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This work presents the studies on the epoxidation of limonene to 1,2-epoxylimonene with hydrogen peroxide and 
over the titanium-silicate Ti-SBA-15 catalyst. The main object of the research was a solvent effect on the epoxida-
tion process. The infl uence of solvents, such as: methanol, toluene, propan-2-ol (isopropyl alcohol), acetonitrile and 
ethanol has been studied. Furthermore, the infl uence of temperature in the range of 0–120°C and the reaction 
time in the range of 0.25–48 h have been investigated. Gas chromatography and iodometric titration methods were 
used to establish the products of this process and amount of the unreacted hydrogen peroxide. 1,2-Epoxylimonene, 
1,2-epoxylimonene diol, perillyl alcohol, carvone and carveol have been determined as the main products of this 
process. All these compounds are very valuable raw materials for organic syntheses, medicine or cosmetic and 
food industry.
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INTRODUCTION

         Recently, the epoxidation of limonene became a very 
popular topic. The process owes its popularity to many 
valuable products formed in this reaction. The most 
desired product of limonene oxidation is 1,2-epoxylimo-
nene. It can be used in a production of poly(limonene 
carbonate) – as a great alternative for polystyrene1, or in 
a pharmaceutical industry as a component of medicines 
used in the treatment of schistosomiasis2. Furthermore, 
products such as: 1,2-epoxylimonene diol, perillyl alcohol, 
carvone, and carveol are equally important by-products 
of this process. They are formed by such side reactions, 
as: hydration of epoxide ring, hydroxylation and oxidative 
dehydrogenation (Fig. 1). All from these products have 

many applications, for example in pharmacy (perillyl al-
cohol is a well-known anticancer agent especially against 
Glioblastoma multiforme3, 4), in a food industry (carvone 
is widely used as a fragrance and fl avor agent5) and in 
a cosmetic industry6.

The literature analysis showed, that it can be distin-
guished few ways of limonene oxidation. First of all, as 
oxidants in this process aqueous solution of H2O2

7–10, 
t- butyl hydroperoxide11–13, sodium periodate14 and iodo-
sylbenzene15 have been used so far. This process may 
occur in homogeneous medium, where the catalyst can 
be for example: systems based on silicotungstates16, 
tungstophosphates17, vanadyl cationic complexes18, or 
ionic liquids19, and heterogeneous, catalyzed by: Fe-
-doped MoO2 nanosheets20 or Fe/nanoporous carbon 
materials21, but the most common catalysts used in this 
process are titanium silicates, such as: Ti-MCM-4122, 
TS-18 and Ti-SBA-1523. A great advantage associated 
with use of this kinds of catalysts can be the easiness of 
its separation, further regeneration and the possibility 
of obtaining interesting products with high selectivity. 

Herein, we applied an aqueous solution of hydrogen 
peroxide as an oxidant and Ti-SBA-15 mesoporous mate-
rial as a catalyst. The combination of H2O2 solution and 
titanium silicate catalysts allow to design environment-
-friendly process, especially when Ti-SBA-15 is used. This 
mesoporous material is synthesized with the presence of 
a biodegradable copolymer – Pluronic P123 (copolymer 
of ethylene oxide and propylene oxide), which is used as 
a template in such process. In contrary to other titano-
silicates, the process of its preparation does not involve 
any ammonium compounds, thus the crystallization is 
deprived of smell and toxicity of amines, which are 
formed during the calcination process22. 

The challenge is to develop a process, which is more 
selective for epoxidation products, such as 1,2-epoxyli-
monene and less selective for hydroxylation products 
(e.g. perillyl alcohol and carveol). For the creation of 
products of hydroxylation can be responsible strong 
hydrophilic character of Ti-SBA-15 material. It was pro-

Polish Journal of Chemical Technology, 20, 4, 6—12, 10.2478/pjct-2018-0047

Figure 1. Possible reaction pathways in the oxidation of limo-
nene with aqueous solution of hydrogen peroxide
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ven, that the hydrophilicity of the catalyst is associated 
with the presence of hydroxyl groups and that in turn, 
can be a reason of lower selectivity to epoxides24–27. By 
selecting appropriate parameters and suitable medium 
for this process we can limit the products of undesirable 
reactions associated with the presence of -OH groups 
in reaction environment. Furthermore, Corma et al.29 
demonstrated the signifi cant role of a solvent in the 
epoxidation processes with H2O2 over titanium-silica-
tes. They presented the results of solvent infl uence on 
the epoxidation of 1-hexene over the Ti-Beta catalyst. 
It was shown, that the catalyst activity increases with 
solvent polarity in both, aprotic and protic solvents, but 
for aprotic solvents the increase was more pronounced 
and reached higher values. Such a phenomenon can be 
explained by the formation of unstable complexes with 
Ti atoms in nonprotic media, in which water, instead of 
alcohol (like in case of protic solvents) is the ligand of 
Ti (Fig. 2). According to the fact, that water has lower 
donor properties, the unstable complex formed in aprotic 
medium have a higher electrophilic character, and hence 
higher reactivity to epoxidation, then the stable alcohol 
complex in protic medium.

EXPERIMENTAL

We have studied the infl uence of temperature, reaction 
time and effect of solvent on the epoxidation of limonene 
with 60 wt% solution of hydrogen peroxide in water and 
over the titanium-silicate catalyst Ti-SBA-15. The effect 
of solvents, such as: propan-2-ol, acetonitrile, toluene, 
methanol and ethanol were examined. These solvents 
can be divided into three groups depending on their 
chemical and physical properties: nonpolar (toluene, 
εr = 2.4), polar aprotic (acetonitrile, εr = 37.5) and 
polar protic (methanol, εr = 32.7; ethanol, εr = 24.5, 
and propan-2-ol, εr = 18). Temperature was studied 
in the following range: 0–120°C and the reaction time 
was studied in the range from 15 min to 48 h. Other 
parameters remained unchanged in the entire studies 
and amounted respectively: catalyst content – 3 wt% 
(in relation to the mass of the reaction mixture), solvent 
concentration – 80 wt% (in relation to the mass of the 
reaction mixture), intensity of stirring 500 r.p.m and 
limonene/hydrogen peroxide molar ratio 1:1. 

Ti-SBA-15 material has been previously synthesized 
using the method described by Berube et al.22. The molar 
ratio of Si/Ti in the gel before crystallization was 40:1. 
Thanks to the instrumental analysis of catalyst samples 
(XRF method), we have determined the Ti content in 
this catalyst, which was 2.46 wt%, the size of pores was 
about 5.0 nm, the specifi c surface area (622 m2/g) (BET 
method) and the shape and size of particles (which had 
shape of the rods with the width of about 3–4 mm and 
the length of 15 mm and were composed with smaller 
particles with the width of 0.54 mm and the length of 
0.76 mm) (SEM method). The detailed description of Ti-
-SBA-15 catalyst was presented in our previous works25–27.

All of the epoxidation processes were carried out in 
glass reactors (50 ml) immersed in a thermostatted bath, 
equipped in a refl ux condenser, magnetic stirrer and 
thermocouple. We have used the iodometric titration 
method in order to determine the amount of consu-
med hydrogen peroxide, and the gas chromatography 
method to determine qualitatively and quantitatively 
products of the reaction. Also tests without the catalyst 
were performed and reaction did not proceed. As the 
most important functions describing the process we 
have chosen: conversion of hydrogen peroxide (CH2O2) 
– the number of moles of H2O2 that undergoes reaction 
divided by the initial amount of H2O2, the whole is 
multiplied by 100% – the value is expressed in mole%, 
conversion of limonene (CL) – the number of moles 
of limonene that undergoes reaction divided by the 
initial amount of limonene, the whole is multiplied by 
100% – the value is expressed in mole%, selectivity 
of transformation to organic compounds in relation to 
hydrogen peroxide consumed, understood as effi ciency 
of hydrogen peroxide (EH2O2) – the amount of moles of 
hydrogen peroxide that has been converted into organic 
compounds divided by the amount of moles of hydrogen 
peroxide that has reacted, the total is multiplied by 100 
and expressed in mole%, and selectivity of main product 
(mainly 1,2-epoxylimonene) – the amount of moles of 
limonene that has been converted to the chosen product 
divided by the number of moles of limonene that has 
reacted, the whole is multiplied by 100 and expressed in 

Figure 2. Possible complexes formed during epoxidation with 
hydrogen peroxide over titanium-silicate catalysts in 
different media

On the other hand, in protic medium, fi ve-membered 
cyclic structure has protic molecule – ROH, which stabi-
lizes the Ti-peroxo complex through hydrogen bonding 
and can be modifi ed by basics and acids. Therefore, 
the formation of this complex can be the reason of 
successful epoxidation reactions in protic environment 
when titanium-silicate materials are used as catalysts. 

Given the above under consideration, the aim of 
our work was to study the infl uence of chosen solvents 
(polar aprotic, polar protic and nonpolar) on the oxi-
dation of limonene with hydrogen peroxide over the 
Ti-SBA-15 catalyst. To this end, we have determined all 
of the products of the reaction and this gave us a clue 
in which direction the reaction occurred. Moreover, we 
investigated the infl uence of temperature and time of 
reaction for each studied environment. Thanks to the 
use of gas chromatography method, we have determi-
ned in the reaction medium fi ve products of limonene 
oxidation: 1,2-epoxylimonene, 1,2-epoxylimonene diol, 
perillyl alcohol, carvone and carveol, Mechanisms of ob-
taining these compounds were described in our previous 
paper23. The proposed method of limonene oxidation 
can be benefi cial taking into account the possibility of 
utilization of limonene derived from waste orange peels. 
Also application of hydrogen peroxide as oxidizing agent 
is environmentally friendly.
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mole%. Such functions helped us in choosing the most 
favorable conditions and the most benefi cial medium 
for the epoxidations of limonene. 

In the GC analyses the Focus apparatus equipped with 
the Restek RTX column (0.53 mm x 30 m x 1.0 um fi lm 
(polyethylene glycol 20,000 Da)) was used. The carrier 
gas was helium, at a fl ow rate of 1 mL/min. Column 
temperature was initially 60oC for 2 min, then gradually 
increased to 240oC at 4oC/ min. For GC-MS (Restek 
RTX column) an electron ionization system was used 
with an ionization energy of 70 eV. 

RESULTS AND DISCUSSION

Acetonitrile as polar aprotic solvent 
The effect of the acetonitrile as a solvent was inves-

tigated. From the results given in the Fig. 3. it can be 
concluded, that the process of limonene epoxidation does 
not occur at the temperatures below 60°C. Selectivity 
of 1,2-epoxylimonene (Fig. 3a) was comparable in the 
whole range of studied reaction time and amounted 
respectively: for the temperature of 80oC – 43.8 mol% 
(after 15 minutes), and for the temperature of 120oC 
– 11.9 mol% (after 24 hours). As the most benefi cial 
temperature – the temperature of 80°C and as the best 
reaction time – the time of 0.25 hour were chosen for 
studied process. In these conditions, the selectivity of 
main epoxidation product – 1,2-epoxylimonene was 43.8 
mol%. Moreover, we have detected perillyl alcohol in 
the post-reaction mixture, only when the reaction was 
carried out at 60°C and its selectivity reached the highest 
value after 2 hours and amounted to 22.5 mol%. Other 
by-products were detected at temperatures above 60°C 

and the selectivities of these products at the most ben-
efi cial conditions reached following values: S1,2-epoxylimonene 

diol – 10.6 mol%, Scarvone – 20.2 mol%, and Scarveol – 25.4 
mol%. For the temperature of 120oC and after 24 
hours all of the by-products reached values as follows: 
S1,2-epoxylimonene diol – 20.9 mol%, Scarvone – 38.6 mol%, and 
Scarveol – 28.7 mol%.

The conversion of limonene (Fig. 3b) increases with 
the increasing the reaction time and reached at 80°C 
and after 0.25 h – 19.8 mol%. Similarly, was in the case 
of hydrogen peroxide effi ciency. This function at 80°C 
and after 0.25 h reached 20.0 mol%.

Ethanol as polar protic solvent
 During the studies on ethanol effect it was observed, 

that the presence of this solvent in reaction mixtures cause 
formation of hydroxylation products (Fig. 4). We have 
not detected any epoxidation products in the reaction 
mixtures (Fig. 4a). The value of perillyl alcohol selecti-
vity was the highest from all of the detected products. 
It remained constant throughout the whole range of 
tested time at temperature above 80°C and amounted 
about 64.5–68.6 mol% at 80°C and 67.4–71.2 mol% at 
120oC . The selectivities of other by-products reached at 
80oC and after 24 hours following values: S1,2-epoxylimonene 

diol – 14.2 mol%, Scarvone – 4.2 mol%, and Scarveol – 16.5 
mol% and at 120 oC after 24 hours: S1,2-epoxylimonene diol – 
7.7 mol%, Scarvone – 5.7 mol%, and Scarveol – 20.5 mol%. 
Furthermore, the values of limonene conversion (Fig. 
4b) were high throughout the whole range of studied 
temperatures (above 60°C) and ranged at different 
temperatures respectively: 60°C: 39.6–54.9 mol%, 80°C: 
45.3–58.9 mol% and 120°C: 48.7–68.5 mol%. The hydro-

Figure 3. The most important functions describing the process of limonene epoxidation in acetonitrile medium in the appropriate 
ranges of the reaction time and temperature (with Ti-SBA-15 amount of 3 wt% in reaction mixture, solvent concentration 
in reaction mixture – 80 wt%, intensity of stirring 500 r.p.m and limonene/H2O2 molar ratio – 1/1
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gen peroxide effi ciency (Fig. 4c) reached at the highest 
point 71.5 mol% at 120°C and after 0.25 h.

Propan-2-ol as polar protic solvent
The results obtained in the epoxidation of limonene 

in propan-2-ol medium are very like those achieved in 
ethanol medium (Fig. 5). In such process, we have not 
detected any epoxidation products (Fig. 5a). Nevertheless, 
perillyl alcohol was determined with slightly higher values. 
It is obtained with a selectivity of 74,1 mol% and 68,2 
mol%, when the temperature equals respectively 80°C 
and 120°C, and the time of reaction was 48 hours. Selec-
tivity of by-products, such as: limonene-1,2-diol, carvone 
and carveol amounted to respectively – 14.2 mol%, 4.2 
mol%, 16.5 mol% at 80°C and 7.7 mol%, 5.7 mol%, 
20.5 mol at 120°C (after 24 hours). The conversion of 
limonene and effi ciency of hydrogen peroxide (Fig. 5b–c) 
were higher in a comparison to the results obtained in 
ethanol medium. The highest value of conversion was 
reported at 120°C and after 0.5 hour and amounted to 
about 70 mol%. On the other hand, the highest value 
of hydrogen peroxide effi ciency was reported at 120°C 
after 0.25 hour.

Methanol as polar protic solvent
During the studies of methanol infl uence it has been 

shown that this medium is less conductive for hydro-
xylation reactions (Fig. 6a). The values of by-products 
selectivities were the lowest in comparison to other 
solvents and reached at 80oC and after 24 hours as fol-
lows: S1,2-epoxylimonene diol – 12.2 mol%, Scarvone – 3.9 mol%, 
and Scarveol – 13.5 mol%. Results of limonene conversion 
and H2O2 effi ciency (Fig. 6b–c) are slightly lower, then 

in case of other solvents. The effi ciency of hydrogen 
peroxide reached the highest value (55.9 mol%) at 80oC 
and after 48 hours and the conversion of limonene re-
ached 56 mol% in the same conditions. The selectivity 
of perillyl alcohol was the lowest of all tested solvents 
and reached 57.5 mol% (48 h, 80oC). As in the case of 
other protic solvents, epoxidation process products have 
not been detected. 

Toluene as nonpolar solvent
In the entire range of studied temperatures and time 

in toluene medium did not occur any process, neither 
epoxidation nor hydroxylation. Throughout the whole 
range of studied parameters, the values of the most 
important functions describing the process amounted 
to 0.0 mol%. We have not detected any product of this 
process.

CONCLUSIONS

The infl uence of solvents, such as: methanol, ethanol, 
propan-2-ol, toluene and acetonitrile on the epoxidation 
of limonene with hydrogen peroxide and over the Ti-
-SBA-15 catalyst has been studied. The basis for determi-
ning the most advantageous medium were three the most 
important functions describing the process: selectivity of 
1,2-epoxylimonene, limonene conversion and effi ciency 
of H2O2. Additionally, the selectivity of perillyl alcohol 
was designated in order to determine the progress of 
hydroxylation process in different media. 

Analysing the obtained results, it can be concluded, that 
aprotic medium (acetonitrile) is suitable for epoxidation 
process. In protic and apolar media the epoxidation did 

Figure 4. The most important functions describing the process of limonene epoxidation in ethanol medium in the appropriate 
ranges of the reaction time and temperature (with Ti-SBA-15 amount of 3 wt% in reaction mixture, solvent concentration 
in reaction mixture – 80 wt%, intensity of stirring 500 r.p.m and limonene/H2O2 molar ratio – 1/1)
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not occur. In acetonitrile, the value of 1,2-epoxylimonene 
selectivity was the highest at 80oC and after 3 hours. In 
such conditions, it reached 48.7 mol%. Furthermore, 
other parameters (conversion of limonene and hydrogen 
peroxide effi ciency) reached respectively: CL = 49.9 mol% 
and EH2O2 = 28 mol%. 

On the other hand, it can be stated, that the competitive 
reaction for limonene epoxidation is its hydroxylation, in 
which perillyl alcohol is obtained. It is especially visible 
for such solvent as: ethanol (εr = 24.5) and propan-2-ol 
(εr = 18). Moreover, by selecting the appropriate para-
meters, other by-products of this process can be obtained 

Figure 5. The most important functions describing the process of limonene epoxidation in propan-2-ol medium in the appropriate 
ranges of the reaction time and temperature (with Ti-SBA-15 amount of 3 wt% in reaction mixture, solvent concentration 
in reaction mixture – 80 wt%, intensity of stirring 500 r.p.m and limonene/H2O2 molar ratio – 1/1)

Figure 6. The most important functions describing the process of limonene epoxidation in methanol medium in the appropriate 
ranges of the reaction time and temperature (with Ti-SBA-15 amount of 3 wt% in reaction mixture, solvent concentration 
in reaction mixture – 80 wt%, intensity of stirring 500 r.p.m and limonene/H2O2 molar ratio – 1/1)
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with relatively high selectivity. 1,2-Epoxylimonene diol, 
carvone and carveol can be obtained with selectivity 
amounted to 20.9 mol%, 38.7 mol% and 28.7 mol% 
respectively in acetonitrile medium, at the temperature 
of 120oC and after 24 hours. 

Apolar medium (toluene) is not suitable neither for 
epoxidation nor hydroxylation reactions. 

The comparison the infl uence of temperature and 
reaction time on the course of limonene oxidation in 
the appropriate solvents showed that in acetonitrile 
(polar aprotic solvent) temperature had infl uence on 
the course of epoxidation. There was temperature be-
low the epoxidation did not proceed (60oC) – at higher 
temperatures epoxidation proceeded but selectivity of 
1,2-epoxylimonene decreased. Moreover, in acetonitrile 
prolongation the reaction time increased the conversion 
of limonene and effi ciency of hydrogen peroxide co-
nversion, but increase in temperature caused decrease 
in values of these functions – probably because the in-
effective decomposition of hydrogen peroxide at higher 
temperatures and polymerization of limonene. In polar 
protic solvents epoxidation of limonene did not proce-
ed, mainly formation of perillyl alcohol was observed. 
Prolongation the reaction time decreased slightly the 
conversion of limonene and effi ciency of hydrogen pero-
xide conversion but the increase in temperature caused 
increase in values of these two functions.
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