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Abstract: In this paper, the extraction of essential oil (EO) from thyme by consecutive use of ultrasound and
microwave treatments is presented. The aim of the study was to apply an ultrasound pre-treatment of thyme
leaves to enhance the thymol content and the extraction yield of the EO obtained by microwave-assisted hydro-
distillation (MWHD). Compared with the conventional hydro-distillation (CHD), the consecutive use of
ultrasound and microwave treatments resulted in a 72% lower extraction time. When the ultrasound pre-
treatment (using the ultrasonic processor with an amplitude of 70%) was applied, the EO content was 23%
higher compared to the extraction without pre-treatment. The EO samples were analyzed by GC/MS. The
results showed that the major component, thymol, varied from 43.54% (by CHD) to 65.94% (by consecutive use
of ultrasound and microwave treatments).
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1. Introduction

Thyme (Thymus officinalis L.), which belongs to the Lamiaceae family, is a perennial shrub that
is used for food flavoring and preservation. This plant can be found in Europe, North Africa, and
Asia [1]. Thyme is rich in essential oil (EO) which is part of the secondary metabolites of the plants.
It is involved in the defense mechanism of the herb (repelling the phytophagous organisms) and in
attracting pollinators. Among constituents of thyme EO (carvacrol, p-cymene, a-pinene, y-terpinene,
etc.) thymol is the major one [2]. This compound has been shown to have antioxidant and anti-
inflammatory [3], antibacterial [4], antimicrobial [5], antifungal [6], antiparasitic [7], immunological
[8], and anticancer [9] properties. Thyme also contains polyphenolic compounds (rosmarinic, caffeic,
p-hydroxybenzoic, and procatechuic acids) and carotenoids ({3-carotene, lutein, and zeaxanthin)
[10,11]. These bioactive compounds enhance the valuable properties of thymol, providing to thyme
extracts a beneficial effect on the human health. Also, if added to foodstuffs, the thyme EO can
improve their quality. For example, Medina et al. proved that the thyme EO decreased the oxidation
in the supplemented minced beef [2].

The extraction of EOs from plants can be performed by conventional methods, such as cold
pressing [12], hydro-distillation, and steam distillation [13]. These methods present several
drawbacks, such as long extraction times, high energy and solvent consumption, etc. [14]. Thus, in
recent years, in order to overcome these shortcomings, alternative methods have been developed.
The new approaches include microwave-assisted hydro-distillation [15,16], ultrasound [17] and
enzymatic [18,19] pre-treatments before the extraction of EOs, supercritical [20] and subcritical [21]
fluid extractions, solvent-free extraction [22], and microwave hydro-diffusion and gravity extraction
[23,24].

Microwave-assisted hydro-distillation (MWHD) combined with ultrasound pre-treatment of
aromatic herbs to extract EOs was successfully employed [25,26]. This strategy combines the
advantages of ultrasound and microwave extractions. The latter can provide volumetric and selective
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heating. During microwave irradiation, the heterogeneous extraction mixture is heated as a whole
volume and the vegetal material can be heated selectively. Although the microwave heating of
extraction mixture occurs rapidly, in the overall rate of the process the mass transfer is limited [27,28].
On the other hand, the cavitation phenomena can promote the breakage of the cellular tissue which
will increase the mass transfer rate [29].

Our work describes the extraction of EO from thyme leaves by consecutive use of ultrasound
and microwave treatments. Thus, the aim of this study was to apply an ultrasound pre-treatment of
the extraction mixture in order to increase the thymol content and the extraction yield of the EO
obtained using MWHD. The influence of the ultrasound pre-treatment on the extraction process of
EO was studied using both an ultrasound bath and an ultrasonic processor. To our knowledge,
MWHD combined with ultrasound pre-treatment to extract EO was not used for thyme leaves. There
are only a few studies regarding the ultrasound pre-treatment of thyme and neither of them reported
the comparison between different sonication equipment. Kowalski et al. applied an ultrasonic pre-
treatment of the thyme leaves using an ultrasound bath, but the EO was further extracted by
conventional steam distillation [30]. Roldan-Gutierrez et al. used an ultrasonic processor for the pre-
treatment of thyme leaves, but the extraction of EO was further performed by steam distillation and
superheated water methods [31].

2. Materials and Methods

2.1. Materials

Fresh thyme (stems and leaves) was purchased from Hofigal (Bucharest, Romania). The fresh
leaves and stems were dried in an air flow-heating oven at 60 °C to a constant weight. Part of the
dried vegetal material was chopped into pieces of 1-2 cm, and another part was ground using an
electric grinder and screened to a particle size under 0.1 cm. The ground thyme was dosed in samples
of 100 g (in sealed plastic container) and stored at 4-5 °C until extraction of EO. The water content of
the dried thyme leaves was 7.7 %. For the GC-MS quantification of thyme EQO, the following standards
were used: thymol, y-terpinene, p-cymene, a-terpinene, and [-pinene from Merck (Darmstadt,
Germany).

2.2. Methods

2.2.1. Essential Oil Extraction Procedure

The extraction of EO from thyme was performed by MWHD using a multimode microwave
oven (Plazmatronika, Wroclaw, Poland). During the experiment temperature, time, and power were
controlled via an operating console. Steam produced in the reactor carrying the thyme EO was
directed to a modified Neo Clevenger trap with a 10 mL graduated tube. The extractions were carried
out at different ratios of solvent to plant: 8/1, 10/1, and 12/1 (v/w). The particle size of vegetal material
was varied, as follows: pieces of 1-2 cm or particles under 0.1 cm. The solvent used was distilled water
and the mixture was subjected to extraction until no EO was obtained (80 min). The protocols for
MWHD method is described in our previous work [10]. Comparative extraction of thyme EO by
conventional hydro-distillation (CHD) method was also performed. The conventional extraction was
carried out for 180 min (after this time no EO was obtained) at a solvent to plant ratio of 12/1 (v/w).
The separated EO was kept at 4 °C until GC-MS analysis.

2.2.2. Ultrasound pre-treatment of plant material

Before MWHD, the vegetal material mixed with the solvent (distilled water) was subjected to
ultrasound pre-treatment for 30 min. The pre-treatment was performed using either an ultrasound
bath (ES375H Bench Top Ultrasonic Tank, Hilsonic Birkenhead, UK) with a volume of 3 L, a power
of 120 W, and a frequency of 40 kHz, either an ultrasonic processor (Vibracell VCX-750, Sonics &
Materials Newtown, CT, USA) with a power of 750 W, a frequency of 20 kHz, and a titanium horn
with a diameter of 13 mm. The sonication of the extraction mixture, using the ultrasonic processor,
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was applied with a duty cycle of 5 s on and 5 s off for an amplitude of 50% or 70%. The sonication for
the ultrasonic bath was applied continuously. Control samples without any pre-treatment were
directly subjected to MWHD or CHD.

2.2.3. GC-MS analysis of the thyme essential oil

The separated EO was analyzed by GC-MS method. The analyses were undertaken using a
Thermo Electron Corporation Focus GC gas chromatograph with a Macrogol 20 000 R column (film
thickness 0.25 um); 1 = 60 m; & = 0.25 mm. The sample injection volume was 0.2 pL and helium with
a flow rate of 1.5 mL/min was used as mobile phase. A Thermo Electron Corporation DSQII mass
spectrometer was used for detection. The main constituents of thyme EO (thymol, y-terpinene, p-
cymene, a-terpinene, and $-pinene) were identified according to retention times of known standards.
Identification of the other constituents of thyme EO was performed by comparing the samples
spectral peaks with spectra from Wiley database. The main constituents of thyme EO were chosen
based on preliminary tests that were part of a research project (PN-III-P2-PED-2019-2118, project:
Technologies for obtaining of natural products with immunostimulatory properties - “IMUNOSTIM”
financed by contract: PED, no. 381PED/2020). Relative percentages of the individual components
were calculated based on GC peak areas.

2.2.4. Statistical analysis

All measurements were carried out in triplicate and the data were expressed as mean value + SD
(standard deviation) for triplicate of samples (n=3). All the results obtained at different levels of
process factors were subjected to univariate one-way analysis of variance (ANOVA) and multivariate
principal component analysis (PCA). Statistical analysis of the data was performed using the multiple
comparison Duncan’s post hoc t-test in order to detect the significant statistical differences between
the averages of the main components of two or more independent groups. To evaluate the strength
of linear correlations between dependent variables, the Pearson correlation coefficient (r) was used
[32,33]. The differences were considered statistically significant at p < 0.05. Statistical analysis was
conducted using XLSTAT Version 2019.1 (Addinsoft, New York, NY, USA).

3. Results

3.1. Microwave-assisted Hydro-distillation (MWHD) vs. Conventional Hydro-distillation (CHD)

The first step to optimize the extraction process of thyme EO consists of kinetics study of the
control samples obtained by MWHD and CHD (Figure 1). As shown in Figure 1, the heating time
required for MWHD (10 min) is lower compared with CHD (60 min). This can be explained by the
volumetric heating of microwaves compared with the conventional one which occurs by convection
[27]. The MWHD leads to a rapid increase in EO content in the first 40 min (which corresponds to
83% of the total yield), achieving a maximum amount after 70 min (1.73 g EO/100 g DM). For CHD,
the EO content increases slowly, obtaining 1.65 g of EO/100 g DM after 170 min. Further, the
experiments were performed by MWHD.
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Figure 1. Kinetics study of microwave-assisted hydro-distillation (MWHD) vs. conventional hydro-
distillation (CHD) for a solvent to plant ratio of 12/1 (v/w) and a particle size of 1-2 cm.

The thyme EO was analyzed and identified by GC-MS. The results, for both methods (MWHD
and CHD), are shown in Table 1.

For both methods, approximately 12 compounds were identified. As shown in Table 1, the main
constituents of thyme EO are thymol, y-terpinene, p-cymene, a-terpinene, and {3-pinene. These
compounds constitute between 93% and 97% of the total amount of resulted EO. Considering the EO
composition, there is only a slight difference between the two extraction methods. Thymol is
extracted more efficiently by MWHD, while y-terpinene is extracted more efficiently by CHD. This
difference can be explained by the bioconversion of y-terpinene in thymol, which is influenced by
different factors, one of them being the extraction method [34]. The same behavior can be noticed for
p-cymene, a-terpinene, and (3-pinene which are extracted more efficiently by CHD.

Table 1. Chemical composition of thyme essential oil (EO) for microwave-assisted hydro-distillation
(MWHD) and conventional hydro-distillation (CHD) for a solvent to plant ratio of 12/1 (v/w) and a
particle size of 1-2 cm.

RT Boiling point Composition (%)
(min) Compound CAS O MWHD CHD
9.043 a-Pinene 80-56-8 155 0.75 0.96
9.205 Camphene 79-92-5 159 0.92 1.67
9.941 Sabinene 3387-41-5 163 0.43 0.67
10.039 B-Pinene 127-91-3 165 1.88 2.56
10.568 a-Terpinene 99-86-5 173 3.30 4.30
10.613 p-Cymene 99-87-6 177 5.10 6.96
10.783 Eucalyptol 470-82-6 176 0.37 0.69
11.245 y-Terpinene 99-85-4 183 30.21 36.24
13.071 Terpinen-4-ol 562-74-3 219 - 0.85
14.657 Thymol 89-83-8 232 55.98 43.54
16.724  (3-(E)-Caryophyllene 87-44-5 254 0.22 0.68
17.616 v-Cadinene 39029-41-9 271 0.20 0.28
Total main constituents 96.47 93.60

RT-retention time; CAS - CAS registry number.

3.2. Influence of solvent to plant ratio on the extraction of thyme essential oil

The next step to optimize the EO extraction from thyme was to study the influence of solvent to
plant ratio. To establish the solvent volume required to achieve as much EO as possible, different
ratios of solvent to plant material were used. Moreover, to avoid degradation of thyme leaves due to
direct microwave irradiation, an adequate amount of water is required. As shown in Figure 2a, the
amount of EO increases with increasing the water volume. The most efficient solvent to plant ratio
for the extraction of thyme EO by MWHD is 12/1 (v/w).
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Figure 2. Influence of solvent to plant ratio on the extraction of thyme EO by microwave-assisted
hydro-distillation (MWHD) for a particle size of 1-2 cm: (a) essential oil (EO) content; (b) major
compounds identified by GC-MS. Data were analyzed using one-way ANOVA (p <0.05) and
Duncan’s post hoc t-test. Different letters (a—c) within graph show the significant difference between
groups.

The resulted EO, for all solvent to plant ratios, was analysed by GC-MS. The main compounds
of thyme EO identified by GC-MS are shown in Figure 2(b). It can be noticed that the composition is
similar for all three ratios and the amount of thymol is directly proportional with the solvent to plant
ratio. Thus, a high amount of water is required to entrain the constituents with high boiling points.
The one-way ANOVA analysis demonstrated that by increasing the solvent to plant ratio from 8/1 to
10/1 the EO content increases significantly (p < 0.05). By further increase of solvent to plant ratio, the
EO content increases non-significantly (Figure 2a). Regarding the thymol extraction, the one-way
ANOVA analysis showed that by increasing the solvent to plant ratio, the thymol concentration
increased significantly (p < 0.05, Figure 2b).

Although the amount of EO is similar for both 10/1 and 12/1 ratios, the further experiments were
performed for a 12/1 (v/w) ratio of solvent to plant material since the amount of the targeted
compound (thymol) is higher and the specific energy (see Table 2) is lower compared with the other
ratios used.

Table 2. Factor loadings.

Variables PC1 PC2
pB-Pinene -0.966 0.045
a-Terpinene -0.888 -0.201
p-Cymene -0.150 0.985
y-Terpinene -0.930 -0.079
Thymol 0.950 -0.063

3.3. Influence of ultrasound equipment on the extraction of thyme essential oil

Prior to the extraction of thyme EO by MWHD, the extraction mixture was subjected to
ultrasound pre-treatment for 30 min using two types of equipment: an ultrasound bath (ES375H
Bench Top Ultrasonic Tank) and an ultrasonic processor (Vibracell VCX -750).

It can be noticed (Figure 3a) that the ultrasound pre-treatment of the extraction mixture leads to
higher amounts of EO compared with the experiments without pre-treatment, for both ultrasound
bath (approximatively 6% higher) and horn (approximatively 21% higher). This can be due to the
cavitation phenomenon which can promote the disruption of cell walls and increase the mass transfer
rate. In ultrasonic bath the cavitation occurs uncontrollably. The ultrasound energy is unevenly
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distributed in the bath, and it is of low intensity. On the other hand, for horn, the cavitation has a
high localized intensity and implicitly the sonication process is more efficient [35]. Therefore, the
higher amount of EO achieved when the ultrasound pre-treatment is carried out using the Vibracell
equipment (an increase of approximately 15%), can be due to these differences between ultrasonic
baths and horns. In addition, the ultrasound pre-treatment of the extraction mixture has a beneficial
effect on the extraction time, achieving a maximum amount of EO in only 50 min compared with the
extraction without pre-treatment when a maximum amount is achieved after 70 min. Further, the
experiments were performed using the Vibracell ultrasonic processor to pre-treat the extraction

mixture.
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Figure 3. Influence of ultrasound pre-treatment on the extraction of thyme EO by microwave-
assisted hydro-distillation (MWHD) for a solvent to plant ratio of 12/1 (v/w), a particle size of 1-2
cm, and an amplitude of 50%: (a) essential oil (EO) content; (b) major compounds identified by GC-
MS. Data were analyzed using one-way ANOVA (p <0.05) and Duncan’s post hoc t-test. Different
letters (a—c) within graph show the significant difference between groups.

The GC-MS analyses of the EO obtained by consecutive use of ultrasound and microwave
irradiation are shown in Figure 3b. It can be noticed that the major constituents of the EO are similar
for all three methods (the extraction with ultrasound pre-treatment using both ultrasonic horn and
bath and the extraction without pre-treatment). As shown in Figure 3b, the thymol is extracted more
efficiently when the ultrasound pre-treatment is carried out using the ultrasonic probe. Instead, p-
cymene and a-terpinene are obtained in lower amounts. This can be due to the transformation of
some compounds during ultrasound irradiation, such as: isomerization, oxidation, and degradation
of dimmers and polymers [36]. Also, in water, the cavitation phenomenon can lead to the formation
of free radicals (He, OHe) which can cause the transformation of the EO constituents [37]. The
ANOVA analysis along with Duncan’s post hoc t-test showed that pre-treatment with the ultrasonic
horn led to a significant increase in the thymol content, while using the ultrasonic bath the content of
p-cymene and a-terpinene increased significantly (p < 0.05). The opposite behavior of p-cymene and
a-terpinene when the pre-treatment is performed using the ultrasonic bath, can be due to the low
intensity of the cavitation in such equipment. Since the ultrasound energy for horn can be focused on
specific sample area, the constituents with lower boiling points can be rapidly released and,
implicitly, they can be degraded afterwards.

3.4. Influence of ultrasound amplitude on the extraction of thyme essential oil

The influence of ultrasound amplitude on the extraction process efficiency was also studied.
Amplitudes of 50 and 70% were chosen. As shown in Figure 4a, the amount of thyme EO is directly
proportional to the ultrasound amplitude. The EO content increases by 6% compared with the pre-
treatment performed at an amplitude of 50%. The extraction mechanism involves the diffusion of the
solvent through the cell walls and, implicitly, their rinsing since the walls are disrupted. These


https://doi.org/10.20944/preprints202308.1521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 August 2023 d0i:10.20944/preprints202308.1521.v1

phenomena can be enhanced by ultrasonic cavitation [38]. Thus, an efficient ultrasound pre-treatment
of the extraction mixture can increase the EO yield.
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Figure 4. Influence of ultrasound amplitude on the extraction of thyme EO by microwave-assisted
hydro-distillation (MWHD) for a solvent to plant ratio of 12/1 (v/w) and a particle size of 1-2 cm
using the Vibracell ultrasonic processor: (a) essential oil (EO) content; (b) major compounds
identified by GC-MS. Data were analyzed using one-way ANOVA (p < 0.05) and Duncan’s post hoc
t-test. Different letters (a,b) within graph show the significant difference between groups.

The thyme EO was also analyzed and identified by GC-MS. The results, for both ultrasound
amplitudes, are shown in Figure 4b. As in the previous experiments (see Figures 2b and 3b, and Table
1) the main constituents of thyme EO (thymol, y-terpinene, p-cymene, a-terpinene, and -pinene)
remain unchanged. As shown in Figure 4b, the targeted compound, thymol, is extracted more
efficiently when an amplitude of 70% is used. The one-way ANOVA analysis demonstrated that by
increasing the ultrasonic amplitude from 50 to 70%, the EO and thymol contents increase significantly
(p < 0.05). However, the percentages of y-terpinene, p-cymene, a-terpinene, and {-pinene are
inversely proportional with the ultrasound power, achieving higher amounts for an amplitude of
50%. This can be due to an accentuated transformation of some constituents at high ultrasound
powers.

3.5. Influence of leaves particle size on the extraction of thyme essential oil

In addition to external glands which can be easily destroyed by sonication, the EO can be found
in the internal secretory structures of the vegetal materials. This can lead to a mass transfer resistance.
A strategy to overcome this drawback is to mill the herb in order to increase the surface area. Thus,
more cells will be directly exposed to the cavitation phenomenon, thus enhancing the mass transfer
of the targeted compounds from vegetal matrix to the solvent [38]. As shown in Figure 5a, the particle
size of the thyme leaves influences to a large extent the EO content. For a particle size under 0.1 cm,
higher amounts of EO are achieved for both ultrasound pre-treatment (for both amplitudes applied,
i.e., 50 and 70%) and extraction without pre-treatment. Using smaller particles, the EO content is 23%
higher when an ultrasound pre-treatment (with an amplitude of 70%) of the extraction mixture is
applied, compared with the extraction without pre-treatment. The one-way ANOVA analysis along
with Duncan’s post hoc t-test showed that EO content increased significantly (p < 0.05) by decreasing
the plant material particles size.
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Figure 5. Influence of leaves particle size on the extraction of thyme EO by microwave-assisted
hydro-distillation (MWHD) for a solvent to plant ratio of 12/1 (v/w): (a) essential oil (EO) content;
(b) major compounds identified by GC-MS for a particle size under 0.1 cm. Data were analyzed
using one-way ANOVA (p < 0.05) and Duncan’s post hoc t-test. Different letters (a—c) within graph
show the significant difference between groups.

The composition of thyme EO for a granulation of the leaves under 0.1 cm is similar with the
one for a particle size of 1-2 cm. However, the amount of the targeted compound (thymol) is higher
for the herb milled to a granulation under 0.1 cm (see Figures 3b, 4b, and 5b). This behavior can be
noticed for all three methods: the extraction with ultrasound pre-treatment applying both 50 and 70%
amplitudes and the extraction without pre-treatment. As shown in Figure 5b, the thymol content is
higher when an ultrasound pre-treatment with an amplitude of 70% is applied, while the a-terpinene
constituent is not identified. This can be due to its degradation under severe conditions of ultrasound
pre-treatment.

3.6. Principal Component Analysis

To evaluate the relation between the extraction method and the composition of the EO, a
principal component analysis (PCA) was performed. For the multivariate analysis, the chemical
compositions of the thyme EO obtained by different extraction methods were determined. The PCA
results show two eigenvalues higher than 1, i.e.: those corresponding to PC1 (3.55) and PC2 (1.04).
The main components of thyme EO in the plane formed by these first two PCs explain 90.68% of the
variability, including 70.21% on the first axis and 20.47% on the second axis. The factor loadings
(coordinates of variables on the factor-plane PC1-PC2) are shown in Table 2, with the significant
levels marked in bold. The factor scores (projections of cases on the factor-plane PC1-PC2) are
summarized in Table 3.

Table 3. Factor scores.

Method Method description PC1 PC2
MWHD without ultrasound pre-treatment, -2.382  0.174
1 solvent to plant ratio of 8/1, -3.041 0.252
leaves particle size of 1-2 cm -1.723  0.095
MWHD without ultrasound pre-treatment, -1.506  0.710
2 solvent to plant ratio of 10/1, -2.039 0.830
leaves particle size of 1-2 cm -1.075  0.821

MWHD without ultrasound pre-treatment, -1.477  0.196
solvent to plant ratio of 12/1, -1.941  0.433
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leaves particle size of 1-2 cm -0.653  -0.170

MWHD + ultrasonic bath pre-treatment, -1.388  0.539

4 solvent to plant ratio of 12/1, -1.663  0.672
leaves particle size of 1-2 cm -1.113  0.406

MWHD + ultrasonic horn pre-treatment (50% -1.267  -0.454

5 amplitude), solvent to plant ratio 12/1, -1.339  -0.264
leaves particle size 1-2 cm -0.271  -0.698

MWHD + ultrasonic horn pre-treatment (70% 0.601  -1.865

6 amplitude), solvent to plant ratio of 12/1, 0.472 -1.727
leaves particle size of 1-2 cm 0.895  -2.018

MWHD without ultrasound pre-treatment,  1.846 -0.559

7 solvent to plant ratio of 12/1, 1.737  -0.486
leaves particle size <0.1 cm 2.101 -0.754

MWHD + ultrasonic horn pre-treatment (50% 1.798  -0.479

8 amplitude), solvent to plant ratio of 12/1, 1.699 -0.384
leaves particle size <0.1 cm 2169  -0.915

MWHD + ultrasonic horn pre-treatment (70% 3.120 1.964

9 amplitude, solvent to plant ratio of 12/1, 3.111 2.181
leaves particle size <0.1 cm 3.328 1.502

The PCA bi-plot and the correlation matrix are shown in Figure 6 and Table 4, respectively. The
significant values of correlation coefficients (r) at a significance level a = 0.05 (two-tailed test) are

highlighted in bold.
Table 4. Correlation matrix.
Variables f-Pinene a-Terpinene p-Cymene Terp);lene Thymol
p-Pinene 1 0.797 0.179 0.908 -0.890
a-Terpinene  0.797 1 -0.034 0.742 -0.815
p-Cymene 0.179 -0.034 1 0.055 -0.194
y-Terpinene  0.908 0.742 0.055 1 -0.832

Thymol -0.890 -0.815 -0.194 -0.832 1
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Figure 6. Projections of variables (B-Pinene, a-Terpinene, p-Cymene, y-Terpinene, Thymol) and
methods (1-9) on the factor-plane PC1-PC2.

The PCA bi-plot (Figure 6) and correlation matrix (Table 4) indicate the following aspects:

e p-Cymene is not significantly correlated with thymol, f-pinene, a-terpinene, and y-terpinene (-
0,034 <r<-0,179);

e Thymol is significantly inversely correlated with f-pinene, a-terpinene, and y-terpinene (-0,890 <
r <-0,815);

e f-Pinene is significantly directly correlated with a-terpinene, and y-terpinene (-0,797 <r<-0, 908);

e The EO obtained by methods 6-9 (highlighted using blue and green circles) had a higher content
of thymol and lower contents of f-pinene, a-terpinene, and y-terpinene compared with the EO
obtained by methods 1-5 (highlighted using red circle - discrimination on PC1);

e The EO obtained by method 9 (highlighted using blue circle) had a higher content of p-cymene
compared with the EO obtained by methods 6-8 (highlighted using green circle - discrimination
on PC2).

Moreover, the highest amount of thymol was obtained by method 9.

3.7. Energy considerations

During thyme leaves pre-treatment and extraction of EO, the microwave and ultrasound powers
were recorded for all experiments. Using the above-mentioned recorded values, the total energy
introduced into the system was determined. The specific energy was also calculated using the
following equation:

Es = Erotal/meo [K]/g of EQ], (1)

where Es is the specific energy [k]/g of EO], Ecwta is the total energy introduced into the system [k]],
and meo is the amount of EO obtained by each extraction method [g].
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The total energy introduced into the system and the specific energy for each method are shown
in Table 5.

As shown in Table 5, the specific energy for MWHD (when thyme leaves with a particle size of
1-2 cm where used) decrease with increasing the solvent to plant material ratio. Also, it can be noticed
that the pre-treatment performed with the ultrasonic bath is not energetically efficient. In this case,
the specific energy is 62% higher as compared with the extraction without pre-treatment. However,
as compared with MWHD, using the ultrasonic probe to pre-treat the thyme leaves leads to a specific
energy with 14 and 16% lower for an amplitude of 50 and 70%, respectively. This difference is lower
for a thyme leaves particle size under 0.1 cm (a specific energy with 6 and 13% lower for an amplitude
of 50 and 70%, respectively as compared with the extraction without pre-treatment).

Table 5. Energy consumption during thyme leaves pre-treatment and EO extraction.

Extraction methods Total energy Specific energy

(k) (k]J/g of EO)
CHD 4104 2487.3
MWHD without ultrasound pre-
treatment (solvent to plant material 1104 716.9
ratio of 8/1)
MWHD without ultrasound pre-
treatment (solvent to plant material 1104 657.1
ratio of 10/1)
Leaves particle =~ MWHD without ultrasound pre-
sizeof 1-2cm  treatment (solvent to plant material 1104 638.2
ratio of 12/1)
MWHD + ultrasonic bath pre- 1896 1036.1
treatment
MWHD + ultrasonic hc.)rn pre- 11511 5487
treatment (50% amplitude)
MWHD + ultrasonic h(.)rn pre- 1186.7 5345
treatment (70% amplitude)
MWHD without ultrasound pre-
treatment (solvent to plant material 1104 508.8
Leaves particle ratio of 12,/1)
size<0lcm  MOWHD *ultrasonic horn pre- 1151.2 479.6
treatment (50% amplitude)
MWHD + ultrasonic horn pre- 1186.7 4128

treatment (70% amplitude)

5. Conclusions

The purpose of this study was to investigate the influence of ultrasound pre-treatment of thyme
leaves, before MWHD, on the thymol content and on the EO extraction yield. Comparative
extractions, without pre-treatment, by both MWHD and CHD were also performed. The influence of
several parameters (solvent to plant ratio, particle size of the vegetal material, ultrasound equipment
to pre-treat the extraction mixture, and amplitude of the ultrasonic processor) on the extraction of
thyme EO by MWHD was investigated. The kinetic study of MWHD and CHD showed that the
heating of the extraction mixture occurred faster for microwave irradiation. For MWHD, the
extraction of the EO began after 10 min, approximately 97% of the total EO content being extracted
in 60 min. In comparison, for CHD, the EO extraction started after 60 min. Considering the solvent to
plant ratio, a high quantity of water was required to achieve better results, i.e.,, 12/1 (v/w). The
ultrasound pre-treatment of the extraction mixture led to a higher content of EO (2.09 and 1.83 g
EO/100 g DM for ultrasonic horn and bath, respectively) achieved in a shorter time (50 min) compared
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with the extraction by MWHD without pre-treatment (1.73 g EO/100 g DM in 70 min). However, the
extraction process was more efficient when the ultrasonic horn was used to pre-treat the thyme
leaves. Milling the thyme leaves from a size of 1-2 cm to under 0.1 cm resulted in an increase of the
EO content for both extractions: with (for both ultrasound amplitudes applied) or without ultrasound
pre-treatment. Although the ultrasonic pre-treatment implies additional energy consumption, the
specific energy was 16% lower for the EO extraction when an ultrasonic probe was used for the thyme
leaves pre-treatment (for an amplitude of 70%) compared with the extraction without pretreatment.
Thus, the thyme EO was extracted more efficiently for a solvent to plant ratio of 12/1 (v/w) and a
particle size under 0.1 cm, applying, before MWHD, an ultrasound pre-treatment (using the
ultrasonic horn at an amplitude of 70%). The composition of the EO resulted from all methods was
analyzed by GS-MS, the major constituents being thymol, y-terpinene, p-cymene, a-terpinene, and
B-pinene. The targeted compound, thymol, followed the same behavior as the total EO content,
achieving a higher amount by consecutive use of ultrasound (ultrasonic horn at an amplitude of 70%)
and microwave treatments for a solvent to plant ratio of 12/1 (v/w) and a particle size under 0.1 cm.
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