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Abstract
This work describes the isomerization of S-carvone using a natural zeolite—clinop-
tilolite as the catalyst. The isomerization of S-carvone was carried out at the cata-
lyst content in the reaction mixture from 5 to 15  wt%, in a temperature range of 
190–210 °C and for the reaction time from 60 to 300 min. The main product of the 
isomerization of S-carvone was aromatic alcohol with many practical applications—
carvacrol. The use of the most favorable reaction conditions (the reaction time of 
3 h, the temperature of 210 °C and the catalyst content 15 wt%) allowed to obtain 
this compound with high yield amounted to about 90 mol%. The S-carvone isomeri-
zation is an example of environmentally friendly process because it does not use any 
solvents, S-carvone can be separated from cheap cumin waste (renewable biomass) 
and a cheap zeolite of natural origin—clinoptilolite can be is used as the catalyst.
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Introduction

In modern research on the processes of isomerization and oxidation of olefinic com-
pounds, there is a clear tendency to use organic raw materials of natural origin, espe-
cially waste plant sources (biomass). This trend also applies to catalysts, because a 
lot of research shows that porous materials of natural origin (minerals) can also be 
active catalysts for isomerization and oxidation processes. The use of reagents of 
natural origin (obtained from plant material) and minerals as catalysts often reduces 
the costs of running the process and perfectly fits the idea of sustainable develop-
ment in the organic industry [1–5].

An example of catalyst of natural origin is a natural zeolite—clinoptilolite. 
Clinoptilolite is widely distributed zeolite belonging to the heulandite group. It can 
be described by the following formula: (Na,K,Ca)4Al6Si30O72·24H2O. A characteris-
tic feature of clinoptilolite, distinguishing this mineral from other zeolites, is a high 
Si/Al ratio (> 4), as well as its high thermal stability. The clinoptilolite structure is 
two-dimensional and consists of three types of channels. The channels A are made 
of 10-membered rings with a diameter of 0.31–0.76 nm. Channels C are bounded by 
8-membered rings with a diameter of 0.26–4.7 nm and are parallel to channels A. 
However, channels B like channels C are bounded by 8-membered rings and inter-
sect the channels A and B [6, 7]. In the structures of zeolites there are present active 
centers (acid–base and oxidation-reducing). These active centers are responsible for 
the unique adsorptive and catalytic properties of zeolites [8].

A number of studies have been carried out which show the excellent catalytic 
properties of clinoptilolite, for example this zeolite was used in the α-pinene isomer-
ization process. In this process, two main products were formed: limonene and cam-
phene [9]. The isomerization of 1-butene to isobutene is another example of the use 
of clinoptilolite in catalytic processes. However, cobalt-modified clinoptilolite was 
used in this case [10]. A very interesting example of the use of clinoptilolite, tak-
ing into account environmental protection, is the catalytic degradation of polymers 
such as polyethylene, polypropylene and polystyrene (catalytic degradation allowed 
to obtain styrene with a selectivity of 54%) [11].

Cumin (Carum calvi L.) is a herb originating in Europe, West Asia and North 
Africa. The fruit of cumin is a cleavage consisting of two separate achenes. 
Cumin fruit and the oil that is obtained from them is often used as an additive 
to ice cream, sweets, pastries, meat, cheese, alcoholic and non-alcoholic bever-
ages. The essential oil obtained from cumin seeds consists of two monoterpenes: 
R-limonene and S-carvone, while R-limonene is an intermediate in the biosynthe-
sis of S-carvone (this assumption was confirmed by observations which show that 
during plant growth the percentage of S-carvone in the fruit increases in favor 
of the percentage of R-limonene) [12]. Essential oil containing S-carvone and 
R-limonene can also be obtained from cumin waste that remains after cleaning 
the fruit. Such waste includes all parts of the plant (including stems and fruits). 
Cumin fruits contain from 3 to 7% of essential oil. The use of cumin waste, which 
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is a much cheaper raw material, allows to obtain oil in an amount of 1% of the 
weight of the waste. The most effective method of obtaining this oil is the method 
of the steam distillation.

The main product of S-carvone isomerization is carvacrol. Carvacrol is a 
monoterpene belonging to the phenols group. This compound often appears in 
essential oils next to thymol, which is its isomer (Fig. 1).

Both compounds have similar properties and have been used in folk medicine 
for centuries. Carvacrol has antibacterial, antifungal, analgesic, antioxidant and 
antiparasitic properties. This compound has a strong effect on S. Aureus kernels 
and E. Cola sticks. The performed studies showed that carvacrol and its deriva-
tives are potent against Mycobacterium tuberculosis, which causes tuberculosis 
[13, 14]. Studies are known in which the anticancer properties of carvacrol have 
been demonstrated. This compound showed efficacy against mouse leukemia and 
was also cytotoxic against colon cancer cells. In addition, carvacrol was found to 
be cytotoxic to melanoma cells. Interestingly, this cytotoxicity decreased when 
carvacrol appeared in combination with vitamin C or vitamin E. In other stud-
ies, carvacrol anticancer properties were tested in the treatment of lung cancer 
[14]. Carvacrol derivatives also have antitumor activity (Fig.  2). Particularly 

Fig. 1  The structure of carvacrol 
and thymol

Fig. 2  Carvacrol derivatives 
with potential antitumor activity
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noteworthy is derivative 2, which showed the best antioxidant properties, which 
makes it an effective antioxidant with low cytotoxic effect and with potential use 
in the therapy of disorders associated with oxidative stress [15, 16].

The first isomerization of S-carvone was carried out by Ritter and Ginsburg 
in 1950. They used 40%  H2SO4 in the studies. The reaction was carried out in a 
glass flask, heating the reaction mixture under reflux for 3 h. After this time, car-
vacrol was obtained with a yield of 61%. In other studies, 6 M  H2SO4 was used, 
after 35 min of isomerization performing under reflux, the product was obtained 
with the yield from 60 to 80% [17–19]. In 1995, the isomerization of S-carvone 
was carried out using microwaves, in which carvacrol was obtained with 85% 
yield after 35 min of the process performing. The isomerization reaction was car-
ried out at 180 °C, at the pressure of 3300 hPa and in the presence of 1,4-diox-
ane. In this process p-toluenesulfonic acid was used as the catalyst [20]. Research 
has also been conducted into the isomerization of R-carvone over a heterogene-
ous catalyst—amberlyst 15 (sulfone resin). During test at 75 °C and for the cata-
lyst content of 12.5 mol%, the carvacrol yield was 98% after the reaction time of 
10 min. The reaction was carried out in a continuous reactor [21]. Isomerization 
of S-carvone was also carried out in autoclave using montmorillonite as the cata-
lyst and in the presence of toluene as the solvent. After the reaction time of 5 h 
and for the temperature of 150 °C, carvacrol was obtained with the yield of 98.3% 
[22]. In another studies a solution of sodium iodide in acetonitrile was added to 
a mixture of S-carvone with chloro(triethyl)silane and triethylamine. After the 
reaction time of 4 h and at room temperature, carvacrol was obtained with yield 
of 67% [23].

Summing up the previous literature reports on the isomerization of S-carvone, 
it can be stated that until now organic solvents such as acetonitrile, 1,4-dioxane or 
toluene have been used in this reaction, as well as a highly corrosive sulfuric acid 
as the catalyst. In addition, an inert gas atmosphere, pressure apparatus (auto-
claves) and microwave radiation (this method allows for obtaining high product 
yield in a very short time) were used. Among the heterogeneous catalysts tested 
in the S-carvone isomerization, very good results were obtained over amberlyst 
15 (high yield of product at low temperature and for short reaction time). But it is 
known that the ion-exchange resin catalysts (amberlyst 15) are deactivated after a 
few cycles. The methods of the regeneration of such catalysts by removing physi-
cally adsorbed impurities are known, but these methods are not always effective. 
These impurities can be removed by the solvent extraction and acid–alkali treat-
ments. Moreover, it is also possible the phenomenon of grafting of the organic 
compound to the residual double bonds in the structure of resin. The grafted 
organic compounds can be removed by treatment with ozone and chlorine dioxide 
solutions, but this method does not completely restore the initial catalyst activity 
[24]. On the other hand, it is known that zeolite catalysts can be easily regener-
ated by the calcination at raised temperature and by the solvent extraction. These 
methods allow to remove tars from pores of the catalyst, and are very effective. 
They allow to restore the activity of the zeolite catalysts and it can be used many 
times. In case of zeolite catalysts the problem can be leaching of metals from the 
structure of zeolite but it can be omitted by appropriate choosing the conditions 
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of reaction performing [25, 26]. In addition, it should also be emphasized that 
clinoptilolite is a cheap and readily available porous material compared to other 
synthetic materials used in organic reactions as catalysts.

The purpose of this work was to examine the possibility of carrying out the 
isomerization of S-carvone to carvacrol over the natural zeolite – clinoptilolite 
as the catalyst. The studies were performed without the use of any organic sol-
vents, in glass apparatus and at the atmospheric pressure. During the research, 
the influence of three parameters on the course of the isomerization of S-carvone 
was determined: temperature (190–210 °C), amount of catalyst (5–15 wt%) and 
reaction time (60–300  min). The results obtained during catalytic tests allowed 
to determine the most favorable values of these parameters taking into account 
mainly the yield of carvacrol and conversion of S-carvone.

Experimental section

Raw materials

For the isomerization of S-carvone, the following raw materials were used: 
S-( +)-carvone (> 96%, Acros Organics, USA) and natural clinoptilolite (zeolite) 
as the catalyst (95% of clinoptilolite, Turkey). In the gas chromatography analy-
ses as the template of carvacrol the wild oregano oil was used (content of carvac-
rol 90%, Avitale, Poland).

A full characteristic clinoptilolite which was used in our studies was presented 
in our previous work [27]. In addition, we determined the total number of acidic 
sites (the sum of Brønsted and Lewis acidic sites) in the clinoptilolite by the 
method described by Vilcocq et al. [28].

The method of the isomerization of S‑carvone over the clinoptilolite 
as the catalyst

The influence of the reaction time, temperature, and clinoptilolite content on 
course of S-carvone isomerization was studies in a glass reactor with the capacity 
of 25  cm3. The glass reactor was equipped with a reflux condenser and a mag-
netic stirrer with a heating plate. Raw materials were introduced into the reactor 
in the following order: first 5.00 g of S-carvone and next appropriate amount of 
clinoptilolite (0.25  g (5  wt%), 0.5  g (10  wt%) or 0.75  g (15  wt%)). The reac-
tor was placed in the paw and then immersed in an oil bath before stirring was 
started (500 rpm). S-carvone isomerization was tested at the following tempera-
tures: 190  °C, 200  °C, and 210  °C. Samples of the post-reaction mixtures for 
gas chromatography analyses were taken for the following reaction time: 60 min, 
120 min, 180 min, 240 min, and 300 min. To separate the catalyst from the post-
reaction mixture, the reaction mixture was centrifuged.
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The identification of products of S‑carvone isomerization by the gas 
chromatography method

The qualitative and quantitative analyses of the post-reaction mixtures were 
made by the gas chromatography method (GC) with the FOCUS apparatus from 
Thermo Company (Waltham, MA USA). This apparatus was equipped with a 
flame-ionization detector (FID), a capillary column ZEBRON ZB-WAXplus type 
(0.32  mm × 30  m × 0.5  μm, filled with polyethylene glycol), and an autosampler. 
The analysis conditions were as follows: helium pressure 60  kPa, temperature of 
the injection port 240  °C, and detector temperature 250  °C. The thermostat tem-
perature raised according to the following program: isothermally to 60° for 2 min, 
increase of temperature at a rate of 10 °C/min to 240 °C, isothermally to 240 °C for 
4 min, and finally cooling to 60 °C. The samples for GC analysis were prepared in 
this way: first, the catalyst was separated from the post-reaction mixture with the 
help of a centrifuge; next, 0.250 g of the obtained solution was diluted with 0.750 g 
of acetone. The quantitative analyses were made with help of the external standard 
method. The conversion of S-carvone and yield of carvacrol was calculated based on 
chromatographic analyzes for each synthesis. The method of calculating these main 
values describing the process was as follows:

Results and discussion

In our earlier work, we included the full characteristics of clinoptilolite also 
used in the studies presented in this work [27]. It showed that the main ele-
ments occurring in clinoptilolite were: Si (32.7%), Al (about 5.5%), Ca (3.2%), 
K (2.1%) and Fe (2.0%)—the SEM–EDX method. The elemental map showed 
the spatial distribution of elements and all elements were incorporated uniformly 
in the structure of clinoptilolite. The SEM image showed that clinoptilolite was 
characterized by platy crystals of various sizes. The XRD pattern of clinoptilolite 
showed that this material was well crystallized and was well fitted to the literature 
data. The N2 adsorption/desorption isotherm prepared at 77 K for clinoptilolite 
showed that the isotherm for this porous material was of mixed types II and IV 
with an H3-type hysteresis loop [27]. In addition, we determined by the titration 
method (for this article only) the total number of acidic sites (the sum of Brønsted 
and Lewis acidic sites) in the clinoptilolite which we used. For these measure-
ments we used the method described by Vilcocq et al. [28]. The titration of the 
acid sites performed for the studied sample of clinoptilolite allowed to obtain the 

Yield of carvacrol

= (Number of carvacrolmoles∕initial number ofmoles of S − carvone) × 100%

Conversion of S − carvone =
(

Number ofmoles of S

− carvone that reacted∕initial number ofmoles of S − carvone
)

× 100%
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following result: 0.22 mmolH+gcat−1. For comparison, we also carried out such a 
determination for synthetic zeolite, i.e. for the TS-1 catalyst, which we also use 
in the isomerization and oxidation processes we have studied. We obtained the 
following result for this catalyst: 0.89 mmolH+gcat−1. Comparison of these results 
shows that in the case of the synthetic zeolite catalyst (TS-1) it is possible to 
obtain greater amount of active acid sites. Fewer active sites, however, did not 
eliminate the high activity of clinoptilolite in the isomerization process which we 
investigated. On the contrary, this number of acid centers is sufficient to achieve 
high raw material conversions and high yields of the main product, as we shown 
below in this work.

Fig. 3  Scheme of the isomeriza-
tion of S-carvone to carvacrol 
over clinoptilolite

Table 1  The influence of temperature, catalyst content and the reaction time on the conversion of 
S-carvone (temperature 190–210 °C, amount of catalyst 5–15 wt% and reaction time 60–300 min)

Reaction time (min) 60 120 180 240 300

Amount of clinoptilolite (5 wt%), temperature 190 °C
 Conversion of S-carvone (mol%) 8.61 16.36 20.93 29.29 31.14

Amount of clinoptilolite (10 wt%), temperature 190 °C
 Conversion of S-carvone (mol%) 13.72 23.13 35.26 46.64 60.71

Amount of clinoptilolite (15 wt%), temperature 190 °C
 Conversion of S-carvone (mol%) 25.60 41.44 61.04 73.40 83.84

Amount of clinoptilolite (5 wt%), temperature 200 °C
 Conversion of S-carvone (mol%) 12.24 20.68 34.25 47.82 59.07

Amount of clinoptilolite (10 wt%), temperature 200 °C
 Conversion of s-carvone (mol%) 14.27 29.78 50.40 71.09 90.50

Amount of clinoptilolite (15 wt%), temperature 200 °C
 Conversion of S-carvone (mol%) 17.13 36.68 53.98 79.67 91.47

Amount of clinoptilolite (5 wt%), temperature 210 °C
 Conversion of S-carvone (mol%) 34.49 50.49 66.51 68.90 80.57

Amount of clinoptilolite (10 wt%), temperature 210 °C
 Conversion of S-carvone (mol%) 58.17 81.62 83.13 83.79 97.85

Amount of clinoptilolite (15 wt%), temperature 210 °C
 Conversion of S-carvone (mol%) 93.23 99.18 99.54 99.77 100.00



280 Reaction Kinetics, Mechanisms and Catalysis (2020) 130:273–288

1 3

The performed research allowed to obtain carvacrol as the main product dur-
ing S-carvone isomerization over the clinoptilolite as the catalyst. This reaction is 
presented in Fig. 3.

In addition to the main product (carvacrol), small amounts of oxygenated and 
polymeric products were formed in this isomerization process.

Table 1 presents the changes of conversion of S-carvone during the studies on 
the isomerization of S-carvone.

It results from Table 1 that for the lowest catalyst content (5 wt%) and for the 
lowest process temperature (190  °C), the conversion of S-carvone increases with 
increasing the reaction time from 8.61 mol% (reaction time 60 min) to 31.14 mol% 
(reaction time 300 min). The highest S-carvone conversion values were observed for 
the highest temperature at which the process was carried out (210 °C) and for the 
highest catalyst content (15 wt%). In addition, at this temperature and at the highest 
catalyst content the highest S-carvone conversion was achieved in the shortest time. 
This conversion increased from 93.23 mol% (reaction time 60 min) to 100.00 mol% 
(reaction time 300 min). The comparison of the results obtained shows that both the 
catalyst content and the temperature of the process have a significant impact on the 
conversion of S-carvone. For the catalyst content of 10 wt% and at the temperature 
of 190 °C, the conversion of S-carvone is about 30 mol% lower in comparison to 
the conversion of this compound at the same catalyst content and at higher tempera-
ture (200 °C). At the lowest temperature (190 °C), the effect of catalyst content on 
S-carvone conversion is the most noticeable. The comparison the results obtained 
for this temperature shows that for the catalyst content of 5  wt%, the conversion 
of S-carvone is about 50 mol% lower in comparison to the conversion of this com-
pound at the same temperature, but with the highest catalyst content (15 wt%). The 
obtained results show that increase in the content of the catalyst and simultaneously 
in the amount of active centers (Brønsted and Lewis) causes a greater availability 
of these active centers for the organic molecules which take part in the isomeriza-
tion reaction. At the same time, the increase in temperature accelerates the diffusion 
of these molecules into the catalyst pores, which also facilitates the access of these 
molecules to the active centers of the catalyst.

Table 2 presents the changes of the yield of carvacrol and the total by-products 
yield during the studies on the conversion S-carvone.

Table 2 shows that all tested parameters have a significant impact on the yield 
of carvacrol, which is the main product of the studied process. It is worth noting 
that at higher isomerization temperatures (200 °C and 210 °C), the amount of by-
products in the reaction mixture increases significantly. This is probably due to the 
intensification of polymerization and oxidation processes at these temperatures. At 
the lowest catalyst content (5 wt%) at 190 °C, the yield of by-products amounts to 
3.63 mol%, while at 200 °C it increases almost 5 times to 19.36 mol% and at 210 °C 
almost 10 times to 34.52 mol% in comparison to the process carried out at the low-
est tested temperature. Similar observation can be made for the catalyst content of 
10 wt%, because at 190 °C the yield of by-products is 14.50 mol%, while at 200 °C 
it increases almost twofold to 27.96 mol%, similarly to the temperature of 210 °C, 
at which it amounts to 31.63 mol%. The exception is the synthesis which was car-
ried out at the temperature of 210 °C and at the catalyst content of 15 wt%, in which 
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the by-product yields of 10.99 mol% is achieved (at the temperature of 190 °C, the 
yield of by-products was 16.01 mol%, and at the temperature of 200 °C, it achieved 
25.83 mol%).

The highest carvacrol yield was obtained at the temperature of 210 °C, for the 
highest catalyst content (15 wt%) and for the reaction time of 300 min–89.01 mol%. 
However, after 120 min of running the process at this temperature and with the cata-
lyst content of 15 wt%, the carvacrol yield was 76.17 mol% and it was the highest 
yield of this product in comparison to previously conducted syntheses at lower tem-
peratures or for lower catalyst contents, where the carvacrol yield did not exceed 
70 mol%.

For better interpretation, the obtained results were also presented in the graphi-
cal form showing the dependence of: the conversion of S-carvone and the yield of 

Table 2  The influence of temperature, catalyst content and the reaction time on the yield of carvacrol 
and the total by-products yield (temperature 190–210 °C, amount of catalyst 5–15 wt% and reaction time 
60–300 min)

Reaction time (min) 60 120 180 240 300

Amount of clinoptilolite (5 wt%), temperature 190 °C
 Yield of carvacrol (mol%) 4.96 11.66 15.41 22.66 27.51
 Total by-products yield (mol%) 3.66 4.71 5.52 4.30 3.63

Amount of the clinoptilolite (10 wt%), temperature 190 °C
 Yield of carvacrol (mol%) 7.51 18.20 27.92 39.02 46.21
 Total by-products yield (mol%) 6.21 4.94 7.34 7.61 14.50

Amount of clinoptilolite (15 wt%), temperature 190 °C
 Yield of carvacrol (mol%) 19.39 36.00 50.16 61.58 67.83
 Total by-products yield (mol%) 6.22 5.44 10.88 11.81 16.01

Amount of clinoptilolite (5 wt%), temperature 200 °C
 Yield of carvacrol (mol%) 12.08 20.27 27.75 35.09 39.71
 Total by-products yield (mol%) 0.15 0.41 6.50 12.73 19.36

Amount of clinoptilolite (10 wt%), temperature 200 °C
 Yield of carvacrol (mol%) 12.03 27.30 43.12 54.51 62.54
 Total by-products yield (mol%) 2.24 2.48 7.28 16.58 27.96

Amount of clinoptilolite (15 wt%), temperature 200 °C
 Yield of carvacrol (mol%) 15.93 33.57 50.57 60.16 65.64
 Total by-product yield (mol%) 1.19 3.10 3.41 19.51 25.83

Amount of clinoptilolite (5 wt%), temperature 210 °C
 Yield of carvacrol (mol%) 30.79 40.23 43.91 44.95 46.05
 Total by-products yield (mol%) 3.70 10.26 22.60 23.95 34.52

Amount of clinoptilolite (10 wt%), temperature 210 °C
 Yield of carvacrols (mol%) 40.60 56.41 57.48 59.21 66.22
 Total by-product yield (mol%) 17.56 25.22 25.64 24.58 31.63

Amount of clinoptilolite (15 wt%), temperature 210 °C
 Yield of carvacrol (mol %) 49.40 76.17 83.45 85.69 89.01
 Total by-products yield (mol%) 43.83 23.02 16.09 14.08 10.99
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carvacrol on the reaction time and the catalyst content at the temperature of 190 °C 
(Fig. 4) and 210 °C (Fig. 5), and the yield of carvacrol on the temperature and reac-
tion time for the catalyst content 5 and 15 wt% (Figs. 6 and 7).

Fig. 4  The influence of the reaction time and catalyst content on the conversion of S-carvone and the 
yield of carvacrol for the temperature of 190  °C. Experimental conditions: atmospheric pressure, 
5 g of S-carvone, temperature 190 °C, amounts of clinoptilolite (catalyst) 0.25 g (5 wt% in relation to 
S-carvone), 0.5 g (10 wt% in relation to S-carvone) and 0.75 g (15 wt% in relation to S-carvone)

Fig. 5  The influence of the reaction time and catalyst content on the conversion of S-carvone and the 
yield of carvacrol for the temperature of 210  °C. Experimental conditions: atmospheric pressure, 
5 g of S-carvone, temperature 210 °C, amounts of clinoptilolite (catalyst) 0.25 g (5 wt% in relation to 
S-carvone), 0.5 g (10 wt% in relation to S-carvone) and 0.75 g (15 wt% in relation to S-carvone)
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Figs. 4 and 5 show that the yield of carvacrol (for the isomerization carried out 
at 190  °C and 210  °C and with the catalyst content of 5, 10 and 15 wt%) gradu-
ally increased with the prolongation of the reaction time from 60 to 300  min. At 
the temperature of 190 °C, the values of conversion of S-carvone were close to the 
values of the yield of carvacrol, which indicates high main product selectivity and 
low by-products yield. At higher temperatures, the yield of carvacrol was higher 
(210 °C), however, the differences between the values of the yield carvacrol and the 

Fig. 6  The influence of the reaction time and temperature on the yield of carvacrol. Experimental condi-
tions: atmospheric pressure, 5  g of S-carvone, temperatures: 190  °C, 200  °C and 210  °C, amounts of 
clinoptilolite (catalyst) 0.25 g (5 wt% in relation to S-carvone)

Fig. 7  The influence of the reaction time and temperature on the yield of carvacrol. Amount of the cata-
lyst was 0.75  g (15  wt% in relation to the mass of S-carvone). Experimental conditions: atmospheric 
pressure, 5 g of S-carvone, temperatures: 190 °C, 200 °C and 210 °C, amounts of clinoptilolite (catalyst) 
0.75 g (15 wt% in relation to S-carvone) 
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conversion of S-carvone conversion were greater (Fig. 5). Figs. 4 and 5 also showed 
that the yield of carvacrol depended on the catalyst content, as the higher catalyst 
content in the reaction mixture provided for a greater number of active centers at 
which the isomerization of S-carvone can occur.

Figs. 6 and 7 show that differences in the yield of carvacrol values are particu-
larly evident at the beginning of the process. The yield of carvacrol was 4.96 mol% 
after the reaction time of 60  min at 190  °C, while at the same time at 210  °C, 
the yield of carvacrol was nearly six times higher with the same catalyst content 
(5  wt%) (Fig.  6). Extending the reaction time reduced the difference between the 
product yield values in the tested temperature range, which was also be observed at 
the higher catalyst content (15 wt%)—Fig. 7. In addition, it can be seen that at the 
higher catalyst content (15 wt%), the product yields were very similar at 190 °C and 
200 °C, however, increasing the process temperature by a further 10 °C allowed to 
obtain higher carvacrol yield. Most likely, this is due to the fact that the increase 
in the temperature increases the diffusion rate of S-carvone to the catalyst pores, 
thanks to which more organic compound molecules can bind to the active centers of 
the catalyst in a shorter time.

Fig. 8  The mechanism of the isomerization of S-carvone
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Taking into account the literature data [11, 12] and our previous studies [27, 29] 
on the isomerization of limonene we can proposed the following mechanism of the 
isomerization of S-carvone to carvacrol—Fig. 8.

In the first step a proton derived from a strongly acid site (Brønsted acid site) 
attaches to the double bound in the position of 8–9 of the carvone molecule and 
simultaneously a carbonium ion on the C8 atom is formed. Next, the removal of 
proton from C4 atom of the carvone molecule leads to the formation of double bond 
at the position of C4–C8. In the second step, proton derived from the Brønsted acid 
site attaches to the double bond in the position 4–8 and formation of carbonium ion 
on the C4 atom is observed. Next, proton from C5 atom is removed what leads to the 
formation of double bound at the position C4–C5. In the third step proton from the 
Brønsted acid site is attached to the carbonyl group, which causes hydroxyl group 
formation and simultaneously the carbonium ion on the C2 atom is formed. The 
elimination of proton from the C3 atom leads to the formation of double bound at 
the position C2–C3.

In the elimination of proton from the positions: 4, 5 or 3 can take part the Lewis 
acid site (the Lewis acid site of aluminum) [30–32]. An example of proton removal 
from position 5 is shown on Fig. 9 (similar can occur proton removal from positions 
4 and 3).

Conclusions

The clinoptilolite catalyst enabled isomerization of S-carvone to carvacrol. These 
product has a lot of applications. An increase in the amount of catalyst used causes 
an increase in the yield of the carvacrol and shortens the reaction time needed for 
the obtaining of the main product. The highest yield of carvacrol was obtained at 
the highest temperature (210 °C) and for the highest catalyst content (15 wt%). It 
is worth noting that at these parameters which allow to achieve high yield of car-
vacrol (about 89 mol%) very small amounts of by-products were obtain (11 mol%). 
The yield of carvacrol higher than 80 mol% was achieved at these parameters after 
the reaction time 180  min. In comparison to the results obtained so far by other 

Fig. 9  The possible way of pro-
ton removal from position 5
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researchers, the yield of carvacrol in our studies is relatively high. Better results 
were obtained only by research groups that used in the isomerization process more 
complicated apparatus or organic solvents. However, research groups which used 
 H2SO4 as the catalyst obtained worse results.

The presented S-carvone isomerization process is environment friendly for sev-
eral reasons: (1) no organic solvents were used during isomerization, (2) the pre-
sented S-carvone isomerization method makes it possible to effectively use cumin 
waste—renewable biomass (S-carvone is the main component ( in addition to 
limonene) the oil obtained by the hydrodistillation of these wastes and after separa-
tion from limonene, it can be directly subjected to isomerization) and (3) a cheap 
zeolite catalyst of natural origin, such as clinoptilolite, is used for isomerization. In 
addition, the isomerization process described in this work does not require compli-
cated equipment, and the reaction can be carried out without the use of an inert 
atmosphere. The low essential oil concentration in cumin fruits waste is not a dis-
advantage to implement this process at the industrial level. First of all, obtaining oil 
from cumin waste allows to manage this waste—a very large amount of this waste is 
generated because Poland is the largest producer of cumin in Europe. On the other 
hand, the residue after distilling off the oil (cumin pulp) can be used as an animal 
feed additive, or by means of pyrolysis it can be used to obtain carbon catalysts for 
oxidation and isomerization processes.
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