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Abstract

Vanadia-titania catalysts prepared by different sol-gel procedures were studied as heterogeneous catalysts for the liquid phase oxidation of
limonene. The catalysts were characterized by XRD, XPS, ICP and nitrogen adsorption. According to the XRD results the catalyst samples can be
divided in two different groups: anatase samples and anatase + rutile samples. XRD signals of vanadia are not found in the diffractograms.

The main reaction products are polymers. Limonene oxide, limonene glycol, carveol and carvone are obtained in small amounts. A number of
autoxidation products, alcohols, aldehydes and ketones, are also obtained.

The effects of titania composition on the reaction orientation are discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Limonene is the main component of citrus oil and it can be
easily obtained from citrus peal, which is a waste material of the
fruit juice industry. Limonene epoxide is a key raw material for
a wide variety of products such as pharmaceuticals, perfumes
and food additives. It is usually epoxidized via the stoichio-
metric peracid route, however, due to environmental reasons
this process is becoming increasingly unacceptable. The
limonene liquid phase oxidation may proceed by two distinct
pathways: (a) epoxidation, leading to limonene-1,2-epoxide
(limonene oxide) as the main product, or (b) allylic oxidation
and autoxidation, carveol and carvone being obtained mainly,
although a large number of other products is also formed (since
the reaction proceeds through a free radical chain reaction
mechanism). In acidic reaction media, the limonene oxide may
be hydrolysed forming limonene glycol [1-3] (Scheme 1).

Supported vanadium oxide catalysts are active in a wide
range of applications, such as selective oxidations of several
alkanes and alkenes, reduction of nitrogen oxides to ammonia,
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etc. [4]. Supported vanadium oxide catalysts can be prepared by
several methods, such as impregnation, co-precipitation, liquid-
phase grafting and chemical vapour deposition [5]. The
preparation method does not seem to have influence in the
vanadium oxide configuration obtained after calcination
treatments. However, it seems to strongly affect its dispersion
on the support surface [4]. It was shown, by different
characterization methods [6—8] that the vanadium phase may
be present on the surface of the oxide support as a crystalline
V5,05, as well as a two-dimensional vanadium overlayer, for
values of vanadium loadings higher than the monolayer
coverage. Although it is established that a support should be
inert, it is known that the activity of the vanadium oxide is
greatly affected by the properties of the support oxide used [4].

TiO, is a suitable support, although there is some
controversy in the literature concerning to the role of the
support crystalline phase (anatase and rutile) on the catalytic
characteristics of the V,05/TiO, catalysts. The phase transition
from anatase into rutile is known to occur at temperatures about
823 K [7], in the presence of vanadium. This transition is
accompanied by the incorporation of V** into the rutile struc-
ture. Generally, it is stated that anatase is a more active support
than rutile [9]. This may be due to the fact that the properties of
the vanadium species present on the surface of the rutile
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polymorph phase resemble the properties of those of pure
V,0s, while those present on the surface of the anatase phase
have different acid-basic and redox properties [7]. The activity
of the V,05/TiO, is often related with the solid acidity. Both
Lewis and Bronsted acid sites may be present as it was
determined by IR of adsorbed pyridine [10].

This work reports the oxidation of limonene in the liquid
phase, over V,05/TiO,, using fert-butyl hydroperoxide (+-BHP)
as oxygen donor. The catalysts were prepared by different sol—
gel techniques.

2. Experimental
2.1. Materials and solvents

The vanadyl acetylacetonate (95 wt.% purity) was supplied
by Aldrich. The ethylene glycol was from Riedel-de-Haén and
nitric acid was from Panreac. All the other reactants used in the
synthesis of the V,05/TiO, catalyst samples were supplied by
Fluka. Acetone, #-butanol and t-butylhydroperoxide (70 wt.%)
were purchased from Aldrich. Limonene (98%) was supplied
by Fluka.

2.2. Catalyst preparation

Six V,05/TiO, samples were prepared by different methods.
In all cases the theoretical vanadium content was kept constant
(5 wt.%). For all the catalyst samples prepared the following
molar ratios were used: water/titanium isopropoxide, 5;
alcohol/titanium isopropoxide, 15; HNOjs/titanium isoprop-
oxide, 0.2. Finally, all the dried gels were calcined to obtain the
V,05/TiO, samples with the following program: heating from
room temperature up to 100 °C, holding 30 min, then heating
up to 300 °C and holding 60 min, and finally heating up to
500 °C and holding for 180 min. For all the samples, the
heating rate used was 3 °C min~ .

The preparation details of the individual catalyst samples are
given below.

2.2.1. Sample 1

An aqueous solution of nitric acid was added dropwise to a
flask containing a propanolic solution of titanium(IV)
isopropoxide (TIP) and vanadyl acetylacetonate (VOAA) in
the appropriate amounts under continuous stirring. At the
gelling point, the stirring was stopped and the gel was aged at
room temperature for 3 days. The final gel was dried in a
vacuum oven at 80 °C for 14 h.

2.2.2. Sample 2

The precursor gel of titanium oxide was prepared as for
synthesis 1, but without adding VOAA. Once the gel was aged
and dried, this was impregnated in a rotavapor with a
propanolic solution of VOAA at 70 °C.

2.2.3. Sample 3

This V,0s5/TiO, sample was synthesised by the modified
sol—gel method with the procedure developed by Dosch et al.
[11], although in our case the sodium hydroxide was replaced
by an organic base. This method is referred to as a modified sol—
gel method because it differs from the traditional sol-gel
procedure in that a soluble intermediate is formed in a non-
aqueous medium prior to hydrolysis. VOAA was dissolved in a
solution of tetramethylammonium hydroxide (10 wt.%) in
methanol. Then, TIP was slowly added to the hydroxide
solution to obtain a clear soluble intermediate. This inter-
mediate was rapidly added to a 1:10 by volume solution of
water and acetone. The slurry was continuously stirred until the
particles were suspended in the solution. Finally, the precipitate
was collected by filtering and dried in an oven at 80 °C for 14 h.

2.2.4. Sample 4

TIP was slowly added to a solution of tetramethylammonium
hydroxide (10 wt.%) in methanol and stirred until a very thick
soluble intermediate was formed. This intermediate was rapidly
added to a 1:10 water:acetone solution. The resulting slurry was
stirred until homogenisation, then filtered, rinsed with acetone
and dried in an oven at 80 °C for 14 h. Afterwards, the vanadium
active metal was incorporated via ion exchange. Before loading
the metal, the hydrous titanium oxide was changed to its protonic
form by treatment with 0.1 M sulphuric acid at pH 3 for 2 h.
Then, it was treated with a 0.1 M solution of VOAA in propanol,
stirred for 3 h, filtered and dried in an oven at 80 °C for 14 h.

2.2.5. Sample 5

This sample was prepared [12] by refluxing VOAA in 2-
metoxiethanol at 120 °C for 90 min. After cooling until 90 °C,
TIP was added and the solution was again refluxed at 120 °C for
120 min, until a clear solution was obtained. Then the aqueous
solution of nitric acid was added dropwise. The gel thus formed
was aged for 3 days at room temperature and dried in a vacuum
oven at 80 °C for 14 h.

2.2.6. Sample 6

This sample was prepared by using an ethylene glycol
solution as complexing agent of the metal atom [13]. The VOAA
was refluxed in ethylene glycol at 80 °C for 150 min. The amount
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of ethylene glycol was 100 times higher than the stoichiometric
one for the formation of the vanadium complex. Then, once
cooled and added TIP, the solution was again refluxed at 80 °C
for 45 min. After cooling at room temperature, the aqueous nitric
acid solution was added dropwise under continuous stirring. The
gel formed was aged at room temperature for 3 days and dried in
an oven at 80 °C for 14 h.

2.2.7. Sample TiO,

In order to check the catalytic activity of the titania support
of sample S6, a TiO, support sample was prepared in a similar
way to S6, but without adding VOAA.

2.3. Catalyst characterization

The diffraction patterns were measured with a Philips 1730/
10 diffractometer, using Cu Ka radiation. The textural
characterization of the V,05/TiO, materials was obtained
from physical adsorption of nitrogen at 77 K in a Micrometrics
ASAP 2010 V1.01 B instrument. An amount of ca. 0.4 g of
sample was outgassed at 150 °C for 16 h, until getting a residual
vacuum of 5 x 107> mmHg. The surface area was calculated
using the BET equation. Micropore volume (V) and the
average micropore diameter (d,;.), was calculated using the
Horvath-Kawazoe method; the mesopore volume (Vi,.s) and
the average mesopore diameter (d..s), were obtained by
applying the BJH pore analysis to the desorption isotherm.

Inductively coupled plasma atomic emission spectroscopy
(ICP) was performed in a Jobin-Yvon (Ultima) instrument.

X-ray photoelectron spectroscopy (XPS) was carried out on
a XSAMS800 (KRATOS, Manchester, UK) X-ray spectrometer
operated in the fixed analyzer transmission (FAT) mode with a
pass energy of 20 eV, using a non-monochromatic radiation
from Mg anode (main hv = 1253.6 eV). The pressure in the
analysis chamber was in the range of 1 x 10~ Torr; power was
130 W. With this low power, vanadium reduction is avoided
[14]. Anyway, the vanadium region was acquired in first place.
To account for the sample surface charging, the binding energy
scale in the XPS spectra was aligned taking as reference the Ti
2ps/» core line at 458.5 eV [15,16]. For peak fitting, Gaussian
and Lorentzian products were used after the subtraction of
source satellites and a Shirley background.

2.4. Catalytic experiments

Two sets of experiments were performed in a batch reactor at
60 °C, under atmospheric pressure and magnetic stirring, using
an excess of oxidant, i.e. t-butyl hydroperoxide (-BHP)
aqueous solution and a mixture of acetone and ¢-butanol as
solvent (9:1 molar ratio). This solvent was chosen in order to
ensure homogeneous liquid phase and simultaneously to avoid
solvent oxidation. In the first set the reactions were carried out
with concentrated +-BHP (70%, w/w). Typically, the reactor
was loaded with 14.5 mmol of limonene and the oxygen donor,
in a 1:8 molar ratio along with 50 mg of catalyst and 50 mL of
solvent. In the second set, diluted +~-BHP (3% in acetone) was
used; all the other reaction conditions were kept constant.

Samples were taken periodically and analysed by GC and
GC-MS ona30m x 0.25 mm DB-1 column, from J&W, using
n-nonane as internal standard.

3. Results and discussion
3.1. Catalyst preparation

In the sol-gel process there are numerous synthesis
parameters, which affect the reaction rates and the uniformity
of the hydrolysis and polymerisation [17-19]. It has been
demonstrated that the different reaction pathways followed
when acidic, basic, or complexing agents are added, do exert a
direct influence on the size, shape, and state of aggregation of
the particles formed, thus modifying the crystallization and
sintering behaviour of oxide materials derived from poly-
condensates [20]. One of these parameters is the water/alkoxide
ratio used. Thus, Yoldas [20] found that titanium oxide obtained
via hydrolytic polycondensation of undiluted Ti(OC,Hs), was
formed only by the anatase phase, whereas that produced via
highly diluted alkoxide consisted of a mix of anatase and rutile
phases.

Another factor which affects the structural properties of the
oxides obtained is the pH at which the synthesis was carried out.
Thus, Lopez et al. [21] found that in the titania formed from
titanium isopropoxide (TIP) at pH 9, the main phase was
anatase, and however, a small amount of rutile was detected
also for the sample prepared at pH 3, in samples calcined at
600 °C. The stabilization of anatase phase by the surface
hydroxyl groups has been also previously reported [22]. On the
other hand, it has been found [23] that when the ethylene glycol
is used as chemical additive, it forms some insoluble materials
(for example, adducts or complexes) with the titanium
alkoxides as soon as this is added into the diol (an homogenous
solution is not obtained).

In the present work, several samples have been prepared by
sol-gel method in different conditions. They have been
synthesised at different pH values, derived from the use of
tetramethylammonium hydroxide solution or nitric acid
solution. In addition, the dilution of the alkoxide used (TIP)
was different because, although the same amount of water was
employed in all syntheses, in some cases (S3 and S4) acetone
was also used as solvent. The sample S6 was prepared using
ethylene glycol as a complexing agent and in this case no clear
soluble intermediate was obtained, at difference of the samples
prepared with tetramethylammonium hydroxide solution.
Considering all the above exposed, the structural properties
of the titanium oxides obtained are influenced by the synthesis
conditions used, and different crystalline phases are obtained.
At the same time, the activity of V,0s/TiO, catalysts is greatly
affected by the properties of the support oxide used [4].

3.2. Catalyst characterization
3.2.1. X-ray diffraction

Powder XRD patterns of the vanadium containing samples
supported on TiO, exhibit only the crystalline phases of the
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Table 1
Molar fractions and average crystallite size of anatase and rutile for the calcined
V,05/TiO,

Sample Molar fraction d (A)
Anatase Rutile Anatase Rutile

S1 1.0 0.0 237 -
S2 0.83 0.17 311 355
S3 091 0.09 190 180
S4 1.0 0.0 376 -
S5 1.0 0.0 288 -
S6 1.0 0.0 282 -

support. No vanadium compound is detected in the diffracto-
grams, which means that either the vanadium phase is present
as an amorphous phase or the microcrystalline size is less than
4.0 nm. For the samples S1, S4, S5 and S6, only anatase phase
is detected. For the rest of the samples (S2 and S3) there is a
mixture of anatase and rutile. The proportion of each one of the
phases has been calculated by using the following equation
[24]:

1

R T 1 1.26(Ia/Ir)’

where xg is the molar fraction of rutile, I, the intensity
corresponding to the (1 0 1) diffraction peak of anatase, and
Iy is the intensity corresponding to the (1 1 0) diffraction peak
of rutile. The values of average crystallite size have been
derived from the (1 0 1) diffraction peak for anatase and the
(1 10) diffraction peak for rutile, by applying the Scherrer
equation [25]. The results are collected on Table 1.

3.2.2. Textural characterization

Table 2 reports the BET surface areas, micropore and
mesopore volumes, as well as micro and mesoporous diameters,
of all the catalyst samples and of the support (TiO,), calcined at
550 °C. Generally, the BET surface areas remained practically
unchanged, except for the catalysts S3 and S6, which indicates
that the introduction of the vanadium phase did not induce any
remarkable decrease in the surface area of the supported
catalysts when compared with the surface area of the TiO,. For
the catalyst S3, where V,0s5 is supported on the two phase
(anatase + rutile) support, the surface area slightly increased.

Itis well known that crystallization is highly influenced by the
hydrolysis conditions [26]. Thus, during the condensation

Table 2

Textural characteristics of the calcined samples

Catalysts Viie Vies Amic Aimes SBET

em'g™h  (em'gh @A) A (m?g™)

S1 0.008 0.054 10.9 162.0 15.9
S2 0.008 0.036 10.6 123.3 17.0
S3 0.013 0.096 8.7 142.5 27.5
S4 0.005 0.028 11.9 147.4 11.4
S5 - 0.071 = 265.0 11.1
S6 -7 0.041 - 168.5 9.9
TiO, 0.006 0.042 17.3 93.9 17.5

? Not determined.

process, the formation of the kinked chains of edge-sharing
octahedra corresponding to anatase appears more probable than
the formation of the straight chains typical of rutile. In fact,
amorphous TiO, crystallizes into anatase below 400 °C, which is
further converted to rutile from 600 to 1100 °C [27], the rates of
transformation being markedly influenced by the particle size or
the presence of impurities [28]. Although it has been reported that
this behaviour appears to be associated with a concomitant
decrease in specific surface area [7,29], we observed that the Sggt
values for the samples containing anatase + rutile are higher than
those containing only anatase. For the catalyst S6 the decrease in
the surface area may be attributed to pore blockage.

3.2.3. X-ray photoelectron spectroscopy

The ratio between the amount of vanadium determined by
XPS and that determined by ICP (Vxps/Vicp) yields informa-
tion about the homogeneity of the vanadium distribution [30].
For all the catalyst samples, but S6, Vxps/Vicp (Table 3) is
higher than unity, which is an indication that the V,Os is
heterogeneously distributed, being preferentially located on the
external surface of the support particles.

Sample S5 exhibits the highest vanadium loading and the
highest heterogeneity in vanadium distribution. For the catalyst
S6, the low value obtained for the ratio Vxps/Vicp suggests that
the vanadium oxide is preferentially located deeply inside the
porous system of the support particles, thus leading to the
observed decrease in the BET surface area.

The XPS spectra in the regions O 1s, Ti 2pz,, and V 2p3),
were recorded for all the samples. All the catalyst samples
spectra in the Ti 2p3,, region (not shown) exhibit a maximum at
about 458.5 eV, which corresponds to bulk TiO, [31]. Fig. 1
shows the XPS spectra of the regions O 1s and V 2p;,, of
samples S1, S4 and S6. The high-resolution spectra of the
catalyst samples in the V 2p;/, region show two peaks at about
516.8 + 0.2 and 515.6 £ 0.2 eV, except for the catalyst sample
S4, which can be attributed to vanadium species present in
different oxidation states. These binding energies are char-
acteristic of V>* and V** valence forms, respectively [32]. For
all the catalyst samples, except for the catalyst S6, the peak at
about 516.8 eV is more intense than the peak characteristic of
the V** species. For the sample S4 only the peak characteristic
of V°* is observed, and for the catalyst S6 both peaks show
similar intensity. This observation, similar to those previously
reported for V/ZrO, catalysts [33], suggests that the vanadium
oxidation state increases with loading. The O 1s spectra
obtained for all the catalyst samples exhibit two fitting peaks at
about 530 £ 0.2 eV characteristic of the lattice oxygen of the

Table 3

Vanadium content as determined by XPS and ICP analysis

Sample Vice (%) Vxps (%) Vxps/Vice
S1 4.52 9.01 2.00

S2 4.09 8.27 2.02

S3 4.61 8.27 1.79

S4 7.63 9.91 1.30

S5 4.28 12.61 2.94

S6 1.71 0.77 0.45




P. Oliveira et al./Catalysis Today 118 (2006) 307-314 311

Intensity, a.u

535 525 515 505
Binding Energy, eV

Fig. 1. XPS spectra of the V 2p and O 1s region for the catalyst samples S1, S4
and S6, including the peak fitting for the V 2psz,, and O 1s spectra.

V,0s, and a less intense peak, with a maximum at about
531.6 = 0.2 eV, which may be assigned to the oxygen atoms
belonging to organic contamination present on the surface of
the transition metal oxides.

3.3. Catalytic experiments

Limonene oxidation over the different V,0Os/TiO, catalysts
tested, using concentrated and diluted ~-BHP as oxidant, yields
polymers as main products. Limonene oxide, limonene glycol,
carveol and carvone are formed in small amounts. Trace amounts
of products, such as perillaldehyde, p-mentha-1(7),8-dien-2-ol,
p-mentha-2,8-dien-1-ol as well as several unidentified sub-
stances are also formed. Although a complete identification of
these last products has not been possible, the similarity between
their mass spectra and that of carvone suggests that they are
carbonyl compounds with the skeleton of p-menthene. All these
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0,036+

3

Conc. (mol/dm’

O OAp A

ATIO2
0S6

0,034+

0,032+

0,030 T T T
0 10 20 30 40

Time (h)

Fig. 2. Liquid phase limonene oxidation. Concentration profiles of limonene
obtained for the experiments carried out over the catalyst S6 and the support
TiO,, using diluted -BHP as oxygen donor.

terpenic alcohols, aldehydes and ketones, which are likely to be
formed by limonene autoxidation, will be further in this text
lumped under the designation of ““others”.

Table 4 shows initial turnover frequency (TOF), maximum
conversion and selectivity values obtained for the experiments
carried out with diluted s-butylhydroperoxide (series D) and
with concentrated hydroperoxide (series C). Regarding TOF,
the experiments carried out with the catalyst S6, exhibit
extreme contradictory behaviour: in series D (diluted -BHP)
S6 exhibits the lowest TOF; in series C (concentrated ~-BHP)
S6 exhibits the highest TOF. These results suggest that, for the
experiments carried out with diluted #-BHP, the oxidation
reaction takes place exclusively on the vanadium sites. With
sample S6, in which vanadium is preferentially located deeply
inside the particles pore system, there is practically no reaction
probably due to internal diffusion limitations. Since it is
precisely with this catalyst sample that the highest TOF in
series C is observed, we arrive to the conclusion that, under
these reaction conditions, titanium is also active, probably in
the hydroperoxide decomposition. Consequently a high number
of free radicals are probably generated and limonene
conversion is likely to proceed via autoxidation. The
coincidence between the limonene kinetic curves obtained
for the catalyst S6 and for the TiO, support (Fig. 2), confirms

Table 4
Liquid phase limonene oxidation carried out over V,05/TiO, catalysts, using concentrated (C) and diluted (D) -BHP as oxygen donor
Sample Conversion® Selectivity” TOF*
Limonene oxide Limonene glycol Carvone Polymer
S1_C 93.1 - 11.6 (40) 5.3 (91) 73.3 (93) 8.89
S2_C 97.8 2.6 (10) 1.6 (30) 5.2 (69) 83.8 (97) 7.79
S3_C 97.6 6.9 (12) 1.7 (80) 0.5 (25) 87.2 (97) 0.36
S4_C 96.8 - 12.9 (6) 5.1 (97) 78.7 (97) 2.76
S5_C 98.1 1.2 (1) 7.3 (1) 5.1 (80) 84.9 (98) 7.95
S6_C 95.1 - 9.1 (74) 2.3 (33) 81.8 (95) 10.30
S1_D 96.1 1.8 4) 74 (4) 39 4) 93.7 (96) 1.45
S2.D 95.4 6.5 (11) 41.5 (1) 7.4 (6) 81.2 (95) 0.82
S3_D 47.2 14.7 (6) 15.4 (2) 3.9 (23) 89.3 (47) 0.11
S4 D 96.7 8.1 (16) 2.7 (68) 4.3 (16) 78.7 (97) 1.58
S5_D 90.5 23.0 (16) 17.1 (33) 19.9 (16) 77.8 (91) 1.95
S6_D 6.3 51.2 (0.2) 15.5 (6) - - 3.6x 1077

% Maximum conversion achieved.

® Maximum selectivity. The corresponding conversion level is shown between parenthesis.

¢ Initial turnover frequency.
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that the catalytic activity observed for the catalyst S6 with
diluted hydroperoxide is mainly due to the TiO, support.

As expected, the highest TOF values are obtained in series C,
due to the severe reaction conditions. The highest selectivities for
limonene oxide are obtained in series D, at higher limonene
conversions (shown inside parenthesis). Similarly to the
observations reported for the reaction carried out over carbon
anchored cobalt acetylacetonate [34], limonene oxide is likely to
be a primary reaction product, directly formed on the vanadium
sites, being readily polymerised under the severe reaction
conditions used in series C.

Fig. 3 shows the concentration profiles obtained for limonene,
limonene oxide and polymer in the series D experiments, with the
catalyst samples in which titania is present only as anatase (S1,
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Fig. 3. Liquid phase limonene oxidation over V,0s/TiO, catalysts, using
diluted (series D) +-BHP as oxygen donor. Concentration profiles of limonene,
limonene oxide and polymer obtained with the anatase catalysts.

S4 and S5). Although the final amount of polymer formed was
determined by weighting the reaction vial after the reaction
mixture having been evaporated to constant weight, the polymer
kinetic curves were calculated by difference, by assuming
constant total mole number. The final amount obtained by
weighting and the final polymer concentration obtained from the
kinetic curves, were found to be in good agreement.

The coincidence between the abscissa time corresponding to
the maximum of the limonene oxide profile and that
corresponding to the inflexion point of the polymer profile,
which seems to be observed in all cases, suggests that the
polymer is formed from the epoxide, also being in agreement
with previous observations [34]. Polymerisation is probably
initiated on acid sites, proceeding via a cationic mechanism.

On the other hand, for the series D experiments carried out
with the catalyst samples containing both titania polymorfs,
anatase and rutile (S2 and S3—Fig. 4), such coincidence in time
abscissas is not observed and no relation can be found between
limonene oxide and the polymer. In both cases the polymer seems
to be formed directly from limonene, after a long induction
period. Polymerisation is likely to take place via a free radical
chain reaction mechanism, the long induction period corre-
sponding to the time needed for the propagation of free radicals
generated on the vanadium sites, to the homogeneous phase.

The formation of limonene glycol in both C and D series is
also an indication of the acidic activity exhibited by the catalyst
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Fig. 4. Liquid phase limonene oxidation over V,Os/TiO, catalysts, using
diluted (series D) +-BHP as oxygen donor. Concentration profiles of limonene,
limonene oxide and polymer obtained with the anatase + rutile catalysts.
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Fig. 5. Liquid phase limonene oxidation over V,0s/TiO, catalysts, using
diluted (series D) +-BHP as oxygen donor. Concentration profiles of limonene
glycol, carveol, carvone and “others” obtained with the anatase catalysts.

samples, since limonene glycol is likely to be formed by acid
catalysed hydration of limonene oxide. In the experiments
carried out with the anatase samples S1, S4 and S5, the time
abscissas of the maximum values of the glycol concentration
profiles seem to fit those of the inflexion points of carvone
concentration profiles (Fig. 5). These observations suggest that
these catalyst samples bear acid sites strong enough to promote
the fast dehydration of limonene glycol to carveol, which is
then readily oxidised to carvone.

For the experiments carried out with the anatase + rutile
samples, S2 and S3, the above fittings of time abscissas are not
observed (Fig. 6). Therefore, carveol seems not to be formed
from limonene glycol. It is likely to be formed via limonene
autoxidation instead.
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Fig. 6. Liquid phase limonene oxidation over V,0s/TiO, catalysts, using
diluted (series D) +-BHP as oxygen donor. Concentration profiles of limonene
glycol, carveol, carvone and ‘“‘others” obtained with the anatase + rutile
catalysts.

4. Conclusions

Two different groups of V,0s/TiO, were obtained: samples
S1, S4, S5 and S6 contain titania only as anatase, while samples
S2 and S3 exhibit both polymorphs, anatase and rutile.

All the catalyst samples seem to be active in limonene
oxidation. However, when diluted -BHP is used as oxidant,
only the samples bearing vanadia on the particles outer surface
(all but S6) are active. This means that limonene oxidation takes
only place on the vanadium sites.

With the anatase samples (S1, S4 and S5) limonene oxide
seems to be a primary reaction product. Apparently,
polymerisation takes place from this product. Carveol and
carvone seem to be formed also from limonene oxide, via
limonene glycol: this compound would be formed by the acid
catalysed epoxide hydration; then carveol may be formed from
limonene glycol also through acid catalysed dehydration;
finally carveol may be oxidised to carvone.

With the anatase + rutile samples (S2 and S3) a polymer is
only formed after a long induction period, apparently directly
from limonene. Although limonene oxide and limonene glycol
are also found as reaction products, carveol and carvone seem to
be also formed directly from limonene, by allylic oxidation. With
these catalysts limonene autoxidation seems to be favoured.
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