Arias, B. Méndez, M. Hasegawa, Catal.
Lett. 62 (1999) 221.
[24] A.L Allahverdiev, S. Irandoust, D. Murzin, J. Catal. 185 (1999) 352.
[25] A.L Allahverdiev, S.Irandoust, B. Andersson, D. Murzin, Appl. Catal. A 198 (2000)
197.
[26] J. van der Waal, H. van Bekkum, J. Vital, J. Mol. Catal. A 105 (1996) 185.
[27] J.Vital, A.M. Ramos, LF. Silva, H. Valente, ].E. Castanheiro, Catal. Today 56 (2000)
167.
[28] H.Valente,]. Vital, in: H.U. Blase, A. Baiker, R. Prins (Eds.), Heterogeneous Catal-
ysis and Fine Chemicals 1V, Elsevier, Amsterdam, 1997, p. 555.
[29] A.F. Thomas, Y. Bessiere, Nat. Prod. Rep. (1989) 291.
[30] Japan Pat. 51-127044 (1976); Chem. Abstr. 86 (1977) 190275.
[31] PAR. Dutenhefner, K.A. da Silva, M.RH. Siddiqui, I.V. Kozhevnikov, E.V.
Gusevskaya, ]. Mol. Catal. A 175 (2001) 33.
[32] K. BenKli, I. Isikdag, K.H.C. Baser, Acta Pharm. Turc. 37 (1995) 90.
[33] M. Nomura, Y. Fujihara, H. Takata, Nippon Kagaku Kaishi 1 (1992) 63.
[34] Chem. Abstr. 116 (1992) 129268.
[35] R.L. Wadinger, G.T. Kerr, E.J. Rosinski, US Patent 3,308,069 (1967).
[36] J. Perez-Pariente, J. Sanz, V. Fornes, A. Corma, J. Catal. 124 (1990) 217.
[37] J.C. vander Waal, ML.S. Rigutto, H. van Bekkum, J. Chem. Soc., Chem. Commun.
(1994) 1242.
[38] J.B. Higgins, R.B. LaPierre, J.L. Schenker, A.C. Rohrman, ].D. Wood, G.T. Kerr, W].
Rohrbaugh, Zeolites 8 (1988) 446.
[39] W.M. Meier, D.H. Olson, Atlas of Zeolite Structure Types, 3rd ed., Butterworth-
Heinemann, London, 1992, p. 58.


http://dx.doi.org/10.1016/j.molcata.2008.09.017

M.Kr. Yadav et al. / Journal of Molecular Catalysis A: Chemical 297 (2009) 101-109 109

[40] M.W. Deem, .M. Newsam, J.A. Creighton, J. Am. Chem. Soc. 114 (1992) 7198.

[41] P.A. Venuto, Micropor. Mater. 2 (1994) 297.

[42] R.S. Downing, H. van Bekkum, R.A. Sheldon, Cattech (1997) 95.

[43] K. Tanabe, W.F. Holderich, Appl. Catal. A 181 (1999) 399.

[44] PJ. Kunkeler, B.J. Zuudeeg, ]J.C. vander Waal, J.A. van Bockoven, D.C. Konings-
berger, H. van Bekkum, J. Catal. 180 (1998) 234.

[45] M. Casagrande, L. Storaro, M. Lenarda, R. Ganzerla, Appl. Catal. A 201 (2000)
263.

[46] L. Boretto, M.A. Camblor, A. Corma, J. Perez-Pariente, Appl. Catal. 82 (1992) 37.

[47] ]. Pardillos, D. Brunel, B. Coq, P. Massiani, C. De Menorval, F. Figueras, J. Am.
Chem. Soc. 69 (1991) 125.

[48] ]. Perez-Pariente, E. Sastre, V. Fornes, ].A. Martens, P.A. Jacobs, A. Corma, Appl.
Catal. 69 (1991) 125.

[49] K.S.N. Reddy, B.S. Rao, V.P. Shiralkar, Appl. Catal. A 95 (1993) 53.

[50] B.Juguin, Fr. Patent 2,631,956 (1988).

[51] T.C. Tsai, C.L. Ay, I. Wang, Appl. Catal. 77 (1991) 199.

[52] A. Dyer, An Introduction to Zeolite Molecular Sieve, Jonh Wiley and Sons, Ltd.,
1988, p. 65.

[53] S.J. Gregg, K.S.W. Sing, Adsorption, Surface Area and Porosity, Academic Press,
New York, 1982.

[54] M. Muller, G. Harvey, R. Prins, Micropor. Mesopor. Mater. 34 (2000) 135.

[55] PJ. Kunkeler, B.]. Zuurdeeg, ].C. van der Waal, ].A. van Bokhoven, D.C. Konings-
berger, H. van Bekkum, J. Catal. 180 (1998) 234.

[56] S.Liu, J.F. Wu, LJ. Ma, T.C. Tsai, . Wang, ]. Catal. 132 (1991) 432.

[57] G.Busca, Phys. Chem. Chem. Phys. 1 (1999) 723.

[58] E.P. Parry, J. Catal. 2 (1963) 371.

[59] H.Knozinger, Adv. Catal. 25 (1976) 184.

[60] S. Chevalier, R. Franck, H. Suquet, J.F. Lambert, D. Barthomeuf, ]J. Chem. Soc.,
Farad. Trans. 90 (1994) 667.

[61] B. Tyagi, C.D. Chudasama, R.V. Jasra, Appl. Clay Sci. 31 (2006) 16.

[62] E. Gusevskaya, ].A. Goncalves, J. Mol. Catal. A 121 (1997) 131.

[63] C.M. Williams, et al., J. Chem. Soc. B (1971) 672.



	Acetoxylation and hydration of limonene and alpha-pinene using cation-exchanged zeolite beta
	Introduction
	Experimental
	Materials
	Catalysts preparation
	Catalysts characterization
	Catalytic activity

	Results and discussions
	Catalyst characterization
	Reaction studies

	Hydration and acetoxylation of limonene
	Hydration and acetoxylation of alpha-pinene
	Conclusions
	Acknowledgements
	Supplementary data
	References


