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This work presents the studies on the oxidation of limonene with hydrogen peroxide and tert-butyl hydroperoxide
(TBHP) in the presence of : TS-2, Ti-Beta, Ti-MCM-41 and Ti-MWW catalysts, at the autogenic pressure and
atmospheric pressure. The examination were performed at the following conditions: the temperature of 140°C
(studies in the autoclave) and 80°C (studies in glass reactor), the molar ratio of limonene/oxidant (H,O, or WNTB)
= 1:1, the methanol concentration 80 wt%, the catalyst content 3 wt%, the reaction time 3 h and the intensity of
stirring 500 rpm. The analysis of the results showed that in process not only 1,2-epoxylimonene was formed but
also: 1,2-epoxylimonene diol, carveol, carvone and perillyl alcohol but for 1,2-epoxylimonene obtaining the better
method was the method at the autogenic pressure and in the presence of TBHP.
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INTRODUCTION

Limonene is a cheap and an easy available compound.
Its main source are orange peels which are the waste
from the orange juices industry. This compound can be
obtained from orange peels by the steam distillation, the
simply distillation, the extraction with various solvents or
by the cold pressing. Limonene has a lot of applications
in various branches of industry. Among others it is used
in cosmetic, perfume and food industries. In organic
industry limonene is used as a biodegradable, and an
environmentally friendly solvent for paints, varnishes and
resins. Limonene has also antibacterial and antifungal
properties and it is applied in the agriculture and in the
veterinary medicine as a natural insecticide and a repel-
lent. This compound has also applications in medicine
because its strong antitumor activity (suppressing the
growing of cancer cells of the cancer of: ripple, skin,
liver, lungs and prostate)'>.

The main product of the process of limonene oxidation
is 1,2-epoxylimonene. This very valuable compound is
used in production of: paints, varnishes or protective
coatings. This compound is also biologically active
compound, thus it found applications in syntheses of
various drugs. Moreover, 1,2-epoxylimonene is used
in the cosmetic industry (as a component of smelling
compositions) and in the food industry (for flavoring of
food)*”. This compound can be also used in syntheses of
very valuable compounds for the organic and polymers
industry. For example: Nguyen et al. described a method
of carvone obtaining by the isomerization of 1,2-epoxy-
limonene® and Byrne et al. showed the method of the
synthesis of a special polymer (poly(limonene) carbonate)
from 1,2-epoxylimonene and CO, — this polymer has
properties similar to polystyrene’. The applications of
1,2-epoxylimonene in medicine are also very important:
a decreasing of the oxidative stress and curing of the
anxiety states'.

The other oxygenated derivatives of limonene which
are also observed in the process of limonene oxidation
(1,2-epoxylimonene diol, carveol, carvone and perillyl
alcohol) are also very valuable semi-products which are
used in: medicine (compounds having antitumor activity

and antibacterial properties), agriculture (components
suppressing sprouting of potatoes, pesticides acting as
repellents against mosquitos, and antifungal compounds),
chemical industry (production of household detergents),
food industry (components of chewing gums, components
of smelling compositions, and food additives), cosmetic
industry (components of smelling compositions and
soaps), perfume industry (components of smelling com-
positions) and organic syntheses of complex compounds,
for example the synthesis of “quassine” terpenoide'~".

There are only few reports on the utilization of tita-
nium silicate catalysts in the oxidation of limonene. Only
such titanium silicate catalysts were mainly applied in
this process: Ti-MCM-41, Ti-MMM-2, Ti-SBA-15 and
TS-1* ' 1520 The epoxidation of limonene over the
Ti-MCM-41 was performed with hydrogen peroxide or
tert-butyl hydroperoxide (TBHP) as the oxidizing agents.
Several methods were used for the synthesis of the Ti-
MCM-41 catalyst: direct — a sol-gel method in hydro-
thermal conditions (in-framework Ti-MCM-41)? and
post-synthesis methods: grafting (Ti-grafted MCM-41)"*
or wetness and vet impregnation'’. Also the structure
of the Ti-MCM-41 catalyst obtained in the direct sol-
gel method was silylated'®. The studies over the above
mentioned various Ti-MCM-41 catalysts were performed
at the temperatures of 70-85°C, for the molar ratio of
limonene/H,O0, = 3.7:1 and for the reaction time of
0.5-7 h (in one case from 1 h to 24 h'). Over the direct
synthesised Ti-MCM-41 catalyst the selectivity of the
epoxide compounds (the sum of 1,2- and 8,9-epoxylimo-
nene) was about 60 mol%. Carveol and carvone were
formed with the selectivity of 20 mol%, diepoxylimonene
with the selectivity of about 10 mol% and glycols with
the selectivity of about 10 mol%. The conversion of
limonene changed from 36 to 80 mol%. Over the silylated
Ti-MCM-41 catalyst the results of limonene epoxidation
were very close, and the only one difference was a higher
value of hydrogen peroxide efficiency'®. The two other
methods of Ti-MCM-41 preparation (wetness and vet
impregnation) do not cause any important changes in
the catalyst activity'”. The utilization of TBHP in the
epoxidation of limonene causes that after the reaction



time of 24 h the conversion of limonene was 62 mol%
and the selectivity of 1,2-epoxylimonene amounted to
75 mol%. Over the Ti-MMM-2 catalyst epoxidation of
limonene was performed in acetonitrile as the solvent,
at the temperature of 60°C and for the molar ratio of
limonene/H,0, = 1:2". These studies showed that the
amount of the obtained epoxide compound was three
times higher than other products. Simultaneously, the
amount of carvone was higher than carveol. In the post-
reaction mixtures also perillyl alcohol was detected™.
During the studies over the Ti-SBA-15 catalyst synthe-
sized by grafting titanium on a SBA-15 structure two
oxidizing agents were used: H,O, and TBHP"*". The
reaction was performed in acetonitrile for the reaction
time to 24 h. The following molar ratios of limonene/
oxidizing agent were used in these studies: the molar
ratio of limonene/H,0, = 1:1.3 and the molar ratio of
limonene/TBHP = 1:1.6. For the reaction with H,0,
the temperature of 70°C and for TBHP the temperature
of 80°C were used. For all investigated oxidizing agents
the selectivity of 1,2-epoxylimonene was 100 mol%, but
for H,0O, the conversion of limonene was 40 mol%, and
for TBHP 60 mol%. The studies on the epoxidation of
limonene over TS-1 and Ti-SBA-15 were also showed in
the work of Wroblewska®®. These studies were performed
at the atmospheric pressure with 60 wt% H,O, and in
the presence of the TS-1 and Ti-SBA-15 titanium silicate
catalysts (TS-1 and Ti-SBA-15 catalysts were synthesized
by the sol-gel method in hydrothermal conditions). The
epoxidation was performed at the temperatures of: 0,
40, 80 and 120°C. The reaction time was changed from
0.5 to 24 h. During the examination the formation of
the following product was observed: 1,2-epoxylimonene
and its diol, perillyl alcohol, carvone and carveol. The
studies showed a lot of differences in the epoxidation
of limonene in the presence of TS-1 and Ti-SBA-15.
First of all TS-1 was the active catalyst in the process
but higher values of the main functions describing the
process were obtained for the Ti-SBA-15. For both
catalysts the formation of carveol was observed but al-
most whole amount of carveol was converted to carvone
independent of the temperature and the reaction time.
The amount of carveol and carvone raised with the ris-
ing the temperature and with the prolongation of the
reaction time. Perillyl alcohol was also formed and for
almost all studied conditions it was the main product
of the process®.

The aim of this work was the comparison of two method
of limonene oxidation: at the autogenic pressure (at the
raised pressure) and at the atmospheric pressure (taking
into account the formation of appropriate products)
over such titanium silicate catalysts as: TS-2, Ti-Beta,
Ti-MCM-41, and Ti-MWW. Also the comparison the
activity of these titanium silicate catalysts was presented.
In these studies two oxidizing agents were used: hydrogen
peroxide (60 wt% solution in water) and TBHP (5M
solution in decane). Moreover, the effectiveness of these
oxidants was compared.

EXPERIMENTAL

The TS-2 catalyst was prepared according to the
method described by Reddy et al.”, the Ti-Beta by the
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method of Camblor et al.??, the Ti-MCM-41 catalyst by
the method of Gruna et al.*®, and the Ti-MWW catalyst
by the method of Wu et al.**. The full characteristic of
the obtained catalysts was presented in our previous
works: TS-2%5-2¢ Ti-Beta®, Ti-MCM-412%%7, Ti-MWW?2,

In the epoxidation of limonene the following reactants
were used: R-(+)-limonene (97%, Sigma), hydrogen
peroxide (60 wt% water solution, Chempur), tert-butyl
hydroperoxide (5M solution in decane, Sigma), and
methanol (analytical grade, Chempur). The studies on
the oxidation of limonene were carried out with hy-
drogen peroxide and TBHP as oxidants and with help
of two methods: at the autogenic pressure and at the
atmospheric pressure. At the autogenic pressure the
oxidation was performed in the autoclave of Berghof
company equipped with the TEFLON insert with the
capacity of 150 cm® and at the pressure of 10 bars. At
the atmospheric pressure the studies were performed in
the glass reactor with the capacity of 100 cm® equipped
with the reflux condenser, the thermometer and magnetic
stirrer. The temperature was controlled by WIGO MS
11 HS apparatus with functions of stirring and heating.
The oil bath was used for heating the reaction mixtures
in the glass reactor. The conditions of the oxidation of
limonene were as follows: the temperature of 140°C
(the method at the autogenic pressure) and 80°C (the
method at the atmospheric pressure), the molar ratio
of limonene/oxidizing agent (H,O, or TBHP) = 1:1,
the methanol concentration 80 wt%, the content of the
catalyst 3 wt%, the reaction time 3 h and the intensity
of stirring 500 rpm.

After the oxidation process the post-reaction mixtures
were centrifuged (the separation of the catalysts) and
then the obtained solutions were analyzed by the gas
chromatography method and by the iodometric titration
(the establishing of the unreacted hydrogen peroxide —
only in case oxidations with hydrogen peroxide). The
GC analyses were made with help of FOCUS apparatus
equipped the flame-ionization detector and fitted with
the Restek Rtx-WAX 0.53 nm x 30 m x 1.0 um capillary
column filled with polyethylene glycol. The parameters
of the analyses were as follows: the pressure of helium
50 kPa, sensitivity of 100, the temperature of the sample
chamber 200°C, the detector temperature 250°C, the
temperature of the thermostat was increasing accord-
ing to the following program: isothermally at 60°C for
2 min., an increase to 240°C at the rate of 15°C/min.,
isothermally at 240°C for 4 min, cooling to 60°C. Reaction
products were also identified by the GC-MS at the same
conditions as in the GC method. The results of the quan-
titative analyses help as to calculate the mass balances
for each synthesis. On the basis of the mass balance the
main functions describing the process were determined:
the selectivities of the appropriate products, conversion
of limonene, conversion of hydrogen peroxide and the
selectivity of transformation to organic compounds in
relation to hydrogen peroxide consumed (efficiency of
hydrogen peroxide conversion). The ways of calculations
of these main functions are presented below:
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amount of moles of product

- < + 100 [mol%
SproductL. = 3 ount of moles of limonene consumed [mol%]
c = amount of moles of 11monene f:onsumed £ 100 [mol%]
amount of moles of limonene introduced
into reactor
Cinos = amount of moles of H,O, consumed 100 [mol%]

amount of moles of H,O, introduced

into reactor

amount of moles of formed organic compounds
amount of moles of HO, consumed

sorgA comp./H202 —

- 100 [mol%]

RESULTS AND DISCUSSION

The results of our studies showed that in process of
limonene oxidation not only 1,2-epoxylimonene was
formed but also other very valuable compounds, such
as: 1,2-epoxylimonene diol, carveol, carvone and peril-
lyl alcohol. The possible ways of the formation of these
compounds are presented below:
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The results of the studies on the oxidation limonene
at the autogenic pressure are presented in Figure 1 and
in Table 1.

Figure 1 shows that for the studies with hydrogen
peroxide and over the hydrophobic catalysts, such as:
TS-2, Ti-MCM-41 and Ti-MWW, the selectivity of
1,2-epoxylimonene was lower than for the hydrophilic
Ti-Beta catalyst (the hydrophilic character of this cata-
lyst is connected with the presence of Al atoms in the
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Figure 1. The influence of the kind of titanium silicate catalyst
on the selectivity of 1,2-epoxylimonene during the
studies at the autogenic pressure and for H,0, and
TBHP as oxidants

Titanium-silicate catalysts

structure of silica). For TS-2, Ti-MCM-41 and Ti-MWW
the selectivity of this epoxide compound amounted to
from 50 to 57 mol%, and for Ti-Beta 83 mol%. For
the examinations with TBHP the results were opposite.
The hydrophilic Ti-Beta catalyst allowed to achieve the
selectivity of the epoxide compound 33 mol%, and the
hydrophobic catalysts (TS-1, Ti-MCM-41 and Ti-MWW)
from 67 to 79 mol%. In general, the oxidation with
TBHP allowed to obtain higher values of the selectivity
of 1,2-epoxylimonene (excluding Ti-Beta catalyst). During
the studies with hydrogen peroxide the size of the pores
and Ti content of examined catalysts (Table 1) had a slight
influence on the selectivity of epoxide compound (this
function raised slightly — excluding Ti-Beta). During the
studies with TBHP there was also visible a slight increase
in values of the selectivity of 1,2-epoxylimonene during
increasing the pore size and Ti content in the catalyst
(excluding Ti-Beta). The different behavior of Ti-Beta
catalysts during the presented research is probably mainly
connected with the hydrophilic character of this catalyst.

Table 1 shows that for the studies with hydrogen pero-
xide the conversions of limonene was about 70-77 mol%
for TS-2 and Ti-MCM-41 catalysts, and 93-99 mol% for
Ti-Beta and Ti-MWW catalysts. It shows that the pore
size and Ti content had not influence on the conversion
of limonene for epoxidation with hydrogen peroxide.

Table 1. The results of the studies on the oxidation of limonene with hydrogen peroxide and TBHP at the autogenic pressure (the
values of the limonene conversion (C;), selectivity of 1,2-epoxylimonene diol (S gppioy), selectivity of carveol (S,neoin):
selectivity of carvone (S, yoner)> Selectivity of perillyl alcohol (Sp, ), conversion of hydrogen peroxide (Kjp,,) and selectivity
of transformation to organic compounds in relation to hydrogen peroxide consumed (Soy comp.11202)

C t | t P?re Slzet f CL S1,2EPDiO|/L ScarveoI/L SCal’Vi'Jg/E/L SF’A/L KH202 SUTQ- COFT(F;/JHZOZ
atalys [”ﬁ][;mggzao [mol%] [Mol%] [Mol%] [mol%] [mol%] [Mol%] [mol%]
Studies with H,O»
TS2 05315 70 6 12 7 26 97 72
Ti-Beta 0.741.2 99 1 6 5 6 96 99
Ti-MCM-41 3115 77 5 8 8 20 75 97
0.4x0.55,
Ti-MWW 0.71x0.71, 93 10 13 7 13 97 95
0.71x0.181/3.22
Studies with TBHP
TS2 05315 40 0 5 0 8 _ _
Ti-Beta 0.741 .2 49 0 13 1 19 - Z
Ti-MCM41 3415 94 0 10 2 17 - Z
0.4x0.55,
Ti-MWW 0.71x0.71, 17 0 4 0 0 - -
0.71x0.181/3.22




Moreover, the studies present that independent of hydro-
philic character of Ti-Beta catalyst the 1,2-epoxylimonene
was stable and did not undergo transformation to diol.
A greater number of epoxide compound underwent
transformation to diol over the remaining catalysts (about
5-10 mol%). All catalysts were active catalysts in allylic
oxidation at position 6, thus the formation carveol and
carvone was observed, but TS-2 and Ti-MWW were the
most active materials. Over all titanium silicate catalysts
formation of perillyl alcohol was observed, but the highest
selectivities of this compound were observed for TS-2
and Ti-MCM-41 catalysts, respectively: 26 and 20 mol%.
Conversion of hydrogen peroxide for TS-2, Ti-Beta, and
Ti-MWW catalysts amounted to 96-97 mol%, only for
Ti-MCM-41 it was lower and amounted to 75 mol%.
The effective conversion of hydrogen peroxide was the
highest for Ti-Beta, Ti-MCM-41 and Ti-MWW catalysts
(95-97 mol%), only for TS-2, which is characterized by
the smallest pores, it amounted to 72 mol%.

Studies with the TBHP as oxidizing agent shows that
the higher value of the limonene conversion was obtained
for Ti-MCM-41 catalyst (94 mol%) — the catalyst with
the largest pores, for TS-2 and Ti-Beta this function had
value 40-49 mol%, and the lowest it had for the Ti-MWW
catalyst. The formation of 1,2-epoxylimonene diol was
not observed but carveol and carvone were detected in
the post-reaction mixtures for all studied catalysts. The
highest values of carveol selectivity were observed for
Ti-Beta and Ti-MCM-41 catalysts. Moreover, it can be
concluded that carveol molecules were more stable in the
oxidation conditions and slower underwent oxidation to
carvone than during the studies with hydrogen peroxide.
The highest selectivities of perillyl alcohol were observed
for Ti-Beta and Ti-MCM-41 catalysts (in contrast to
the studies for hydrogen peroxide). Moreover, for the
Ti-MWW catalyst the perillyl alcohol was not detected
in the post reaction mixtures.

The results of the studies on the oxidation limonene
at the atmospheric pressure are presented in Figure 2
and in Table 2.

Figure 2 shows that the selectivities of 1,2-epoxyli-
monene obtained during the studies at the atmospheric
pressure are considerably lower than obtained for the
oxidation at the autogenic pressure not only for hydro-
gen peroxide but also for TBHP. For the oxidation with
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Figure 2. The influence of the kind of titanium silicate catalyst on
the selectivity of 1,2-epoxylimonene during the studies
at the atmospheric pressure and for H,O, and TBHP
as oxidants

hydrogen peroxide the highest value of the selectivity of
the epoxide compound showed TS-2 catalyst, lower Ti-
-Beta and Ti-MWW (9 and 5 mol%) but in the presence
of Ti-MCM-41 catalyst the formation of 1,2-epoxylimo-
nene was not observed. During the studies with TBHP
1,2-epoxylimonene was form with the following selec-
tivities: TS-2-13 mol%, Ti-Beta 11 mol%, Ti-MCM-41
7 mol% and Ti-MWW 3 mol%. In general, the increase
in the pore size and in the content of Ti of the studied
materials causes decrease the selectivity of the epoxide
compound independent of the used oxidizing agent.
Taking into account the results presented in Table 2 it is
visible that for the method oxidation at the atmospheric
pressure considerably lower conversions of limonene
were obtained, for the oxidation with hydrogen peroxide
5-6 mol%, and for oxidation with TBHP 4-5 mol%. In
comparison to the studies at the autogenic pressure, the
oxidation at the atmospheric pressure is characterized by
considerably higher values the selectivities of carveol and
carvone, especially for studies with hydrogen peroxide
where almost a half of the obtained carveol underwent
oxidative dehydrogenation to carvone. Moreover, for
these studies it is observed an increase in selectivity of
carveol and a decreasing of carvone selectivity during
increasing the pore size and Ti content of the studied
catalysts. For the studies for TBHP the opposite tendency
for selectivities of carveol and carvone was observed.

Table 2. The results of the studies on the oxidation of limonene with hydrogen peroxide and TBHP at the atmospheric pressure (the
values of the limonene conversion (C,), selectivity of 1,2-epoxylimonene diol (S, gppioy)s Selectivity of carveol (Sg,neoin),
selectivity of carvone (S_,yoner)> Selectivity of perillyl alcohol (Spy ), conversion of hydrogen peroxide (Ky,,) and selectivity
of transformation to organic compounds in relation to hydrogen peroxide consumed (Soy comp.11202)

C t I t /Pore Slzte fT CL S1.2EPDiO|/L Scarveol/L SCBWT{T/@/L SPA/L KHZOZ SOTQ~ COVT(’;/JHZOZ
atalys [”m][fvrtﬂ/‘:]léé‘zs" T imol%] [Mol%] [Mol%] [mol%] [Mol%] [Mol%] [mol%]
Studies with F,0;
TS2 05315 5 13 25 32 17 5 80
Ti-Beta 0.74/1.2 6 14 27 32 17 5 93
Ti-MCM-41 3115 5 15 35 37 13 6 69
0.4%0.55,
Ti-MWW 0.71x0.71, 6 16 38 28 15 5 89
0.71x0.181/3.22
Studies with TBHP
TS2 05315 5 0 28 25 34 _ _
Ti-Beta 0.74/1.2 5 0 23 30 36 _ _
TI-MCM-41 3115 4 0 6 38 49 - -
0.4%0.55,
Ti-MWW 0.71x0.71, 4 0 12 39 46 - -
0.71x0.181/3.22
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The increase of the pore size and Ti content caused
the decrease in values of the selectivity of carveol and
increase in values of the selectivity of carvone. The
selectivity of perillyl alcohol slightly decreased during
increase of the pore size and Ti content for studies with
hydrogen peroxide (from 17 to 13-15%). For studies
with TBHP this selectivity raised with the increase the
pore size and Ti content and reached the value from 34
mol% to 4649 mol%. Table 2 shows that conversion of
hydrogen peroxide was very low and amounted for all
studied catalysts 5-6 mol%, but the effective conversion
of hydrogen peroxide was similar to the obtained for the
method at the autogenic pressure.

CONCLUSIONS

The used catalysts were found to be efficient cataly-
sts for the oxidation of limonene to the corresponding
products. The method at the autogenic pressure was
more efficient, taking into account the selectivities of
1,2-epoxylimonene and conversions of limonene and
hydrogen peroxide. On the other hand, in the second
method (oxidation at the atmospheric pressure) high
values of the selectivities of the other products of this
process were obtained — carveol, carvone and perillyl
alcohol. Thus, the method at the autogenic pressure
can be used for 1,2-epoxylimonene obtaining with high
selectivity, and the method at the atmospheric pressure
for obtaining the other products of the oxidation of
limonene which have also a lot of applications. The me-
thod at the atmospheric pressure needs further studies,
especially the studies for longer reaction time should be
performed. The presented method of limonene oxidation
can be described as eco-friendly procedure, taking into
account the mild conditions of its carrying out (atmo-
spheric pressure or autogenic pressure, low temperatures)
and the utilization of limonene which can be obtained
from waste orange peels (biomass, renewable source).
Moreover, hydrogen peroxide, which is used as the one
from oxidizing agents, is cheap, mild and environmen-
tally friendly oxidizing agent and the only product of its
transformation is water.
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