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a b s t r a c t

Hydration and acetoxylation of limonene and �-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 H2SO4 and amberlyst-15. Conversions of 9–26% and 58–82% were obtained
ccepted 14 September 2008
vailable online 23 September 2008

eywords:
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ydration

for limonene the in presence of glacial and aqueous acetic acid, respectively, and the selectivity for major
products �-terpinyl acetate and terpineol were up to 54% and 65%, respectively. Conversion values in
the range of 62–100% and 72–100% were obtained for �-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
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Brönsted acid-catalysed re

. Introduction

Limonene, �-pinene and �-pinene are naturally occurring
onoterpenes used as substrates for the production of monoter-

enoid flavours and fragrances [1,2]. Acid-catalysed hydration and
cetoxylation of terpenes are among the important synthetic routes
o valuable terpenic alcohols and esters which find applications in
erfumery and pharmaceutical industry [1]. Strong mineral acid
uch as H2SO4 is frequently used for hydration and acetoxylation of
erpenes [1]. However, the disposal of spent mineral acids poses a
erious environmental problem. Therefore, solid acid catalysts such
s zeolites [3–7] and cation exchange resins [8–10] being environ-
entally benign have been considered for these transformations.
Industrially, the hydration of �-pinene to produce �-terpineol,

hich is one of the top 30 commonly used flavour compounds
11], is mainly performed using dilute aqueous solutions of sul-
huric and phosphoric acid [12]. �-Terpineol can also be obtained
y hydration [13–18] or bioconversion [19] of limonene. How-

ver, search for higher selectivities and environmentally friendly
eaction conditions have resulted in a number of research efforts
ith an objective to replace the traditional homogeneous processes

y heterogeneous ones. In recent years, a reasonable amount of
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esearch work has been done on �-pinene isomerisation, using
atural or synthetic zeolites as catalysts [20–25]. Zeolites namely
eta [26,27] and USY [27,28] have also been successfully used in
he hydration reaction of �-pinene, with good selectivity of 48%
or terpineol, although long reaction times and high water/terpene
atios are required to ensure good selectivities for �-terpineol at
igh pinene conversions. The acid-catalysed processes of limonene
ydration commonly produce large amounts of diols besides terpi-
eols [29]. The mixture of �- and �-terpinyl acetates were obtained

rom limonene and acetic acid with ferric sulphate as the catalyst
30]. The homogeneous and heterogeneous hydration and acetoxy-
ation of monoterpenes catalysed by heteropoly acid have been
eported [31]. In hydration of �-pinene, the application of solid acid
atalysts such as cation exchange resins, activated carbon dispersed
n polymeric membranes [32] and zeolites [8,26,27,33,34] have also
een reported.

Zeolite beta can be synthesized [35–37] with Si/Al values from
0 to >100, and possesses a three-dimensional intersecting channel
ystem, two mutually perpendicular straight channels, each with a
ross-section of 7.4 × 6.5 Å running in the a- and b-directions and a
inusoidal channel of 5.5 × 5.5 Å running parallel to the c-direction
38–40]. Due to its high acidity and larger sized pore system this
eolite has been reported to be a potential re-generable catalyst

n organic reactions [41–45] catalytic cracking [46], isomerisation
47,48], aromatic alkylation with alkenes [49], isobutane alkylation
ith n-butene [50], and disproportionation of hydrocarbons [51].

The present study describes the liquid phase acetoxylation
nd acetoxylation/hydration of limonene and �-pinene using

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:rvjasra@gmail.com
mailto:rakshvir.jasra@ril.com
dx.doi.org/10.1016/j.molcata.2008.09.017
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eolite beta and its cation-exchanged analogues as catalysts. Cation
xchange is known to modify catalytic activity and molecular siev-
ng properties of zeolites [52]. Emphasis is put on achieving high
electivities towards the addition products, terpineol, borneol and
heir acetates.

. Experimental

.1. Materials

Zeolite beta was purchased from Zeocat, Uetikon which had
chemical composition of 1.2% Na2O, 7.8% Al2O3 and 91% SiO2.

imonene, �-Pinene was purchased from Sigma–Aldrich, USA and
ll other chemicals used in the present study were AR grade from
.D. Fine Chemicals Ltd., Bombay, India. All chemicals procured
ere used as such without any purification or any other treatment.

.2. Catalysts preparation

The commercially obtained beta zeolite denoted as Na-beta was
sed for preparing H-beta as follows; Na-beta was ammonium
xchanged by treating zeolite with 0.1 M ammonium chloride solu-
ion in a 1:80 (w/v) ratio at 80 ◦C for 6 h in an oil bath. Thus treated
eolite was then filtered, and washed with hot distilled water till
l− was no more detected by AgNO3 solution. The same proce-
ure was repeated thrice to ensure complete ammonium exchange.
ried ammonium-exchanged zeolite sample was calcined by heat-

ng at 550 ◦C in air for 6 h to produce H-zeolite. The H-beta thus
repared was ion-exchanged with solutions of 11 different metal
alts. The different metal salt solutions used were those of La3+,
i+, Ce3+, Co2+, Cu2+, Ag+, Fe2+, Mn2+, Ni2+, Sr2+, and Zn2+. H-beta
as mixed with 0.1 M aqueous solution of each salt separately.

he zeolite to salt solution ratio was kept as 1:80 (w/v). The resul-
ant mixture was heated to 80 ◦C for 6 h and then filtered, washed
ith distilled water and dried at a temperature below 80 ◦C in vac-
um. The above-described procedure was repeated twice to achieve
igher ion exchange of all metal ions. In the case of silver exchange,
he above procedure was performed in dark to prevent oxidation
f silver ions. The catalysts were designated as M-beta, where M
epresents the exchanged metal ion.

.3. Catalysts characterization
All prepared catalysts were characterized for surface area, pore
olume, pore size distribution, and crystallinity. The surface area
nd pore volume were determined by N2 physisorption measure-
ents at 77.4 K employing the BET method [53] using Micromeritics
SAP 2010 surface area analyzer. The samples were activated under

able 1
roperties of the catalysts on dry basis.

atalyst BET S.A. (m2/g) Micropore volume (cm3/g) Crystallinity (%)

a-beta 548 0.171 100
i-beta 543 0.167 70
u-beta 534 0.173 91
a-beta 523 0.167 91
e-beta 512 0.164 91
n-beta 523 0.161 84

o-beta 534 0.167 86
n-beta 534 0.169 85
r-beta 518 0.167 77
i-beta 546 0.175 64
e-beta 528 0.170 91
g-beta 513 0.163 76
-beta 544 0.174 87
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acuum (1 × 10−2 mmHg) at 350 ◦C for 4 h prior to N2 adsorption
easurements.
Structural analysis of catalysts was done by X-ray diffraction

sing Philips X’Pert MPD diffractrometer with Cu K�1 (� = 1.5405 Å)
s a radiation source in 2� range from 2◦ to 60◦.

The catalyst morphology was determined by electron
icroscopy using a scanning electron microscope, Leo 1430VP.

he catalyst samples were mounted directly on the holders and
overed with sputtered gold and then observed at an accelerating
oltage of 10–20 keV.

Diffuse reflectance FT-IR spectra were recorded on a
erkinElmer Spectrum GX FT-IR spectrophotometer, equipped
ith ‘The Selector’ DRIFT accessory (Graseby Specac, P/N 19900

eries), an environmental chamber (EC) (Graseby Specac, P/N
9930 series), an automatic temperature controller (Graseby
pecac, P/N 20130 series) and a water circulator system (Julabo,
odel F-25, HD). ‘The Selector’ collects diffuse reflectance using

ptically optimized off-axis configuration. Activated samples with
yridine adsorbed on its surface were placed in the micro cup (cell)
f EC equipped with a ZnSe window using a special Delrin filling
unnel. For DRIFT experiments, catalyst sample was activated at
20 ◦C for 3 h and then exposed to pyridine vapour. Typically in
vacuum desiccator, 25 ml of dry pyridine and 0.5 g of zeolite

amples were kept under vacuum for 24 h. Subsequently, the sam-
les were evacuated (10−2 Torr) for 30 min at room temperature
o desorbs physisorbed pyridine. DRIFT spectra were recorded,
nitially at room temperature, in the range of 400–4000 cm−1 using
ry N2 as a carrier gas. The sample was then successively heated
t a specific temperature in the range of 100–450 ◦C at the rate of
5 ◦C min−1 at atmospheric pressure. The sample was held at each
emperature for 30 min, thus allowing sufficient time for pyridine
esorption before recording spectra. Vapours of desorbed pyridine
ere collected in dilute HCl solution. For recording the spectra,

ypically 100 scans were co-added at a resolution of 4 cm−1 with
standard mid-IR DTGS detector and a germanium-coated KBr

eam splitter.

.4. Catalytic activity

Typically, reactants were taken in a 50 ml two-necked round
ottom flask fitted with a coiled condenser. Reaction mixture was
eated to desired temperature with the reaction temperature being
ontrolled by a PID controller. The magnetic stirring was contin-
ously done for efficient contact between reactant molecule and
atalyst surface. Adequate precautions were taken to maintain the
eaction temperature and to restrict the vapour loss of products.
ll catalysts were activated at 450 ◦C for 4 h prior to their use in
atalytic reaction.

Brönsted acidity of all catalysts was measured using model
eaction of dehydration of cyclohexanol to cyclohexene. For cyclo-
exanol dehydration, 0.1 g of the catalyst, 2 ml of cyclohexanol and
g of molecular sieve 4 Å were taken in a 50 ml two-necked round
ottom flask. Reactions were conducted at 150 ◦C under continuous
tirring for 9 h. The catalysts and molecular sieve 4 Å were activated
t 450 ◦C for 4 h their use in the reaction. Molecular sieve 4 Å was
sed for in situ adsorption of water generated during dehydration
f cyclohexanol.

The reaction products were analyzed by a gas chromatograph
Hewlett–Packard, model 6890 USA) equipped with a Carbowax

apillary column 60 m long and 0.25 mm in internal diameter.
itrogen was used as a carrier gas (flow 0.5 ml/min) with injection
ort temperature of 250 ◦C, and column temperature ranging from
0 to 220 ◦C. Pure �-pinene, camphene, limonene, �-terpinene
nd tricyclene, �-terpinyl acetate, �-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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orneol were used for calibration of gas chromatography response:

onversion (mol%) = initial mol% − final mol%
initial mol%

× 100

electivity of product = GC peak area of desired product∑
GC peak area of all products

× 100

. Results and discussions

.1. Catalyst characterization
Table 1 shows the surface area and micropore volume of cata-
ysts studied for acetoxylation/hydration reactions. No significant
hange in the surface area and micropore volume of zeolite beta
fter cation exchange. The X-ray diffraction patterns correspond-
ng to Na-zeolite, H-zeolite and ion-exchanged zeolites are shown

i
o

c
t

Scheme 1. Hydration and acetoxylation of lim
lysis A: Chemical 297 (2009) 101–109

n Fig. S1 (supporting information). All the catalysts showed char-
cteristic peaks in 2� range of 7.5–22.5 corresponding to zeolite
eta. The X-ray crystallinity of ion-exchanged beta zeolites were
ompared with Na-beta using the equation:

rystallinity (%) =
( ∑

I∑
INa

)
× 100

here I is the intensity of six major peaks of samples and INa is the
ntensity of six major peaks of Na-beta zeolite.

Loss in crystallinity was found in ion-exchanged catalysts as
hown in Table 1. It could be due to dealumination in beta zeolite
uring the cation exchange and calcination processes [54]. H-beta
tructure is known to be relatively fragile and calcination or steam-

ng above 673 K is reported to cause dealumination with deposition
f extra framework aluminum inside the channels [55,56].

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

onene and �-pinene with acetic acid.
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f all catalysts are retained on ion-exchange and were similar to
a-zeolite.

Pyridine interacts differently with solid surface acid sites
epending upon the nature of acid sites, i.e., Brönsted or Lewis
ites [57] as depicted in Scheme 1 (supporting information). Species
(Lpy) is formed as coordinately bound pyridine through its lone
air of electrons on the nitrogen atom to Lewis acid center, e.g., Al3+

ations present on clay mineral surface. Species II (Bpy) is formed
s pyridinium ion, with a transfer of H+ ion from the Brönsted acid
ite of the minerals to pyridine. Species III (Hpy) is formed as a
esult of hydrogen bonding between the pyridine nitrogen atom
nd the OH groups of minerals. Pyridine vibration bands appear
n the IR region of 1400–1700 cm−1. The IR bands near 1640 and
540 cm−1 correspond to Bpy (Brönsted pyridine) acid sites. The
and at 1540 cm−1 attributed to NH bending of pyridinium ions

s characteristic for Bpy acid sites. The IR band at 1450–1455 cm−1 is
haracteristic of Lpy (Lewis pyridine) acid sites and bands near 1440
nd 1590 cm−1 correspond to Hpy (pyridine hydrogen-bonded)
ites [58,59]. A strong band at 1490 cm−1 is attributed to pyridine
ssociated with all acid sites, i.e., Lpy + Bpy + Hpy [60,61].

The DRIFT spectra of pyridine-adsorbed ion-exchanged beta
eolites were recorded at various temperatures as shown in Fig. 1.
n all samples, a broad peak at 1437–1445 cm−1 appearing at lower
emperature was attributed to the physical adsorption of pyri-
ine. At lower temperatures, the LPy peak at 1450–1455 cm−1 was
ound to merge with the above peak. However, at higher tem-
eratures, the LPy peak appeared clearly up to a temperature of
00 ◦C in all catalysts. The characteristic peaks of BPy appeared
t 1540–1545 and 1637 cm−1 at lower temperature. The peaks
ppearing at 1540–1545 cm−1 were sharper at lower temperatures
nd started diminishing as the temperature was increased. The
eak at 1637 cm−1 broadened at higher temperature. The peak at
490 cm−1 attributed to all types of sites disappeared at higher tem-
eratures. The HPy peaks at 1437–1445 and 1595–1599 cm−1 also
isappeared after 300 ◦C.

.2. Reaction studies

The acidic catalyst promotes not only addition of acetic acid
r water to limonene and �-pinene but also many side reactions

uch as skeletal and/or double-bond isomerisation and oligomeri-
ation of substrate molecules. The formation of �-terpineol along
ith its acetate was detected as the major products of limonene,
hile monocyclic �-terpineol and bicyclic borneol along with their

able 2
eaction of limonene with aqueous acetic acid using ion-exchanged beta zeolite.

atalysts Conversion of
limonene (%)

Selectivity of products (%)

A B C D E F G H I

i-beta 51 1 4 2 3 7 5 65 10 0
u-beta 57 2 7 3 3 9 5 57 8 3
a-beta 52 3 8 4 4 11 6 55 6 2
e-beta 54 3 7 4 5 11 8 53 7 2
n-beta 52 3 7 4 5 11 8 52 6 3

o-beta 53 2 6 3 4 8 5 58 12 2
n-beta 58 3 7 4 5 10 8 51 7 4
r-beta 52 3 7 3 5 10 6 57 7 2
i-beta 52 4 13 5 6 11 9 43 5 4
e-beta 51 4 8 4 6 13 9 46 4 4
g-beta 28 8 20 9 11 19 9 24 0 0
-beta 59 4 10 5 6 11 10 45 4 5

eaction conditions: Catalyst weight 0.1 g, limonene 2 ml, reaction temperature 50 ◦C,
eaction time 24 h, aqueous acetic acid 10 ml. A, �-Phellendrene; B, �-terpinene;
, �-terpinene; D, p-cymene; E, terpinolene; F, other isomers; G, �-terpineol; H,
-terpinyl acetate; I, others addition products.
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cetate were the major products of �-pinene (Scheme 1). The
alance between various reaction pathways is very delicate and
epends on the reaction conditions. The effect of reaction variables
n the catalytic activity and product distribution was studied as
escribed below.

. Hydration and acetoxylation of limonene

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

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

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

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

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

In presence of glacial acetic acid with all catalysts, limonene
onversion was in the range of 9–26% maximum conversion of 26%
as obtained with Cu-beta while it was minimum 9% with Ag-beta.

he product composition showed that two types of products were
ormed, addition products and isomerised products. �-Terpinyl
cetate was the main product with selectivity varying from 41%
o 53%.

In aqueous acetic acid conditions, maximum conversion of 59%
as obtained with H-beta while it was minimum 28% with Ag-beta.

he conversions obtained by Zn-beta 58% and Cu-beta 57% were
loser to that obtained with H-beta. For other ion-exchanged zeo-
ites, it varied from 51% to 54%. Product types were similar to those
btained with glacial acetic acid conditions. �-Terpineol was the

ain product. The maximum selectivity of 65% was obtained with

i-beta while it was minimum 24% with Ag-beta. The remaining
atalysts showed selectivity in the range of 43–58%.

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

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

Catalysts Conversion of
limonene (%)

Selectivity of products (%)

A B C D E F G H

Li-beta 18 3 11 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 11 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 6
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5. Hydration and acetoxylation of �-pinene

Tables 4 and 5 show the results of hydration and acetoxylation
of �-pinene with cation-exchanged beta zeolite. The product distri-
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eaction conditions: Catalyst weight 0.1 g, limonene 2 ml, reaction temperature 50
-terpinene; D, p-cymene; E, terpinolene; F, �-terpineol; G, �-terpinyl acetate; H, o

atalysts acetic acid easily adds to the exocyclic double bond of the
imonene yielding �-terpinyl acetate. In addition, �-terpineol was
lso formed, as acetic acid always contains water which is a more
fficient nucleophile than the acetic acid. In aqueous acetic acid,
ydration was very fast, and therefore �-terpineol was the major
roduct in the reaction.

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

Another side reaction that occurred under acetoxylation or
ydration condition is the isomerisation of exocyclic double bond
f the limonene yielding terpinolene, �-terpinene, �-terpinene as
he main products. The acid-catalysed isomerisation of limonene
as fast and reversible; therefore, products such as terpinolene,
-terpinene, �-terpinene can be recycled together with the uncon-
erted limonene [62]. In glacial acetic acid and aqueous acetic acid,
-terpinene and terpinolene were the major products. The prod-
ct selectivities in the former were in the range of 7–14% and
–17%, respectively, while in the latter it ranged from 4% to 20%

nd 7% to 19%. The formation of p-cymene was also observed for the
eaction.

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

F
w
a

able 4
eaction of �-pinene with glacial acetic acid using ion-exchanged beta zeolite.

atalysts Conversion of
�-pinene (%)

Selectivity of products (%)

A B C D E

i-beta 70 12 3 6 28 4
u-beta 100 10 1 16 19 6
a-beta 86 12 2 7 26 4
e-beta 87 13 2 6 27 4
n-beta 91 12 2 7 28 5

o-beta 89 13 2 6 27 4
n-beta 95 12 1 7 27 4
r-beta 79 12 2 7 30 4
i-beta 94 13 2 8 26 4
e-beta 81 14 2 5 29 3
g-beta 62 10 3 7 34 4
-beta 93 13 2 7 27 4

eaction conditions: Catalyst weight 0.1 g, �-pinene 2 ml, reaction temperature 50 ◦C, rea
erpinene; D, limomene; E, �-terpinene; F, p-cymene; G, terpinolene; H, others isomers; I
roducts.
3 16 10 42 2

action time 24 h, glacial acetic acid 10 ml. A, �-Phellendrene; B, �-terpinene; C,
addition products.

ere always higher in aqueous acetic acid than the glacial acetic
cid.
ig. 3. Isomers addition products and conversion for hydration of limonene. Catalyst
eight 0.1 g, limonene 2 ml, reaction temperature 50 ◦C, reaction time 24 h, aqueous

cetic acid 10 ml.

F G H I J K L M

4 7 6 12 2 12 0 5
2 10 5 12 2 3 1 14
4 8 7 12 3 6 1 7
7 8 8 13 1 4 1 7
6 8 7 12 2 4 1 8
7 7 7 11 2 6 0 7
7 8 6 12 2 4 1 9
6 7 8 12 2 4 0 6
6 8 5 12 3 5 1 9
7 7 7 14 1 2 1 7
4 8 10 11 1 3 0 3
8 8 6 14 2 2 1 8

ction time 24 h, glacial acetic acid 10 ml. A, Camphene; B, �-phellendrene; C, �-
, bornyl acetate; J, �-terpineol; K, �-terpinyl acetate; L, borneol; M, others addition
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Table 5
Reaction of �-pinene with aqueous acetic acid using ion-exchanged beta zeolite.

Catalysts Conversion of
�-pinene (%)

Selectivity of products (%)

A B C D E F G H I J 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 9 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
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The data on acidity of ion-exchanged beta zeolites was as deter-
eaction conditions: Catalyst weight 0.1 g, �-pinene 2 ml, reaction temperature 50 ◦

erpinene; D, limomene; E, �-terpinene; F, p-cymene; G, terpinolene; H, others isom
roducts.

ution in both the cases showed that more isomerisation products
ere formed than addition products.

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

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

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

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

In the presence of glacial acetic acid with all the catalysts,
-pinene conversion was in the range of 62–100%; maximum con-
ersion of 100% was obtained with Cu-beta while it was minimum
62%) with Ag-beta. In aqueous acetic acid conditions, maximum
onversion of 96% was obtained with H-beta while it was minimum
72%) with Ag-beta. For other ion-exchanged zeolites, it varied from
2% to 95%.

In the presence of glacial acetic acid, the formation of bicyclic
ddition product dominated and bornyl acetate was the major

roduct. However, with aqueous acetic acid, monocyclic alcohol, �-
erpineol, was always a major product among the addition products.
n the presence of glacial acetic acid, the isomerised products were
n the range of 68–81% and addition products were in the range of
9–32%. However, with 10% aqueous acetic acid isomerised prod-

ig. 4. Total addition products of catalysts for hydration and acetoxylation of �-
inene. Catalyst weight 0.1 g, �-pinene 2 ml, reaction temperature 50 ◦C, reaction
ime 24 h, glacial/aqueous acetic acid 10 ml.
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, bornyl acetate; J, �-terpineol; K, �-terpinyl acetate; L, borneol; M, others addition

cts were less. In the presence of acid catalyst, �-pinene rapidly
ormed carbonium ion, which rearranges to form the isomerised
roducts. The capture of nucleophile by the carbonium ion pro-
uced addition products. The addition of nucleophile occurred very
lowly by solvation of hydrocarbon products, rather than rear-
angement of carbonium ion intermediate [3,63]. The formation of
orneol and �-terpineol in hydration of �-pinene in the presence
f aqueous acetone and acidic zeolites has been explained by van
er Waal et al. [26].

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

Henson et al. reported that beta zeolite proved more active
or the methoxylation of �-pinene with the formation of addition
roduct �-terpinyl ether in good yield. Figs. 5 and 6 represent the
onversion and total amount of isomerised and addition products
or all catalysts. It can be observed from the figures that conversion
evels and the amount of the addition products were always high
n aqueous acetic acid as compared to that in glacial acetic acid.
ined by cyclohexanol dehydration to cyclohexene. The conversion
eems to be high for metal ion-exchanged beta catalyst. However,
rend in the acidity of the catalyst is observed even from the data

ig. 5. Isomers addition products and conversion for acetoxylation of �-pinene. Cat-
lyst weight 0.1 g, �-pinene 2 ml, reaction temperature 50 ◦C, reaction time 24 h,
lacial acetic acid 10 ml.
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Fig. 6. Isomers addition products and conversion for hydration of �-pinene. Catalyst
weight 0.1 g, �-pinene 2 ml, reaction temperature 50 ◦C, reaction time 24 h, aqueous
acetic acid 10 ml.
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able 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
ith hydration and acetoxylation of limonene and �-pinene. The

esults obtained confirmed that the conversion trend were in agree-
ent with the order of the acidity. These results show that these

eactions were catalysed mainly by Brönsted acid. �-Zeolite sam-
les possess both Brönsted and Lewis acid sites as observed from
T-IR spectra of pyridine-adsorbed samples.

. Conclusions

The present study describes the modification of the beta zeo-
ites by ion-exchange with metal cations such as silver, lanthanum,
erium, iron, cobalt, manganese, nickel, copper, zinc and strontium.
he pyridine-adsorbed IR data showed the presence of Brönsted
nd Lewis acid sites in catalysts. These modified beta zeolites are
sed for hydration and acetoxylation of �-pinene and limonene.

onversion levels were 9–26% and 58–82% for limonene in the
resence of glacial and aqueous acetic acid, respectively, and the
electivity for major products �-terpinyl acetate and terpineol were
p to 54% and 65%, respectively. Conversion levels were 62–100%
nd 72–100% for �-pinene in the presence of glacial and aque-
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us acetic acid, respectively. Isomerisation and addition reactions
ere found simultaneously in the system and bornyl acetate and
-terpineol were the major products among addition products for
lacial and aqueous acetic acid, respectively. In the conversion of
oth limonene and �-pinene the aqueous acetic acid conditions
re more favourable. The study shows the potential of ion-exchange
eta zeolites for Brönsted acid-catalysed monoterpene transforma-
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