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a  b  s  t  r  a  c  t

In  this  study,  we  report  the  use  of  clay-based  catalysts  in  the  methoxylation  of �-pinene,  for the  selective
synthesis  of �-terpinyl  methyl  ether,  TME.  The  main  reaction  products  and  intermediates  were  identified
by  GC–MS.  The  reaction  conditions  (stirring  rate  and  catalyst  load)  that  afford  a kinetic  regime were  estab-
lished.  SAz-1  (Cheto,  Arizona,  USA)  source  clay  and  a montmorillonite  (SD)  from  Porto  Santo,  Madeira
Archipelago,  Portugal,  were  modified  by  ion-exchange  with  Al3+ to produce  catalysts  with  markedly
different  acidities  and  textural  properties.  The catalysts  based  on the  high  layer-charge  SAz-1  montmo-
rillonite  proved  to be  the  most  active.  Ion-exchange  with  Al3+, followed  by  thermal  activation  at  150 ◦C,
afforded  the  highest  number  of  Brønsted  acid  sites  – a significant  proportion  of  which  were  located  in
the  clay  gallery  – and  this  coincided  with  the  maximum  catalytic  activity.  The  influence  of  various  reac-
tion  conditions,  to maximize  �-pinene  conversion  and  selectivity,  was  studied  over  AlSAz-1.  When  the
reaction  was  performed  for 1 h at 60 ◦C,  the  conversion  reached  65%  with  65%  selectivity  towards  the
erpinyl methyl ether mono-ether,  TME.  Similar  conversions  and  selectivities  required  up  to  50 h  over  zeolites  and  other  solid
acid  catalysts.  The  kinetic  dependencies  of  this  reaction  on  temperature  and reagent  concentration,  over
the  selected  clays  were  also  investigated.  It was  established  that, in  the  temperature  and  reagent  con-
centration  regime  studied,  the  reaction  was  first order  with  respect  to  �-pinene.  The  apparent  activation
energies  over  the  two  catalysts,  calculated  from  Arrhenius  plots,  were  almost  identical  at 72  kJ mol−1.
. Introduction

The use of renewable feedstocks, such as monoterpenoids, to
roduce fine chemicals via heterogeneous catalytic processes is
onsidered a sustainable approach which conforms with the princi-
les of green chemistry [1]. Terpenes, such as limonene and pinene,
re an abundant renewable feedstock, used as starting materials for
he synthesis of fine chemicals, in food, cosmetic and pharmaceu-
ical industries. Terpenes are found not only in several essential

ils but also as the major constituents of pine resins and of some
yproducts of the pulp, paper and food (citrus) industries [2,3].
inene is a natural bicyclic monoterpene that can be separated,
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by steam distillation, from gum and sulphate turpentine which
presents two  structural isomers (�- and �-). �-Pinene is the most
widely encountered terpenoid in nature [2] and finds numerous
uses in the food, fragrance and pharmaceutical sectors as well
as in the synthesis of chemical intermediates. Thus, �-pinene is
considered a versatile building block for the synthesis of high-
value added chemicals, mainly through catalytic processes, such as
isomerization, epoxidation and pinene oxide isomerization, hydra-
tion and dehydroisomerization, esterification, etherification [2–4]
and also in a four-step synthesis of linalool from �-pinene [6,10].
The alkoxylation of pinene is a less explored route to produce
1-methyl-4-(˛-alkoxyisopropyl)-1-cyclohexenes. These compounds
are used as flavours and fragrances for perfume and cosmetic
products, as additives for pharmaceuticals and agricultural chem-
icals, and also in the food industry. Among these functionalized

monoterpenes, the �-terpinyl methyl ether is of commercial inter-
est due to its pleasant grapefruit-like aroma. This compound is
conventionally produced via the alkoxylation of pinene or limonene
using mineral acids. The use of strong homogeneous liquid acids
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Table 1
Elemental composition for the purified host clays and for the Al3+ ion-exchanged
forms.

Clay Chemical composition, % oxide

Na Mg Al Si K Ca Ti Fe

NaSD 2.6 3.4 20.5 57.4 0.9 0.5 3.3 10.3
SAz-1 0.1 6.7 20.0 59.7 0.2 3.2 0.3 1.8
72 C. Catrinescu et al. / Applied Cat

s not recommended for industrial applications due to the associ-
ted corrosion and environmental challenges. Previous studies on
-pinene and limonene methoxylation have been principally per-

ormed using zeolites [7] although clay-based catalysts can also
e used [8]. The alkoxylation of limonene over � zeolite and ion-
xchanged clays afforded good yields (around 85%) whereas the
ethoxylation of pinene, over the same � zeolite, gave lower yields

50%) of the same product. The methoxylation of pinene has been
lso studied over acidic cation exchange resins [9] and sulphonic
cid-modified mesoporous silica [10]. However, more recent stud-
es over poly(vinyl alcohol) containing sulfonic acid groups [11],
eteropolyacids immobilized on silica [12] and microporous and
esoporous carbons [13] reported good selectivities, of ca. 60%, at

lmost complete conversion.
Clay minerals, which are natural materials that cost significantly

ess than the catalysts listed above, are versatile and environmen-
ally friendly catalysts that can be modified with relative ease to
romote a wide variety of organic reactions [14]. Beside the type of
lay, the nature, the locality and the extent of the isomorphic sub-
titution strongly influences the layer charge of the clay and exerts

 major influence on the acidity and accessibility of the active sites.
hese intrinsic characteristics of the clays, responsible for their
atalytic activity, can be readily improved using different meth-
ds such as ion-exchange, acid treatment and pillaring [15]. Thus,
i2+- and Al3+-exchanged montmorillonites, following appropri-
te thermal activation procedures, are considered model Lewis and
rønsted acids, respectively. The nature of the active sites has been
nequivocally determined using FT-IR spectra of adsorbed pyridine
16] and verified by catalytic data.

In this work we report the synthesis of �-terpinyl methyl ether
ia the methoxylation of �-pinene over clay catalysts. Based on
ur recent results detailing the methoxylation of limonene [8], two
tarting clays, with different compositions and properties, were
elected and these were activated by ion-exchange with Al3+ and
hen thermally activated at 150 ◦C. This approach is known to afford
he maximum catalytic activity in Brønsted acid catalysed organic
eactions involving polar reagents.

. Experimental

.1. Catalyst preparation

SAz-1 (Cheto, Arizona, USA), received from The Clay Mineral
ociety Source Clay repository (Purdue University), was  suspended
n deionized water and the <2 �m size fraction was  collected by
entrifugation. The raw bentonite (SD) was collected from the Serra
e Dentro deposit (Porto Santo - Madeira Archipelago, Portugal)
nd purified [17,18] to give the Na-exchanged form (NaSD). The
ajor impurities were removed by low speed centrifugation (6 min,

t 600 rpm), to obtain the <2 �m size fraction, followed by the
emoval of inorganic carbonates by incremental addition of a
.5 M sodium acetate buffer until the clay suspension reached
H 6.8. Then, the product was converted into the Na-exchanged
orm using 1 M aqueous sodium chloride solution. Excess Cl− was
emoved by dialysis and the solid clay was obtained after drying the
el collected following centrifugation at 4500 rpm for 30 min.The
hemical composition for SAz-1 and NaSD is reported in Table 1.

SAz-1 and NaSD were treated three times with 0.3 M Al(NO3)3,
ashed, dried and ground to give the AlSAz-1 and AlSD catalysts.

hese samples were stored in a desiccator over saturated aqueous
a(NO3)2.
.2. Characterization

The XRD patterns were recorded using a Shimadzu LabX
RD-6000 diffractometer with Cu K� radiation (� = 1.54184 Å).
AlSD 0.1 2.9 22.5 54.4 0.8 0.1 5.0 12.8
AlSAz-1 0.1 6.3 23.2 68.1 0.1 0.0 0.3 1.7

The nitrogen adsorption–desorption isotherms at −196 ◦C were
determined on an Autosorb iQ from Quantachrome Instruments,
equipped with turbomolecular pumps for high vacuum attain-
ment, using helium (for dead space calibration) and nitrogen of
99.999% purity. Prior to the adsorption measurements, all the sam-
ples were outgassed for 5 h at 200 ◦C, achieved using a heating rate
of 1 ◦C min−1.

TG data were recorded on a Mettler TG50 thermobalance
equipped with a TC10A processor. Samples (∼10 mg) were trans-
ferred directly out of cyclohexylamine (CHA) vapour into the
thermobalance and the desorption traces were recorded at a
heating rate of 20 ◦C under a nitrogen flow of 25 cm3/min. Sam-
ples were conditioned for 15 min  under flowing nitrogen to
reduce the amount of physisorbed CHA. Variable temperature dif-
fuse reflectance infrared Fourier transform spectra (VT-DRIFTS),
were recorded at room temperature, then at 25 ◦C increments
until 250 ◦C. Samples were held at a specific temperature for
15 min  in a flow of dry nitrogen in a variable-temperature cell
(Graseby-Specac; maximum operating temperature 500 ◦C). The
spectrometer used was a Mattson Polaris operating at 4 cm−1 res-
olution and 256 scans.

2.3. Catalytic tests

�-Pinene and n-decane (internal standard) received from Sigma
Aldrich were dried over anhydrous magnesium sulphate prior
to use. Anhydrous methanol was  used as received from Sigma
Aldrich. The reactions were performed in a stirred 25 ml  batch reac-
tor, equipped with a reflux condenser, under drying tube (CaCl2)
protection. Before the reaction, a known amount of catalyst was
thermally activated at 150 ◦C, in air, for 2 h in a vial. Before being
removed from the oven, the vials were stoppered and then placed in
a desiccator to cool and prevent rehydration. After being cooled at
room temperature (15 min) the catalyst powder was quickly trans-
ferred into the reaction vessel containing dry methanol, preheated
at the reaction temperature. The injection of pinene and n-decane
(internal standard) marked the start of the reaction. Samples were
taken periodically and the catalyst was removed by syringe filtra-
tion. The filter had no influence on the reaction products and no
further reaction took place during storage. The reaction products
were identified by GC–MS (Agilent 6890N/MSD GC–MS system) and
quantified by GC with FID, using a J&W Carbowax 20 M column and
n-decane as an internal standard.

In a separate test the effect of the larger amounts of water avail-
able in non-thermally activated clays was evaluated. These high
water content samples were stored in a desiccator over saturated
aqueous Ca(NO3)2 prior to their use as a catalyst.

Initial reaction rates were calculated utilizing the concentra-
tion versus time data collected during the first few minutes of
the reaction. During this initial time period, the concentration of
the reactants decreased almost linearly with time, and hence the

reaction rate i.e., the differential of the reactant concentration with
respect to time, was calculated from the slope of a linear fit to these
initial data.



C. Catrinescu et al. / Applied Catalysis 

Table  2
The main characteristics of the Al3+-exchanged clays.

Clay d001, Å AsBET, m2 g−1 Acidity, mmol  H+ g−1 clay CEC, meq  100 g−1
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Al-SD 14.8 140 1.2 81
Al-SAz-1 14.8 96 1.64 120

. Results and discussion

.1. Characterization

The chemical analysis of the original and ion-exchanged clays
Table 1) confirmed that SAz-1 contained a large amount of struc-
ural magnesium – located in the octahedral sheet – and, in
omparison to SD, exhibited a higher cation exchange capacity
CEC) which reflected a higher layer charge. The purified SD sam-
le is an iron-rich clay that displayed a markedly higher specific
urface area than SAz-1. The most important results of the physical-
hemical characterization are summarized in Table 2.

The XRD trace of the unpurified SD confirmed that the major
omponents were montmorillonite and magnesian calcite (C).
maller amounts of anorthite (A), feldspar (F) and quartz (Q)
ere present as impurities (Fig. 1). However, most of the impu-

ities were removed during the purification step, as shown in
he trace obtained from NaSD. The powder XRD patterns of the
l3+-exchanged clays revealed peaks corresponding to montmo-
illonites, with well defined d001 reflections (5.96◦ 2�, 14.8 Å),
uggesting a well-ordered arrangement of the clay platelets, with
wo layers of hydration water in the interlayer prior to activation
t 150 ◦C.

The textural properties of Al3+- exchanged clays were inves-
igated using nitrogen adsorption at −196 ◦C. The values of the
pecific surface areas, obtained by applying the B.E.T. method [23]
o the corresponding isotherms, are presented in Table 2. These

epresent the accessible surface in the unswollen state of the clay
nd is determined by the microporosity resulting from the quasi-
rystalline overlap region and from the accessible areas of the
nterlayer [8]. The total specific surface area might also be affected,
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Fig. 1. The powder XRD patterns for raw, purified and Al3+-exchanged clays. Im
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to a smaller extent, by the arrangement of the particles with respect
to each other (microstructure). Previous work revealed that the
isotherms for Al-SD and Al-SAZ-1 approached type IIb [8] and dis-
played hysteresis loops associated with slit shaped pores between
plate-shaped particles. The high surface areas were attributed to
the presence of narrow micropores [8].

The nature of the acid sites generated on the Al3+-exchanged
clays were explored by comparing the variable temperature dif-
fuse reflectance infrared Fourier transform spectra (VT-DRIFTS) of
pyridine-treated samples and the number of sites were estimated
using thermal desorption (TG) of cyclohexylamine (CHA). In accor-
dance with our previous studies [8,16,20], Al3+-exchanged clays
exhibited bands at 1635 and 1540 cm−1 attributed to pyridinium
ion, formed on Brønsted acid sites (BPYR), and some minor bands at
1613 and 1450 cm−1 that are diagnostic for pyridine co-ordinately
bound to Lewis acid sites (LPYR). The peaks at 1596 and 1440 cm−1,
in the spectra recorded at lower temperatures, report the presence
of H-bonded pyridine (HPYR). All these species contribute to the
intensity of the 1490 cm−1 band although the largest contribution
at higher temperatures (>120 ◦C) is from BPYR.

The evolution of these diagnostic bands with temperature is pre-
sented in Fig. 2. The spectrum recorded at 50 ◦C for pyridine-treated
Al3+-exchanged samples revealed an already well-defined BPYR
peak at 1539 cm−1. This peak increased in intensity and reached
a maximum at 150 ◦C, then diminished progressively for activa-
tion at higher temperatures. The continued presence of this band
at 250 ◦C highlighted the strength of the Brønsted acid sites on Al3+-
exchanged clays. The spectrum of pyridine-treated Al-SD at 150 ◦C
exhibited strong bands, diagnostic of pyridine bound to Brønsted
acid sites, at 1490, 1540 and 1653 cm−1 [8,16].

Thermal desorption of cyclohexylamine was  used to quantify
the number of the acid sites on clay catalysts [16]. The technique
determines the weight loss between 280 and 440 ◦C and converts
it to the number of mmol  of CHA desorbed. The relative ease of

obtaining this quantity has popularized its use, even though the
value obtained does not readily distinguish between cyclohexy-
lamine bound to Brønsted or Lewis acid sites [20]. The quantity of
CHA desorbed from Al-SD, in the appropriate temperature interval

25 30 35 40
 degree s

F
A A

C

Q

purities: magnesian calcite (C), anorthite (A), feldspar (F) and quartz (Q).
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Fig. 2. VT-DRIFTS spectra of Al-SAz-1 following exposure to pyridine vap

Table 2) was lower than that desorbed from Al-SAz-1, which cor-
elated well with the difference in CEC between SAz-1 (120 meq
00 g−1) and SD (81 meq  100 g−1).

A significant difference between SAz-1 and SD is the extent of
eplacement of aluminium by magnesium in the octahedral layer,
esulting in different layer charges which are identified by the dif-
erent cation exchange capacities (CEC) and acidities, as shown in
he last two columns in Table 2. The location and the density of
he layer charge are the main characteristics that are expected to
nfluence the catalytic activity, provided that the interlayer space
s accessible to the reagents.

.2. Catalytic tests

.2.1. Potential mass transfer limitations
A preliminary investigation was conducted to identify the

xperimental conditions that ensure a true kinetic regime for the
ests, i.e. the absence of external mass transfer limitations. Initial
ate measurements were carried out at different stirring rates, cata-
yst loadings and temperatures. The extent of the external diffusion
as been verified by performing experiments at increasing stirring
ates (100, 250, 500 and 750 and 1000 rpm at 60 ◦C). The reaction
ate increased up to 500 rpm then approached an asymptotic value
eyond which the external mass transfer effects were negligible.

Having adopted a reaction temperature of 60 ◦C and a stirring
ate of 750 rpm, the kinetic regime was confirmed by perform-
ng experiments at increasing catalysts loads. The absence of

ass transfer limitations at this temperature also guaranteed their
bsence at lower temperatures, where the reaction was slower. The
xperimental results were plotted using 1/r  = f(1/m) charts (Fig. 3),
here r is the reaction rate and m is the mass of catalyst used

21,22]. The plots were linear, for 0.50–4.0% (w/v) range, and passed
hrough the origin, confirming that the mass transfer resistance
as negligible in this range. The value of the reaction rate per
nit catalyst mass (3 × 10−6 mol  s−1 g−1) was constant over this

nterval and decreased to values below 2 × 10−6 mol  s−1 at catalyst

oadings in excess of 10% w/v. Significantly lower reaction rates
<10−7 mol  s−1 g−1) were reported by Pito et al. [11,12] and Matos
13] in catalytic tests performed over extended reaction time, of
0–60 h.
ber s,  1/cm

d evacuation at (a) 50 ◦C, (b) 100 ◦C, (c) 150 ◦C, (d) 200 ◦C and (e) 250 ◦C.

3.2.2. Reaction products and intermediates
Scheme 1 illustrates the main reaction products and intermedi-

ates identified using GC–MS (Supporting information). Pinene (1)
reacted with methanol over the acid sites available on the clay
surface to form terpinyl methylether, TME, (8) as the main reac-
tion product. Other compounds were also identified in the complex
reaction mixture and the most important intermediates were iden-
tified as: (i) bi-cyclic terpenes: camphene (9) and unreacted pinene
(1); (ii) monocyclic terpenes: limonene (5), terpinolene (6) and ter-
pinene (7), and (iii) bicyclic ethers (�-fenchyl methyl ether, and
bornyl methylethers).

In order to explain the formation of these intermediates, it is
reasonable to assume that protons generated by the polarization
of water [5,19,20], or methanol [8], by the small, highly-charged
Al3+-cations will protonate pinene (1), leading to the pinyl ion
(2). Another possibility is the generation of methoxonium ions
from methanol, which will act as the protonating agent of pinene,
leading to the same pinyl ion (2). Then, the acid-catalysed pro-
cess proceeds via two  parallel pathways: (i) ring expansion, via
the bornyl ion (4), giving rise to bi- and tricyclic isomerization
products (camphene, 9) and, after the addition of methanol, to
bicyclic ethers (methyl fenchyl ether, 10, methyl bornyl ether,
11), and (ii) via the terpinyl ion (3), yielding monocyclic ter-
penes as isomerization products (limonene, 5, terpinolene, 6,
terpinene, 7) and terpinyl methylethers as methoxylation products
(terpinyl methylether, 8). This range of intermediates and prod-
ucts conforms with the reaction scheme proposed by Pito et al.
[11,12].

A typical set of concentration versus time data, obtained for
the alkoxylation of �-pinene over Al-SAz-1 and Al-SD catalysts, is
presented in Fig. 4. This figure also presents the yield of pinene
and terpinyl methylether, as a function of time elapsed, along with
the content of the other products identified above. The solid lines
linking the decrease in �-pinene concentration at early times iden-
tify the ranges used for the calculation of the initial reaction rates,
estimated as described in the experimental section.

The most important feature of this catalytic system was the

high selectivity towards the main product, �-terpinyl methyl ether,
especially at high pinene conversions. This behaviour contrasts
with that of limonene alkoxylation, when high selectivity was
observed during the early stages of reaction and decreased at high
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ig. 3. The influence of the catalyst load on the initial reaction rate over AlSAz-1 an
0 ◦C, 750 rpm.

imonene conversions. The system studied here is of considerable
ractical importance because it offers good selectivities towards
he mono-ether (65%), even at high pinene conversion (higher than
0%). Moreover, the Al3+-clay catalysts were able to produce these
igh yields in only 1 h whereas other solid acids [11–13] required
p to 50 h to produce similar results.

The data in Fig. 4 clearly demonstrate that the catalytic activ-
ty was profoundly influenced by the nature of the starting clay
SAz-1 or SD). Catalytic activities over clays, whether they arise
rom Brønsted or Lewis acidity, generally correlate with the cation-
xchange capacity (CEC) of the base clay, provided the reactant can
nter the gallery. Thus, SAz-1, a well-known montmorillonite of
elatively high CEC (120 meq  (100 g clay)−1), would provide more
cid sites than a similarly exchanged SD sample (CEC 81 meq
100 g clay)−1). The catalytic activities recorded in this reaction
learly reflected the relative abundance of acid sites on the catalyst

urface. Thus, for these Al3+-exchanged clays the order of activities
as the same as the order of acid site concentrations, as determined

y CHA desorption experiments (Table 2), which were also related
o the CEC of the selected clay.

Scheme 1. The main reaction products and intermedia
. Inset: Early time behaviour. Reaction conditions: 10 ml methanol, 0.5 ml  pinene,

The selectivity towards �-terpinyl methyl ether (Fig. 4) was sim-
ilar, irrespective of the nature of the host clay, suggesting that the
same mechanism was operating in both cases. This is consistent
with the proposed model, with protons being produced from water
molecules that have been strongly polarized by the exchangeable
Al3+-cations present in the interlayer space of the clay [8,16,19,20].

3.2.3. Influence of the thermal activation temperature
Fig. 5, which presents the pinene conversion over AlSAz-1

catalyst pretreated at different temperatures, supported the gen-
erally accepted model that the acid character of an Al3+-exchanged
montmorillonite is strongly dependent on the thermal activation
procedure. The deliberately hydrated samples, displayed a very
low catalytic activity, suggesting that the acid sites were blocked
by water making them inactive towards the reactants. Increasing
the pretreatment temperature to 80 and 100 ◦C caused a marked

increase in activity. The maximum Brønsted acidity was generated
upon thermal activation at 150 ◦C, as shown in the VT-DRIFTS spec-
tra of the pyridine treated Al3+-clays, but only a slight increase in
activity was  observed at this temperature. Increasing the thermal

tes identified by GC–MS in the reaction mixture.
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ctivation temperature above 150 ◦C, is known to cause a reduction
n the Brønsted acidity and an increase in the Lewis acidity in accor-
ance with the model in which the exchange ions become electron
air accepting, or Lewis acid, sites as the directly coordinated water

s driven off [16]. Therefore, a pretreatment temperature of 150 ◦C
as selected for further studies, in order to avoid the uncertainty

egarding the Brønsted/Lewis acid balance and to take advantage
f the maximum number of the Brønsted acid sites.

The variation of selectivity towards terpinyl methylether, TME,
ith the extent of pinene conversion was also scrutinized. The data

n Fig. 5B clearly illustrate that the activation temperature exerted
ittle influence on selectivity, especially at low pinene conversion.

herefore, while the activation temperature exerted a consider-
ble effect on the reaction rate, the selectivity toward TME  was
ot influenced in any significant way.
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ig. 5. The effect of the Al-clay activation temperature on the methoxylation of �-pinene
eaction conditions: 200 mg  cat, 10 ml  methanol, 0.5 ml  pinene, 60 ◦C.
 over (a and b) AlSAz-1 and (c and d) AlSD. Reaction conditions: 200 mg catalyst,

3.2.4. Influence of the reaction temperature
The influence of the reaction temperature on pinene con-

version and selectivity towards the mono-ether is presented
in Fig. 6A and B. The catalysed reactions were carried out at
different temperatures (35, 45, 55 and 65 ◦C) over 100 mg of
Al-SAz-1 catalyst while the pinene: methanol molar ratio and
the catalyst loading were kept constant. As anticipated, pinene
conversion increased with the temperature, under otherwise iden-
tical conditions. The same trend was  observed for limonene
conversion in a related system [8]. Increasing the tempera-
ture up to 65 ◦C, did not lead to a decrease in selectivity, as
observed in the previous study on limonene methoxylation [8].

The selectivity to the mono-ether (Fig. 6), at constant conversion,
seems to be largely unaffected by raising the reaction tempera-
ture.
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Fig. 6. The effect of the reaction temperature on the methoxylation of �-pinene: (A) �-pinene conversion vs. time and (B) the correlation selectivity vs. conversion. Reaction
conditions: 100 mg  Al-SAz-1, 0.5 ml  Pinene, 10 ml  MeOH.
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ig. 7. The effect of the initial pinene concentration on the methoxylation of �-pin
eaction conditions: 200 mg  catalyst, 10 ml  methanol, 60 ◦C.
.2.5. Influence of initial ˛-pinene concentration
The effect of the initial �-pinene concentration on the conver-

ion and on the selectivity towards the mono-ether is presented
n Fig. 7. Doubling the initial pinene concentration, from 0.3 to

ig. 8. �-Pinene concentration versus time during the methoxylation of �-pinene over AlS
0 ◦C.
A) �-pinene conversion vs. time and (B) the correlation selectivity vs. conversion.
0.6 mol/L, only caused a slight decrease in pinene conversion at a
fixed reaction time; this trend was further accentuated at a higher
initial concentration (1.05 mol/L). Note that the initial reaction rate
was higher when the initial concentration of pinene was  higher,

Az-1 and AlSD. Reaction conditions: 200 mg catalyst, 10 ml  methanol, 0.5 ml pinene,
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Fig. 9. Arrhenius plot for methoxylation of �-pinene over AlSAz-1 and

nder otherwise identical conditions. Again, the selectivity to the
ono-ether, at similar conversion, was not affected by the initial

inene concentration.

.3. Kinetic study

The linear form of the logarithmic plot of �-pinene concen-
ration versus time, demonstrated that the reaction over the clay
atalysts followed pseudo first-order kinetics; i.e. first order with
espect to �-pinene and zero-order with respect to methanol,
ecause the latter was present in large excess. The values of the
eaction rate constants, determined from the slopes of the two lines
f negative slope in Fig. 8, confirmed that the rate of reaction at 60 ◦C
as faster over Al-SD than Al-SAz.

An Arrhenius plot of these reaction rate constants is shown
ig. 9. The slopes of the ln r versus 1/T  lines were similar for both
l-exchanged clays, and an activation energy of 71.7 kJ/mol was
btained for the alkoxylation reaction.

The similarity in activation energies suggested that the differ-
nce in rate constants must be attributed to a difference in the
re-exponential factor. An acceptable explanation for the faster
ate over AlSD is that the significantly higher external surface area
akes it easier for the reactant and product molecules to arrive at

he Brønsted acid sites in the gallery. This suggests that the rate
etermining step involves transport from the liquid phase to the

nterlayer space perhaps via a ‘stagnant’ layer of reaction medium
lose to the clay surface. Alternatively, the larger distance between
xchange sites in AlSD, which has a lower density of exchange sites
er unit surface, may  control or contribute to easier access to the
eaction sites in the clay interlayer. The high charge density of the
lSAz sample may  result in interlayer congestion which results in

 slower rate of turnover at the acid sites.

. Conclusion

Modified clays have been proposed as active and selective cata-
ysts for the synthesis of �-terpinyl methyl ether by alkoxylation of
-pinene with methanol. The GC–MS analysis of the reaction mix-

ures showed that �-terpinyl methyl ether was obtained with good
electivity over the Al3+-exchanged clay catalysts. AlSAz-1 was  sig-

ificantly more active than the similarly exchanged SD, and this
ehaviour was rationalized taking into account the higher number
f Brønsted acid sites present in this high charge clay, as shown
y the acidity measurements (VT-DRIFTS and TG of CHA). The
-1 

. Reaction conditions: 100 mg catalyst, 10 ml  methanol, 0.5 ml pinene.

activation temperature had a strong influence on the acidity of
the clay surface and was, consequently, a significant factor in the
control of the reaction rate. In addition, other reaction parameters,
such as the reaction temperature and the initial concentration of
�-pinene could be used to optimize the catalytic activity. The selec-
tivity towards the mono-ether at constant conversion was much
less dependent on these parameters.

The most important feature of this catalytic system was the
high selectivity towards the main product, �-terpinyl methyl ether,
especially at high pinene conversions. In this sense, the selectivity
towards TME  (65%), obtained over Al3+-exchanged clays, is simi-
lar to that obtained by Pito et al. [11,12] and Mato et al. [13] (60%)
but at a much higher reaction rate. On the other hand, Hoelderich
[7] suggested that zeolite � is more active than the clay-based
catalysts, at the expense of the selectivity, which is significantly
poorer (54%), especially at high conversions. A different trend was
observed in the related alkoxylation of limonene, over the same
catalysts, where the selectivity decreased as the limonene conver-
sion progressed. The reaction followed pseudo first-order kinetics,
with similar activation energies for both catalysts.
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