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bstract

Three silica-supported zinc triflate (Zn(CF3SO3)2) catalysts have been studied in a batch reactor for performing isomerisation reaction of �-pinene
xide to campholenic aldehyde. Reaction order was evaluated from the obtained experimental data by using an integral method of data analysis.
eaction rate constants were obtained at different temperatures and activation energies using each catalyst determined. Different catalyst loadings
nd supports were tested in this study: 0.05 mmol/g Zn-triflate/K60 (Catalyst 1), 0.01 mmol/g Zn-triflate/K100 (Catalyst 2) and 0.05 mmol/g

n-triflate/HMS24 (Catalyst 3).
Various methods for determining heat of reaction were used in order to calculate thermodynamic parameters. Heat of �-pinene oxide to

ampholenic aldehyde isomerisation reaction was estimated as −73.2 kJ/mol.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The future growth of the fine, pharmaceutical and speciality
hemical industries are expected to depend heavily on the devel-
pment of new more environmentally friendly technologies.
anufacturing in those areas has commonly been associated
ith the accumulation of large quantities of hazardous waste

esulting from the use of mineral acids and Lewis acids used as
atalysts [1–3]. A further serious problem is encountered in the
electivity to desired product, which demands control of isomer
ormation and minimisation of high molecular weight species.

In the past decade there have been serious efforts in the search
or heterogeneous catalysts that would not only enhance reaction
ates and product selectivity, but eliminate the problem of sep-

rating product from catalyst. An important industrial example,
rom the field of fine chemicals, is the rearrangement reaction
f �-pinene oxide (3-Oxatricyclo [4.1.1.0(2,4)] octane, 2,7,7-
rimethyl-) to campholenic aldehyde (Fig. 1). Campholenic
ldehyde is a key intermediate in the synthesis of santalol, the
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ain constituent of natural sandalwood oil. Currently, a homo-
eneous catalyst is used for the rearrangement, but selectivity
s only moderate and represents optimisation to aldehyde in a
eaction that can lead to the formation of more than 100 differ-
nt products depending on reaction conditions [4–6]. Some of
he recent attempts to develop heterogeneous catalysts for this
eaction have involved the use of mixed oxide solid acids [7],
S-Y zeolites [6,8] and Ti-Beta [9]. Depending on reaction con-
itions selectivities towards campholenic aldehyde of 55–94%
ave been reported.

Wilson et al. have developed new solid acid catalysts based on
ilica-supported zinc triflate, which have been reported as being
ctive and reasonably selective in the rearrangement reaction
f �-pinene oxide to campholenic aldehyde [10]. Additional
enefit of these catalysts is that they can be recycled without loss
f selectivity towards the aldehyde. Our intention to use this type
f catalyst in an intensified reactor led us to an investigation of a
atch reaction process, initially in order to compare conventional
atch process with an intensified process, namely a spinning disc

eactor (SDR) [11,12].

The main problem of having such an active catalyst for �-
inene oxide rearrangement reaction is that the products formed
re themselves highly reactive, and consecutive reactions

mailto:marija.vicevic@ncl.ac.uk
dx.doi.org/10.1016/j.cej.2006.11.014
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Nomenclature

a polynomial constant
A pre-exponential factor (Arrhenius equation)
b polynomial constant
c polynomial constant
Cx concentration of component x (mol/m3)
�C◦

P standard molar heat capacity (J/(mol K))
Ea activation energy (kJ/mol)
�G Gibbs free-energy change (J/mol)
�G◦

T standard enthalpy (kJ/mol)
HMSx hexagonal mesoporous silica, with pore size x
k rate constant (s−1 g−1)
K equilibrium constant
KX K stands for Kiesel (silica), X for pore size
n reaction order
rA reaction rate (s−1 g−1)
R universal gas constant = 8.314 (J/(mol K))
R2 fitting factor
�S◦

T standard entropy (J/mol)
t reaction time; time (s)
T temperature (K)

Subscripts
f formation
int integral
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Fig. 1. Rearrangement reaction of �-pinene oxide to campholenic aldehyde.

ill decrease the observed selectivity towards campholenic
ldehyde. In other words, reaction is not as simple as presented
n Fig. 2.

Simplified reaction paths look like those presented in Fig. 3,
here at the same time many parallel and consecutive reactions

re taking place.
Therefore, it is very important not only to “direct” reaction

owards forming campholenic aldehyde (B), but to stop the reac-
ion at that point. It is hoped that this can be achieved by use
f novel catalysts and/or intensified technologies [13]. Further-
ore, it is also expected that by use of alternative intensifying
eactors “greener” process with improved selectivity will be
ccomplished. Results of our investigation into using these cat-
lysts immobilised on the surface of an intensified reactor are
lso available in a separate publication [14].

ig. 2. Schematic of the reaction: (A) �-pinene oxide and (B) campholenic
ldehyde.

2

3

s

Fig. 3. Schematic of simplified reaction paths.

Lack of kinetic and thermodynamic data in the literature for
his particular reaction led us to believe that this paper could be
articularly useful as a benchmark and guidance. Recent report
y Neri et al. [15] was the first publication regarding reaction
inetics that the authors are aware of.

.1. The rate equations

As catalytic reactions have great importance in the industrial
pplication, considerable effort has been made in developing
heories from which kinetic equations can be realistically devel-
ped [16]. If it is considered that the reaction takes place on an
ctive site on the surface of the catalyst, three steps are viewed
o occur successively at the surface:

. A molecule is adsorbed onto the surface and is attached to
an active site.

. The molecule then reacts either with another molecule, or it
simply decomposes while on the site.

. Products are desorbed from the surface, which subsequently
frees the site.

All the three steps mentioned above may be regarded as
ointly constituting the catalytic reaction and are all chemical
n nature. There are two additional steps that involve transport
f reactant(s) to the catalyst (before it is adsorbed) and trans-
ort of product(s) away from the catalyst (after being desorbed)
nd are physical processes. This is a diffusion process and the
henomenon is called mass transport or mass transfer. Diffusion
imitation at the external surface of catalyst is recognised by the
ollowing characteristics [17]:

. The rate is proportional to the catalyst weight (or to the con-
centration of the active component) raised to a power less
than unity, which in the limit may be zero.

. The rate is increased by improving the movement of the gas
or liquid with respect to catalyst.

. The temperature coefficient is low and the apparent activation
energy may be as low as 10–15 kJ/mol.
Reactions whose rate is truly governed by a chemical step
how the following characteristics:
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. The rate is accurately proportional to catalyst weight or the
concentration of the active component.

. The rate is unaffected by better agitation.

. The apparent activation energy is usually in excess of
25 kJ/mol.

Reactions in a liquid phase are more likely to become dif-
usion limited than those with gaseous reactants, as diffusion
oefficients are much lower in liquids than in gases. Diffu-
ion limitation can also occur within porous catalyst particles,
aving similar indicators to those listed above for diffusion lim-
tation outside the particles; however, significant difference is
hat improved motion of the fluid phase has no effect on the rate
f diffusion within the catalyst pores. To avoid the problem, cat-
lysts have to be prepared in such way that pore size distribution
s appropriate to the specific application.

In this study, we have used an integral method of data analysis
n order to investigate reaction order and evaluate activation ener-
ies, assuming that there were no external/internal mass transfer
imitations. Rate of reaction of isomerisation of �-pinene oxide,
s simply presented in Fig. 2 can be expressed as:

rA = kCn
A (1)

rom Eq. (1) suitable expressions can be derived for differ-
nt reaction orders for the purpose of easier evaluation of the
xperimental data.

.1.1. Derivation for zero order reactions
Rate expression for zero order reaction can be written as:

= k;
dCA

dt
= −k (2)

r after integration:

A − CA0 = −kt, (3)

here CA and CA0 are concentrations of the reactant at times t
nd t = 0, respectively, k the reaction rate coefficient and t is the
ime.

R2 value from linear fit CA (or CA0(1 − xA), as concentration
t any given time can be presented in terms of conversion) ver-
us time defines how well results can be correctly determined as
hose corresponding to a zero order reaction. If a reaction fol-
ows zero order kinetics, reaction rate coefficient value can be
etermined from the value of the slope of the linear fit.

.1.2. Derivation for first order reactions
In the case of first order reaction, rate of reaction is expressed

s:

= kCA = −dCA

dt
(4)

fter integration, Eq. (4) becomes:∫ CA
∫ t
−1

k CA0

dCA

dt
= −

0
dt

ln

(
CA

CA0

)
= −kt

(5)
a
A
p
c

ing Journal 133 (2007) 31–41 33

itting experimental data into Eq. (5) relates ln(CA/CA0) and
ime, where negative value of the slope of the linear fit is k.
n terms of conversion, ln(CA/CA0) is equivalent to ln(1 − xA),
ence rate constant values can also be determined from linear
lot ln(1 − xA) versus time.

.1.3. Derivation for second order reactions
If a reaction A → B follows second order kinetics, rate equa-

ion can be expressed as:

= kC2
A = −dCA

dt
(6)

1

CA
− 1

CA0
= kt

1

CA0(1 − xA)
− 1

CA0
= xA

CA0(1 − xA)
= kt

xA

1 − xA
= CA0kt

(7)

f we plot experimental data in form 1/CA or xA/(1 − xA) versus
ime, rate constant can be determined from the value of the slope
f the linear fit.

. Experimental procedure

.1. Batch reaction procedure

In this investigation, a batch reactor consisting of a 250 ml
apacity volume glass vessel surrounded by a water circula-
or system was used to perform an isomerisation reaction. The
irculating water was used to control the temperature in the
essel, pumped from a constant temperature bath which was
rovided with a digital controller unit for temperature control
ithin ±0.1 ◦C. The reactor was placed in the centre of a mag-
etic plate which, together with a magnetic stirrer in the reaction
ixture, was used to provide adequate mixing. Manual controls

n the magnetic plate allowed the agitation rate in the batch mix-
ure to be regulated. Access to the glass vessel was provided by
wo stopped arms and a thermocouple was inserted through one
f them and connected to the data logger to record the tempera-
ure of the mixture. The other arm was used for feeding reactant,
olvent and catalyst into the reactor and for taking samples from
he reaction mixture as required. The top end of the vessel was
tted with a vertical condenser system to prevent loss of volatile
aterial.
One gram of �-pinene oxide (Aldrich, 99%), 100 ml of 1,2-

ichloroethane (Aldrich, 98%) and 0.5 g decane (Aldrich, 99%,
nternal standard) were introduced in the batch vessel and the

ixture preheated to an operating temperature. The catalysts
sed for this study were prepared and characterised by our col-
aborators at the University of York and the results of their studies
re available elsewhere [10]. These catalysts were: 0.05 mmol/g
n-triflate/K60 (Catalyst 1), 0.01 mmol/g Zn-triflate/K100 (Cat-

lyst 2) and 0.05 mmol/g Zn-triflate/HMS24 (Catalyst 3).
fter the catalyst was added (0.2 g), samples were taken by
ipette at regular intervals and analysed immediately after
ollection.
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Fig. 5. Fitting of experimental data into zero order equation (Catalyst 1).
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.2. Sample analysis

All samples were analysed using a FID UNICAM Series 610
C–GC system with an HP1 packed column. Data obtained from

he GC analysis were used to calculate conversion of �-pinene
xide and selectivity towards the campholenic aldehyde. In this
aper, however, only the obtained conversion results will be pre-
ented, as reaction rate was evaluated as rate of disappearance
f the reactant.

. Results and discussion

.1. Kinetic studies

In the design of catalysts by our collaborators at York Uni-
ersity [10], every care was taken that internal diffusion would
ot be a limiting step in the reaction; external diffusion was also
arefully considered, by performing the isomerisation reaction
sing different stirrer speeds as well as different amounts of
atalyst.

Preliminary tests carried out under different stirrer speeds
ave shown that between the tested range of 500–800 rpm reac-
ion rate remained constant. In all the experiments presented in
urther sections 550 rpm was used to promote the mixing. Using
ifferent amounts of catalyst a proportional relation to reactant
onversion was observed, prompting the absence of external
iffusion limitation.

Tests were then carried out with each catalyst under different
eaction conditions to evaluate kinetic parameters.

.1.1. Catalyst 1
Conversion results at different reaction temperatures using

atalyst 1 can be seen in Fig. 4. Data acquired for each individual
emperature were thereafter used in Eqs. (3), (5) and (7) for
valuation of the reaction order. Obtained results at four different
emperatures (298, 318, 338 and 358 K) are presented in Fig. 5
for zero order), Fig. 6 (first order) and Fig. 7 (second order).

t is immediately noticeable that the reaction does not follow
econd order kinetics, as it is obvious from Fig. 7 that xA/(1 − xA)
ollows more of an exponential trend with time rather that linear.
lthough R2 values of the linear fit in the first order evaluation

ig. 4. Conversion of �-pinene oxide at different temperatures for Catalyst 1.

o
C
o

F

Fig. 6. Fitting of experimental data into first order equation (Catalyst 1).

ll have values of 0.9 or more, it is noticeable in Fig. 6 that
he trend is not linear, especially at higher temperatures. It has
o be said that fitting of a line within the data presented for
ero order gave almost a perfect fit indicating that a reaction
ollows zero order kinetics (Fig. 5). From the slope value for
ach temperature reaction rate constant can be found, as shown
n Fig. 5 for selected two temperatures.

Our data therefore strongly suggest that reaction follows zero
rder kinetics. Similar sets of experiments were performed using

atalysts 2 and 3 in order to assess kinetic parameters using the
ther two catalysts.

ig. 7. Fitting of experimental data into second order equation (Catalyst 1).
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Fig. 8. Conversion at different temperatures for Catalyst 2.
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Fig. 11. Fitting of experimental data into second order equation (Catalyst 2).
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Fig. 9. Fitting of experimental data into zero order equation (Catalyst 2).

.1.2. Catalyst 2
Using the same methodology as for Catalyst 1, Fig. 8 shows

btained conversion data from the batch reaction using Catalyst
at different reaction temperatures. Eqs. (3), (5) and (7) were

sed in the same way as for Catalyst 1 to evaluate the reaction
rder.

Obtained results at reaction temperatures of 298, 318, 338
nd 358 K are presented in Figs. 9–11 for zero, first and second
rders, respectively.
Yet again the graph presented in Fig. 11 does not represent
straight line fit and therefore second order kinetics can be

ompletely ruled out. From Fig. 10, it is even more obvious that

ig. 10. Fitting of experimental data into first order equation (Catalyst 2).

3

d
r

F

Fig. 12. Conversion at different temperatures for Catalyst 3.

straight line does not depict a trend that ln(1 − xA) follows with
ime than it was from Fig. 6 for Catalyst 1. Fitting experimental
ata into zero order equation gives almost perfect fit. This can
learly be seen in Fig. 9.

.1.3. Catalyst 3
Conversion results from the performed batch reactions for

atalyst 3 at different temperatures are presented in Fig. 12. Six
ifferent reaction temperatures were used in these studies: 298,

06, 318, 330, 343 and 358 K.

Figs. 13–15 demonstrate how well the obtained experimental
ata fit into the assumed reaction orders of zero, first and second,
espectively.

ig. 13. Fitting of experimental data into zero order equation (Catalyst 3).
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Fig. 14. Fitting of experimental data into first order equation (Catalyst 3).
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Fig. 16. Determination of activation energy for Catalyst 1.
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ig. 15. Fitting of experimental data into second order equation (Catalyst 3).

Collected and analysed data for all three catalysts clearly
uggest that reaction rate is zero order in respect to reactant
oncentration (R2 values of 0.97 and above) and therefore rate
f reaction can be expressed as:

rA = k

alues of the rate constant (at different temperatures) can be
etermined from the value of the slope of the (zero order) plots
presented in Table 1).

.1.4. Pre-exponential factor and activation energy
The influence of temperature on the reaction is accounted for

y the reaction rate constant k, referred to as a constant because it
oes not depend on the composition of the reaction mixture. The
emperature dependence of k is given by Arrhenius equation:( )

= A exp − Ea

RT
(8)

here Ea is called the activation energy of the reaction,
hilst R is the universal gas constant (R = 8.314 J/(mol K)).

(

f

able 1
eaction rate constant values [g−1

CAT s−1]

298 K 306 K 318 K

atalyst 1 6.3 × 10−5 – 8.4 × 10−5

atalyst 2 6.6 × 10−6 – 9.5 × 10−6

atalyst 3 3.0 × 10−5 5.0 × 10−5 7.0 × 10−5
Fig. 17. Determination of activation energy for Catalyst 2.

he term Ea/R is sometimes referred to as the activation
emperature.

For the analysis of batch experimental data, Eq. (8) is used
n a more suitable form:

nk = lnA −
(

Ea

RT

)
(9)

y plotting ln k versus (−1/T), intercept will subsequently give
alue of pre-exponential factor A, whilst value of the slope will
e (Ea/T). For each catalyst used, activation energy can be deter-
ined in this way. This is presented in Figs. 16–18 for Catalysts

–3, respectively.
Hence, the values of activation energy can be calculated

Table 2).

Arrhenius equation for each catalyst can be expressed as

ollows:

330 K 338 K 343 K 358 K

– 1.1 × 10−4 – 1.2 × 10−4

– 1.3 × 10−5 – 2.7 × 10−5

1.0 × 10−4 – 1.4 × 10−4 2.5 × 10−4
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Fig. 18. Determination of activation energy for Catalyst 3.

Catalyst 1

k = 3.4 × 10−3 exp

(
−9.84 × 103

RT

)
(10)

Catalyst 2

k = 2.04 × 10−2 exp

(
−2.02 × 104

RT

)
(11)

Catalyst 3

k = 4.34 exp

(
−2.92 × 104

RT

)
(12)

re-exponential factor A (often called frequency factor) is a
onstant that indicates how many collisions have the correct
rientation to lead to products. From Eqs. (10)–(12) and Table 2
an be seen that this value is highest when using Catalyst 3. It
s also noticeable that activation energy for Catalyst 1 is com-
aratively low in respect to other two catalysts, indicating that
eaction may have been mass transfer limited, although all the
teps have been taken to prevent any diffusion limitations. If this
olds true, we believe that it was internal mass transfer rather
han external that was limiting the overall reaction rate, due to
ossible initial poisoning of the active sites [4].

.2. Thermodynamic studies: review and application of
vailable methods
Accurate thermodynamic data are available for relatively few
ompounds. To the best of our knowledge there is no available
ata in the literature for either the heat of reaction or any other
hermodynamic data for �-pinene oxide or campholenic alde-

able 2
alues of activation energies and pre-exponential factors

Intercept A Slope (×10−3) Ea (kJ/mol)

atalyst 1 −5.68 3.40 × 10−3 1.18 9.84
atalyst 2 −3.89 2.04 × 10−2 2.42 20.15
atalyst 3 1.47 4.34 3.52 29.20
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yde. For that reason we attempted to estimate these data using
ell-known techniques.

.2.1. Introduction
If we consider a chemical reaction: A → B (which cor-

esponds to the rearrangement of �-pinene oxide (A) to
ampholenic aldehyde (B)), standard Gibbs free-energy change
�G◦) for the reaction can be expressed as:

G◦
T = −RT lnK = �G◦

fT (B) − �G◦
fT (A), (13)

here �G◦
fT (A) and �G◦

fT (B) are standard Gibbs free energies
f formation for reactant (A) and product (B) and R is univer-
al gas constant. Relation between Gibbs free energy, standard
nthalpy �G◦

T and standard entropy change �S◦
T for the reaction

s defined by the following equation:

G◦
T = �H◦

T − T �S◦
T . (14)

H◦
T and �S◦

T connection with standard absolute enthalpies/
ntropies of the species is specified by Eqs. (15) and (16):

H◦
T = �H◦

fT (B) − �H◦
fT (A) (15)

S◦
T = �S◦

T (B) − �S◦
T (A). (16)

tandard entropies and standard heats of formation of reactant
nd product give the value of the equilibrium constant K and
hus they represent basic thermochemical data. Their variation
ith temperature is given by:

∂(�H◦)

∂T

]
P

= �C◦
P,

[
∂(�S◦)

∂T

]
P

= �C◦
P

T
(17)

here �C◦
P is the standard molar heat capacity for the reaction

nd can be calculated as:

C◦
P = C◦

P (B) − C◦
P (A). (18)

C◦
P (A) and �C◦

P (B) are standard molar heat capacities of
eactant and product, respectively.

To obtain the values for �H◦
T and �S◦

T , if the values for �H◦
T0

nd �S◦
T0

are known, functional dependence of �C◦
P between

emperatures T and T0 is needed. Integration of Eq. (17) gives
ext relations:

H◦
T = �H◦

T +
∫ T

T0

(�C◦
P ) dT ; (19)

S◦
T = �S◦

T0
+
∫ T

T0

(
�C◦

P

T

)
dT. (20)

ince �C◦
P for reactions tend to be very small and change very

ittle over intervals of temperature, it seems adequate to take
n average value �C◦

P over the (T − T0) interval and therefore
revious formula becomes:
H◦
T = �H◦

T0
+ �C◦

PTm
(T − T0) (21)

S◦
T = �S◦

T0
+ �C◦

PTm
ln

T

T0
. (22)
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Table 3
Data for estimation of thermochemical properties of �-pinene oxide

Group �H◦
f,298 (kcal/mol) �S◦

int,298 (cal/(mol K)) �C◦
P300 (cal/(mol K)) �C◦

P400 (cal/(mol K)) Number of groups

C–(C)(H)3 −10.2 30.41 6.19 7.84 3
C–(C)2(H)2 −4.93 9.42 5.5 6.95 2
C–(C)3(H) −1.9 −12.07 4.54 6 2
C–(C)4 0.5 −35.1 4.37 6.13 1
O–(C)2 −23.2 8.68 3.4 3.7 1
C–(C)2(H)(O) −7.2 −11 4.8 6.64 1
C–(O)(C)3 −6.6 −33.56 4.33 6.19 1
C–O–C ring correction 26.9 30.5 −2 −2.8 1
C
C

�

�
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t
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�

�

3
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�

�

�

H
b

�

3.2.3. Anderson–Beyer–Watson–Yoneda method (ABWY)

T
E

G

C
C
C
C
C
C
C
C
C

yclobutane ring correction 26.2 29.8
yclohexane ring correction 0 18.8

C◦
P is commonly represented by polynomial expression:

C◦
P = a + bT + cT 2 (23)

here a, b and c are polynomial constants.
Several groups of authors have proposed empirical meth-

ds of correlation that allow us to estimate the thermodynamic
roperties of compounds. All of these methods are based on
he assumption that a given thermodynamic property, such as
ntropy, of an organic substance can be resolved into contri-
utions from each of the constituent groups in the molecule.
ith tables of such group contributions assembled from avail-

ble experimental data, we can estimate the thermodynamic
roperties of any molecule by adding the contributions of the
onstituent groups. Additional corrections can be made for the
ffect of neighbouring groups.

.2.2. Benson’s method
One of the principles of this method [18] is to calculate the

ata by adding partial bond contributions that the molecule con-
ists of. The other, more useful principle, is calculation of data by
reating the molecule as composure of groups and again adding
he data values of those constituent groups (a group being a
olyvalent atom with ligancy ≥2 in a molecule with all his
igands).
.2.2.1. Data for α-pinene oxide. Using the data from Benson’s
ables [18], thermochemical properties for �-pinene oxide can
e calculated. Table 3 shows extracted data which are used for
his estimation method.

b
w
t

able 4
stimation of thermochemical properties of campholenic aldehyde

roup �H◦
f,298 (kcal/mol) �S◦

int,298 (cal/(mol K))

–(C or Cdbl
a)(H)3 −10.2 30.41

–(C)3(H) −1.9 −12.07
yclopentene ring correction 5.9 25.8
O–(H)(C) −29.1 34.9
–(Cdbl)(C)3 1.68 −34.72

dbl–(C)2 10.34 −12.7

dbl–(C)(H) 8.59 7.97
–(Cdbl)(C)(H)2 −4.76 9.8
–(CO)(C)(H)2 −5.2 9.6

a By convention group contribution of C–(X)(H)3 is equal to that of C–(C)(H)3 wh
−4.61 −3.89 1
−5.8 −4.1 1

Estimated values of �H◦
f,298, �S◦

int,298 and �C◦
P300 are as

ollows:

H◦
f,298 = −27.66 kcal/mol = −115.73 kJ/mol

S◦
int,298 = 94.05 cal/(mol K) = 393.50 J/(mol K)

C◦
P300 = 43.14 cal/(mol K) = 180.50 J/(mol K)

.2.2.2. Data for campholenic aldehyde. Same principle was
sed for obtaining data for campholenic aldehyde. Table 4 rep-
esents the group values as obtained from [18].

Following data were therefore calculated:

H◦
f,298 = −45.05 kcal/mol = −188.49 kJ/mol

S◦
int,298 = 119.81 cal/(mol K) = 501.29 J/(mol K)

C◦
P300 = 47.7 cal/(mol K) = 199.58 J/(mol K)

ence, the heat of the rearrangement reaction can be estimated
y this method.

H◦
r,298 = −17.39 kcal/mol = −72.76 kJ/mol
In this approach, the thermodynamic properties are estimated
y considering a given compound as built up from a base group
hich has been modified by appropriate substitutions to yield

he desired molecule [19].

�C◦
P300 (cal/(mol K)) �C◦

P400 (cal/(mol K)) Number of groups

6.19 7.84 3
4.54 6 1

−5.98 −5.35 1
7 7.8 1
3.99 6.04 1
4.1 4.61 1
4.16 5.03 1
5.12 6.86 1
6.2 7.7 1

en X is Cdbl, Ctpl, CB, O or S.
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3
g
c
a
d
i
s

�

�

�

Table 5
Ring closing estimates

Molecule �H◦
f,298 (kJ/mol) Difference (kJ/mol)

Cyclohexane −123.14 44.4
n-Hexane −167.54

Cyclopentane −77.24 69.71
n-Pentane −146.95

Cyclobutane – 109.62 (from Fig. 19)
n-Butane −126.36

C
P

�

3
p

�

�

T
E

C

B
F
S
T
F
S
S
4
3
–
–

T
E

C

B
P
S
T
S
S
S
S

D

Fig. 19. Correlation for ring closing calculation.

.2.3.1. Data for α-pinene oxide. After considering the data
iven by ABWY, we have calculated estimate values for ring
losings as a difference between the cycloparaffin and paraffin
nalogues as can be seen in Fig. 5. ABWY method does not give
ata for cyclobutane; the value of �H◦

f,298 for cyclobutane was
nterpolated from existing data for n-membered rings, as can be
een in Fig. 19 (Table 5).

Applied to �-pinene oxide, all the data needed to calculate
H◦

f,298 of �-pinene oxide are presented in Table 6.

We now have complete data to estimate �H◦

f,298 and
S◦

int,298:

H◦
f,298 = −81.64 kJ/mol

3

h

able 6
stimation of thermochemical properties of �-pinene oxide

ontribution type �H◦
f,298 (kJ/mol) �S◦

int

ase group: cyclohexane −123.14 298.2
irst primary CH3 −33.64 46.3
econd primary CH3 (1,2 trans-) −23.22 26.3
hird primary CH3 – –
ourth primary CH3 – –
econdary CH3 (1–3) −15.36 36.6
econdary CH3 (2–1) −28.74 21.4
C ring closing 109.62 124.6
C ring closing 146.94 134.3
O– substitution −85.48 −5.2
O– substitution correction (Type 3) −9.54 −2.3

able 7
stimation of thermochemical properties of campholenic aldehyde

ontribution type �H◦
f,298 (kJ/mol) �S◦

int,298

ase cyclopentane −77.24 292.88
rimary substitution −34.43 49.25
econd primary CH3 (1,2 cis-) −17.87 24.02
hird primary CH3 – –
econdary CH3 (3–1) −31.46 11.76
econdary CH3 (1–3) −15.36 36.61
econdary CH3 (1–2) −20.59 38.87
econdary CH3 (2–1) −28.74 21.46
O −10.13 −54.39
O correction −22.68 18.83
ouble bond 114.64 0.59
yclopropane 41.17 146.94
ropane −105.77

S◦
int,298 = 673.51 kJ/(mol K)

.2.3.2. Data for campholenic aldehyde. Data for estimating
roperties of campholenic aldehyde are presented in Table 7.

Thermodynamic properties can be approximated as:

H◦
f,298 = −143.86 kJ/mol

S◦
int,298 = 439.88 kJ/(mol K)
.2.4. Verma–Doraiswamy method
This method [20] is similar to Benson’s, constituent groups

ave to be identified and corrections for the rings (together with

,298 (kJ/(mol K)) a b c

4 −52.22 599.78 −230.9
2 11.59 81.21 −39.58
6 −5.82 103.3 −43.22

– – –
– – –

1 −0.96 91.63 −38.95
6 −2.09 95.69 −41.67
8 N/A N/A N/A
1 N/A N/A N/A
7 13.26 −85.31 38.58

2.13 −5.02 3.31

(kJ/(mol K)) a b c

−41.92 473.71 −182.6
8.74 68.24 −23.18

−3.64 110.46 −53.22
– – –

−2.76 107.7 −49.25
−0.96 91.63 −38.95

1.46 81.42 −31.46
−2.09 95.69 −41.67
17.11 −214.0 84.27
−3.6 6.74 −4.81
−1.05 −54.06 21.21
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Table 8
Estimation of �H◦

f,298 for �-pinene oxide

a b × 102 Number of groups

–CH3 −8.948 −0.436 3
〉CH2 −4.24 −0.235 2
〉CH– −1.57 0.095 3
〉C〈 −0.65 0.425 2
–O– −30.5 0 1
Three member ring 24.85 −0.24 1
Four member ring 19.76 −0.44 1
H

a

g
d

�

A
m

f
T

3

m
a
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f
f

3
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〉
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〉
D
D
D
F

a

Table 10
Group contributions for �-pinene oxide

Group a b × 102 c × 104 d × 108 �H◦
f,298 Number

of groups

–CH3 0.6087 2.1433 −0.0852 0.1135 −10.118 3
〉CH2 0.3945 2.1363 −0.1197 0.2596 −4.93 2
〉CH– −3.5232 3.4158 −0.2816 0.8015 −1.796 3
〉C〈 −5.8307 4.4541 −0.4208 1.263 0.802 2
–O– 2.8461 −0.01 0.0454 −0.2728 −24.2 1
C(3) ring −3.532 −0.03 0.0747 −0.5514 24.629 1
C(4) ring −8.655 1.078 0.0425 0.025 18.45 1
C(6) ring −13.3923 2.1392 −0.0429 −0.1865 0.15 1

�H◦
f,298 = −104.47 kJ/mol.

Table 11
Group contributions for campholenic aldehyde

Group a b × 102 c × 104 d × 108 �H◦
f,298 Number

of groups

–CH3 0.6087 2.1433 −0.0852 0.1135 −10.118 3
〉CH2 0.3945 2.1363 −0.1197 0.2596 −4.93 2
〉CH– −3.5232 3.4158 −0.2816 0.8015 −1.796 1
〉C〈 −5.8307 4.4541 −0.4208 1.263 0.802 1
〉C O 1.0016 2.0763 −0.1636 0.4494 −31.48 1
〉C CH– −1.4714 3.3842 −0.2371 0.6063 20.184 1
C

�

h

�

�

H

�

exane ring 0.378 −0.382 1

= 26.846; b = −0.00465; �H◦
f,298 = −28.24 kcal/mol = −117.73 kJ/mol.

roup contributions) added to get the values of a and b, which
etermine �H◦

f,298 as:

H◦
fT = a + bT (24)

ppropriate group contributions for �-pinene oxide are sum-
arised in Table 8.
The same methodology is used for approximation of �H◦

f,298
or campholenic aldehyde, results of which are presented in
able 9.

.2.5. Combined method (Thinh/Perry)
A method developed by Thinh et al. [21,22] proved to be the

ost accurate, but is for hydrocarbons only. Perry’s handbook
lso gives data for group contributions method [23]. Apart from
alues for functional groups (for which Thinh gives no data), the
wo are very similar and combined can give approximate values
or properties of molecules of interest. Tables 10 and 11 give data
or �-pinene oxide and campholenic aldehyde, respectively.

.2.6. Enthalpies
�H◦

f,298 values calculated by the four methods as described
bove are presented in Table 12. It can be observed that esti-
ated results by different methods are very much in agreement
ith each other, apart from ABWY method which gives slightly

ower values for both components. In the case of campholenic

ldehyde, standard deviation of results is 25.02 and for �-
inene oxide 16.56. These variations are due to extremely
ifficult structure of the molecules (branching, forming of
ings).

able 9
stimation of �H◦

f,298 for campholenic aldehyde

roup a b × 102 Number of groups

CH3 −8.948 −0.436 3
CH2 −4.24 −0.235 2
CH– −1.57 0.095 1
C〈 −0.65 0.425 1
HO −29.167 −0.183 1

C CH– 20.1 0 1
ouble cis 1,2 branching −1.1 0 1
ouble trans 1,2 branching 0.7 0 1
ouble 1,1 branching 0.3 0 1
ive member ring 7.084 −0.552 1

= −39.627; b = −0.00993; �H◦
f,298 = −42.61 kcal/mol = −117.35 kJ/mol.

T
o

a
t
a
v
B

T
C

M

B
A
V
T

A

(5) ring −6.8813 0.7818 −0.0345 0.0591 4.094 1

H◦
f,298 = −202.55 kJ/mol.

Therefore, it can be approximated that the heats of formation
ave the following values:

H◦
f,298,�-pinene oxide = −104.89 kJ/mol

H◦
r,298,campholenic aldehyde = −178.06 kJ/mol

eat of reaction can be calculated as:

H◦
r,298 = �H◦

f,298,campholenic aldehyde − �H◦
f,298,�-pinene oxide

able 13 represents the heat of reaction calculated by four meth-
ds, as well as the average value.

It can be concluded that isomerisation of �-pinene oxide is
n exothermic reaction with the released heat of 73.17 kJ/mol at
emperature of 298 K. If the obtained values for ABYW method
re excluded from consideration as off-values, heat of reaction

alue changes to −76.82 kJ/mol. It can also be concluded that
enson’s method alone gives the most accurate approximations.

able 12
omparison of all methods of estimation for approximation of �H◦

f,298

ethod (�H◦
f,298, kJ/mol) �-Pinene oxide Campholenic aldehyde

enson −115.73 −188.49
BWY −81.64 −143.86
erma–Doraiswamy −117.73 −177.35
hinh/Perry −104.47 −202.55

verage −104.89 −178.06
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Table 13
Comparison of all methods of estimation of heat of reaction

Method Heat of reaction (kJ/mol)

Benson −72.76
ABWY −62.22
Verma–Doraiswamy −59.62
Thinh/Perry −98.09
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[

[

[

[21] T.P. Thinh, J.L. Duran, S. Ramalho, Ind. Eng. Chem. Process Des. Dev. 10
verage −73.17

H◦
f,298 = −73.17 kJ/mol.

.2.7. Entropies
As estimated by Benson’s method:

S◦
f,298 = �S◦

f,298,campholenic aldehyde − �S◦
f,298,�-pinene oxide

S◦
f,298 = 501.29 − 393.5 = 107.79 J/(mol K)

= 0.11 kJ/(mol K)

.2.8. Heat capacities
Heat capacities are estimated as:

C◦
P300,�-pinene oxide = 179.58 J/(mol K)

C◦
P300,campholenic aldehyde = 195.06 J/(mol K)

C◦
P ,r300 = �C◦

P300,campholenic aldehyde − �C◦
P300,�-pinene oxide

C◦
P ,r300 = 199.58 J/(mol K) − 180.5 J/(mol K)

= 1.91 × 10−2 kJ/(mol K)

.2.9. Gibbs free-energy change
Gibbs free-energy change for this reaction can be calculated

rom Eq. (14):

G◦
298 = �G◦

r,298 − T �S◦
r,298

= −73.17 kJ/mol − 298 K × 0.11 kJ/(mol K)

G◦
298 = −109.35 kJ/mol

. Conclusions

Kinetics of �-pinene oxide rearrangement reaction was eval-
ated in a batch reactor, using three silica-supported zinc triflate
atalysts. These catalysts were: 0.05 mmol/g Zn-triflate/K60
Catalyst 1), 0.01 mmol/g Zn-triflate/K100 (Catalyst 2) and
.05 mmol/g Zn-triflate/HMS24 (Catalyst 3). From the obtained
xperimental data, analysed by using integral method of data

nalysis, it was concluded that this reaction follows zero order
inetics. Reaction rate constants were obtained at different tem-
eratures (for each catalyst tested) and activation energies and
re-exponential factors determined. Corresponding activation

[
[

ing Journal 133 (2007) 31–41 41

nergies using each of the above catalysts were as follows: 9.84,
0.15 and 29.2 kJ/mol, respectively.

Heat of reaction was estimated by using Benson’s, ABWY,
erma–Doraiswamy and combined Thinh/Perry methods. Com-
arisons of all these methods indicated that there was a
easonable agreement of the results, considering the complex
tructures of both �-pinene oxide and campholenic aldehyde.
eat of reaction was estimated as an average value (as calculated
y all methods) of −73.2 kJ/mol.
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