
Academic Editors: Vikas Rathore,

Sureeporn Sarapirom and Khanit

Matra

Received: 12 October 2026

Revised: 28 October 2026

Accepted: 3 November 2026

Published: 5 November 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Application of Cold Atmospheric Microplasma Pretreatment to
Enhance Essential Oil Recovery from Laurel (Laurus nobilis L.)
Leaves: Comparative Study of Extraction Methods
Andrey Sherstyukov , Vasilii Tarasov, Maxim Sosnin and Ivan Shorstkii *

Advanced Technologies and New Materials Laboratory, Kuban State Technological University, Moskovskaya 2,
350072 Krasnodar, Russia; sherstyukov86@inbox.ru (A.S.)
* Correspondence: i-shorstky@mail.ru; Tel.: +7-(967)-652-58-81

Abstract

Comparative studies of essential oil recovery from cold atmospheric microplasma (CAmP)-
pretreated laurel (Laurus nobilis L.) leaves were performed using hydrodistillation, steam
distillation, hexane extraction and subcritical CO2 extraction. CAmP-pretreated and un-
treated laurel leaves were analyzed in terms of microstructural changes, extraction kinetics
and the chemical composition of the recovered essential oil. CAmP pretreatment intensified
laurel essential oil recovery through the formation of additional microchannels (>200 µm)
in the leaf tissue. The pretreated capillary-porous structure reduced the diffusion barrier
and increased the oil recovery rate in CAmP-pretreated samples. The extraction rate of
CAmP-pretreated laurel leaves was 19–27.2% higher, while the total extraction time was
reduced by up to 50% compared with the untreated control samples to obtain equal oil
yield volume. CAmP pretreatment also affected the main chemical characteristics of laurel
essential oil. The total quantative composition of the identified target-component fraction
in oils from untreated samples decreased in the following order: subcritical CO2 extraction
(90.5%) > hexane extraction (88.2%) > steam distillation (77.4%). A similar order was ob-
served after CAmP pretreatment: subcritical CO2 extraction (95.8%) > hydrocarbon-solvent
extraction (89.9%) > steam distillation (84.5%). These results indicate that CAMP can be
used as a pretreatment step to increase the essential oil recovery rate and improve essential
oil quality.

Keywords: Laurus nobilis L.; essential oil; hydrodistillation; steam distillation; atmospheric-
pressure spark discharge; cold plasma; GC–MS

1. Introduction
Laurel (Laurus nobilis L.) essential oil is obtained from laurel leaves cut from the ev-

ergreen shrub [1]. A freshly picked bay leaf contains 1–3% essential oil yield [2]. Laurel
essential oil is used as an antirheumatic, antiseptic, diaphoretic, digestive and diuretic, as
well as a flavoring agent in various industries [3,4]. Laurel essential oil is used as an additive
for preserving meat, seafood and some agricultural products because of its antioxidant and
antimicrobial activity [5,6]. Due to its biological activity, taste qualities and active aromatic
componeiesnts, bay leaf extract is widely used as an additive in the food and cosmetics
industry [7,8]. Several reports have stated that the biological potential, as well as the an-
timicrobial and antioxidant activity of laurel essential oil, strongly depends on its chemical
composition, which is influenced by the extraction method and plant raw materials [5,7,9].
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Therefore, the biological activity of essential oils obtained from bay leaves in different
regions may vary depending on various parameters, including temperature, season, habitat
and soil composition, as well as a number of others. Traditionally, essential oils are obtained
by steam distillation, hydrodistillation, or extraction with hydrocarbon solvents [10]. There
are also known methods for the application of subcritical and supercritical fluid extraction,
which make it possible to obtain an exhaustive composition of oil components along with
concretes and absolutes [11]. Several authors [12] conducted a comparative analysis of
the yield, chemical composition and antioxidant activity of laurel essential oil extracted
by various classical methods (hydrodistillation and steam distillation) and electrophysical
methods (hydrodistillation using microwave radiation and hydrodistillation by ohmic heat-
ing). It has been shown that exposure to microwave radiation promotes the release of more
oxygen-saturated monoterpenes. A review paper [13] provides an overview of traditional
solvent extraction methods and auxiliary extraction methods, which include microwave
extraction, ultrasound extraction, pulsed electric fields, and high-voltage electric discharges.
The operating parameters of each of the described methods have a significant impact on the
kinetics of extraction. However, the disadvantages of both traditional and more modern
methods are the length of the process, which reduces the profitability of the production of
essential oils [14]. The high duration of the process is limited by the presence of a diffusion
barrier of the wax shell or membranes of essential oil globules for solvents at the extraction
stage. Therefore, it is necessary to prepare the capillary-porous structure of essential oil
raw materials to reduce the diffusion barrier using methods that do not reduce the quality
of the resulting essential oil. One promising approach is cold atmospheric microplasma
(CAmP) treatment of plant raw materials, which does not cause thermal degradation or
destruction of thermolabile components [15]. The CAmP treatment exploits the effect of
high voltage non-self sustained gas discharge in a gaseous medium between two metal
electrodes with point-to-plate or point-to-point configurations. The distinctive feature of a
non-self sustained gas discharge is the existence of an electron cloud formed by TE, which
assists in creating a thermoemission current flow extending from the heat source to the
point or plate geometry electrode.

Attempts by several authors to use cold atmospheric plasma treatment for preparing
essential-oil-bearing raw materials, including betel leaves, mint and lemon verbena, have
shown considerable promise [16–18]. For these types of essential oil raw materials, cold
atmospheric plasma treatment increased the yield of essential oil by 2–20%. In [18], it was
noted that cold atmospheric plasma pretreatment can affect not only the total essential
oil content in the final extract, but also its composition. These studies mainly focus on
increasing the yield of essential oil. However, some studies reported a negative effect of
cold atmospheric plasma on essential oil yield. For example, Jangi et al. [19] reported a
decrease in the yield of essential oil from hyssop (H. officinalis) leaves treated with cold
atmospheric plasma. Similar negative results were observed by Ebadi et al. [16] for lemon
verbena (Aloysia citrodora L.) extracts exposed to prolonged cold plasma treatment.

From a mass transfer mechanism point of view, an internal essential oil diffusion is
limited by mass transfer resistances including oil globules, membranes and pores [20]. The
etching effect of cold atmospheric plasma treatment is limited by surface modification. At
the same time, most of the most oil globules in laurel leaves are located in the internal
structure. Based on the literature analysis, no current studies have reported the application
of cold atmospheric microplasma (CAmP) pretreatment to enhance essential oil recovery
from laurel leaves by a volumetric penetrating effect. The aim of this study was therefore
to investigate the effect of CAmP pretreatment on the recovery efficiency of essential oil
from freshly harvested Laurus nobilis leaves using different extraction methods: steam
distillation, hexane extraction and subcritical CO2 extraction.
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2. Materials and Methods
2.1. Materials

Fresh laurel leaves (Laurus nobilis L.) harvested in the subtropical zone of the Black Sea
coast (Adler, Russia) in July 2025 were used in the present work. The initial moisture content
of the laurel leaves was 48.2 ± 0.3%, as determined using a moisture analyzer (Evlas-2M,
Sibagropribor, Krasnoobsk, Russia). A schematic flow of the experimental program is
shown in Figure 1, demonstrating the main stages, including the procurement of laurel
leaf samples, structural analysis, CAMP pretreatment combined with steam distillation,
hydrocarbon-solvent extraction and subcritical CO2 extraction, and subsequent evaluation
of extraction efficiency and oil quality. The study was designed to determine whether
CAMP pretreatment combined with different extraction methods could increase essential
oil recovery while preserving the quality attributes of laurel essential oil. Analytical mea-
surements were performed in at least two independent repetitions using different samples.

Figure 1. A schematic flow of the experimental program, demonstrating the major stages, from the
procurement of the laurel leaf samples and subsequent processing, the application of cold atmospheric
microplasma pretreatment combined with different extraction methods to the analytical methods,
involving extraction efficiency and quality determinations.

2.2. Cold Atmospheric Microplasma Treatment

A laboratory setup for cold atmospheric microplasma (CAmP) treatment was used
in the present work, as previously described [15]. The discharge current (lower than
20 mA) and voltage (up to 15 kV) were recorded using a Tektronix DPO 2004B oscilloscope
(Tektronix, Inc., Beaverton, OR, USA) equipped with a high-voltage probe (P6015A ×1000).
For CAmP pretreatment, 500 g of laurel leaves were pre-cut, placed on a conductive tray
in a single layer not exceeding five leaves and exposed to a volumetric CAmP discharge
supported by thermionic emission (Figure 2). The CAmP treatment cell was moved over
the leaf layer using zigzag scanning movements. The electric-field parameters were selected
to avoid thermal degradation of plant tissues. Treatment was performed at atmospheric
pressure and an ambient temperature of 23 ◦C. The CAmP discharge penetrated through the
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laurel leaf structure and formed through-channels in the plant tissue, while the temperature
increase of the leaves did not exceed 2–3 ◦C. After CAmP pretreatment, the laurel leaves
were transferred for microstructural analysis and the extraction procedure.

 

Figure 2. Experimental setup (a) and CAmP treatment visualization of a laurel leaves sample (b).

2.3. Laurel Essential Oil Extraction

Laurel essential oil was recovered from CAmP-pretreated and untreated laurel leaves
using steam distillation, hexane extraction and subcritical CO2 extraction. The extraction
efficiency depends on several factors, including the accessibility of the cellular and capillary-
porous structure of the plant material.

2.3.1. Steam Distillation

Steam distillation of laurel leaves was carried out using a laboratory setup for essential
oil recovery in a water-vapor stream. The experimental methodology was introduced in
previous work [21]. The duration of steam distillation was set at 600 min. The kinetics of
essential oil recovery during steam distillation were evaluated using a cathetometer KM-6
(Novosibirsk, Russia).

2.3.2. Hexane Extraction

Hexane extraction of laurel leaves was carried out using a laboratory extractor with a
heating jacket. Heating temperature was set at 55 ◦C. Briefly, 100 g of laurel leaves were
loaded into the extractor. Hexane was then pumped from the solvent tank through the
receiver into the extractor. The solvent flow rate was set to 30.0 cm3 min−1. The miscella
was collected in a receiving vessel, and the mass of extracted substances was determined at
specified time intervals. Extraction with fresh solvent was continued for 120 min. After
extraction, the solvent was distilled off from the spent plant material to determine the
residual oil content. The residual oil content was determined as the ratio of the mass
of extractive substances in the initial raw material to the mass of extractive substances
remaining in the raw material after the extraction time.

2.3.3. Subcritical CO2 Extraction

Subcritical CO2 extraction was carried out in a laboratory-scale closed extraction unit
operated with liquefied carbon dioxide. This extraction route was selected because lique-
fied/subcritical CO2 provides a low-temperature, oxygen-limited medium for recovering
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volatile and lipophilic plant constituents, while the solvent can be removed from the extract
by depressurisation without leaving organic solvent residues [22,23].

Before extraction, untreated or CAmP-pretreated laurel leaves were loaded into the
Soxhlet-type extraction chamber. The apparatus was charged with solid CO2 in an amount
calculated to obtain 500 cm3 of liquid CO2 during operation. After loading, air was removed
from the closed vessel using a vacuum pump in order to minimize oxidative changes in the
plant matrix and to maintain a reproducible CO2 atmosphere during extraction. The unit
was then sealed, the heating block was gradually heated to 40 ◦C, and the condenser was
cooled with a circulating coolant maintained at 0 to −10 ◦C.

During operation, carbon dioxide evaporated from the lower part of the system, con-
densed on the cooled surface and returned as liquid CO2 to the extraction chamber. The
liquid phase repeatedly contacted the plant material, dissolved the extractable compounds
and transferred the CO2 miscella into the receiving flask through the siphon cycle. The
extraction zone was maintained at 20 ◦C and 5.8 MPa, and the extraction time was 180 min.
These parameters are below the critical point of CO2 and therefore correspond to subcriti-
cal/liquefied CO2 extraction rather than supercritical extraction. The maximum pressure
of the system was limited by a safety valve rated at 7 MPa. A similar low-temperature CO2

extraction principle has been used for essential-oil-bearing plant materials in laboratory
studies [24,25].

At the end of the process, heating was stopped and the system was allowed to cool
before depressurisation. CO2 was slowly released through the safety valve, and the extrac-
tor was opened only after pressure equilibration with the atmosphere. The obtained CO2

extract was collected from the receiving flask, transferred into sealed glass vials and stored
before further essential oil isolation and GC–MS analysis. The same protocol was applied
to untreated and CAMP-pretreated samples so that differences in extraction efficiency and
oil composition could be attributed to the pretreatment step rather than to variations in
extraction conditions [26].

2.4. Chemical Analysis of General Essential Oil Quality Parameters

The essential oils were analysed by gas chromatography coupled to mass spectrometry
(GC–MS) (gas chromatograph Khromatek-Crystall 5000 (Khromatek, Yoshkar Ola, Russia)
equipped with a mass spectrometric detector) using a CR—5 ms capillary column with an
inner diameter of 30 m × 0.25 mm. (film thickness 0.25 microns). GC–MS profiles were
obtained using the following conditions: carrier gas He; flow rate 1 mL/min; injection
temperature 250 ◦C; the thermostat temperature was set in the range of 75 ◦C to 240 ◦C,
with a rate of increase of 4 ◦C/min; the ionisation mode used was electronic impact at
70 eV. Identification of the components was achieved from their linear retention indices on
the column, determined with reference to a homologous series of C8–C22 n-alkanes, and
by a comparison of their mass spectral fragmentation patterns with those stored in the data
bank (Wiley/NBS library).

2.5. Energy Consumption of CAmP Treatment

The electrical energy required for the cold atmospheric microplasma (CAmP) pre-
treatment was evaluated as an additional processing input, separately from the energy
demand of the subsequent extraction stages. This separation was used because CAmP was
applied only as a short pretreatment step intended to modify the capillary-porous structure
of laurel leaves before steam distillation, solvent extraction or subcritical CO2 extraction.

The calculation procedure was based on the direct registration of the voltage-current
characteristics of the plasma discharge using an oscilloscope, as reported for CAMP-assisted
valorisation of tomato processing by-products [27]. The approach is also consistent with
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the energy assessment of nonthermal pulsed filamentary microplasma treatment assisted
by thermionic emission described by Shorstkii and Koshevoi [28].

For each treatment run, the instantaneous voltage Ut and discharge current It were
recorded during the passage of the CAMP discharge through the laurel leaf layer. The
energy released by a single discharge pulse was calculated as the time integral of the
instantaneous electrical power over the pulse duration:

Wp =
∫︂ τp

0
Ut × Itdt (1)

where Wp is the energy of one discharge pulse (J), Ut is the instantaneous voltage applied
to the electrodes at time t (V), It is the instantaneous discharge current passing through the
sample at time t (A), and τp is the pulse duration (s).

The electrical energy introduced by the plasma discharge during one complete pre-
treatment run was calculated by multiplying the energy of a single pulse by the total
number of discharges applied to the raw material:

WCAmP = n × Wp = n ×
∫︂ τp

0
Ut × Itdt (2)

where WCAmP is the total discharge energy for one CAmP treatment run (J), and n is the
number of discharge pulses. This calculation was preferred to the use of nominal generator
power because the electrical response of plant tissues may vary during treatment as a result
of local differences in moisture content, conductivity and contact conditions.

Because the CAmP system used in this work was supported by thermionic emission,
the electrical input of the thermionic emission source was included in the pretreatment
energy balance. When wattmeter readings are available, this contribution is obtained from
the recorded power. Alternatively, it can be calculated from the stabilized voltage and
current supplied to the thermionic emission element:

WTE = PTE × tCAmP = UTE × ITE × tCAmP (3)

where WTE is the energy consumption of the thermionic emission source (J), PTE is its elec-
trical power (W), UTE and ITE are the voltage (V) and current (A) supplied to the thermionic
emission element, respectively, and tCAMP is the total duration of CAmP pretreatment (s).

The total electrical energy consumed during CAmP pretreatment was therefore calcu-
lated as the sum of the discharge energy and the thermionic emission contribution:

Wtot = WCAMP + WTE (4)

where Wtot is the total electrical energy used for CAMP pretreatment of one batch of laurel
leaves (J).

The specific energy consumption of CAmP pretreatment with related extraction
method was expressed per unit mass of fresh plant material:

SEC =
Wtot + Wext

1000 × m
(5)

where SEC is the specific energy consumption of CAmP pretreatment with related extraction
method (kJ kg−1), m is the mass of treated laurel leaves in one batch (kg), Wext is the power
consumption of the extraction equipment [kW], and the factor 1000 converts joules to
kilojoules. In the present study, the CAmP-treated batch mass was 0.5 kg, while the
discharge voltage and current did not exceed 15 kV and 20 mA, respectively, as described
in Section 2.2. The obtained SEC value was used to characterize the additional energy input
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introduced by the pretreatment stage and to relate this input to the observed intensification
of essential oil recovery.

2.6. Microstructural Analysis

The microstructure of the internal tissues and the surface of the laurel leaves was exam-
ined using an EVO HD 15 scanning electron microscope (Zeiss, Jena, Germany). Measure-
ment conditions were set at: electron beam energy—10 keV, and magnification—×30–×200.
The sample was shock-frozen by liquid nitrogen (−196 ◦C) to remove residual moisture.

2.7. Statistical Analysis

Each experimental procedure was repeated three times using independent laurel leaves
samples (n = 3). The results are presented as the mean ± standard deviation (SD). Statistical
differences between untreated and FCP-treated samples were evaluated separately for each
extraction method using a one-way analysis of variance (ANOVA), followed by Tukey’s
post hoc test at a significance level of p < 0.05.

3. Results
3.1. Effect of Cold Atmospheric Plasma Treatment on the Microstructure of Laurel Leaves

The effect of cold atmospheric microplasma (CAmP) pretreatment on morphological
changes in the structure of laurel leaves was investigated by scanning electron microscopy.
Figure 3 shows the morphology of a cross-sectioned laurel leaf in the region formed by the
CAmP discharge channel at ×200 magnification. A localized discharge zone was observed
on the upper leaf surface, with the formation of a crater approximately 320 µm in diameter.
The CAmP discharge was concentrated in the region of internal essential-oil reservoirs,
which can be considered the most electrically conductive zones of the leaf structure. Ac-
cording to [29], the electrical conductivity of essential oil is higher than that of laurel leaf
tissue. Therefore, the CAMP discharge can pass through the internal reservoirs and disturb
membrane integrity, thereby reducing structural resistance to essential-oil transfer.

 

Figure 3. SEM image of cross-section structure of the untreated (a) and CAmP treated (b) Laurus
nobilis L. with indication of a new crater formation and essential oil globules (EO) localization.

CAmP pretreatment can modify the surface and internal structure of laurel leaves by
adding additional channels and promote mass transfer. Comparable effects were observed
for thyme (Thymus vulgaris L.) leaves [30] by applying dielectric-barrier-discharge cold
atmospheric plasma treatment. Enhanced hydrophilicity and modified surface properties
were obtained for essential-oil-bearing plants [31].
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The microstructure of plant surfaces after cold atmospheric plasma treatment has also
been studied for betel leaves [17]. The authors reported cell damage, surface etching and in-
creased leaf roughness after plasma exposure, which accelerated the mass-transfer process.

Other studies [17,32] on plasma-treated betel leaves and lemon peel showed the
formation of cracks, fissures and cellular damage on the surface of the raw material, leading
to enhanced diffusion of essential oil from oil-bearing secretory structures compared
with untreated controls. In contrast, Molina et al. [33] who treated Lavandin Grosso
using dielectric barrier discharge (DBD), reported no change in the surface roughness of
glandular trichomes even after prolonged exposure, suggesting that surface alterations
occurred mainly at the nanometer scale. These differences may be explained by the type
of plasma discharge and the energy distribution in the treated material. In the present
study, CAmP pretreatment was able to affect internal oil-cell membranes rather than only
surface layers.

Similar effects were observed for lavender inflorescences pre-treated by CAmP
technology [21]. Additional microchannels formation and facilitating the release of bound
essential oil was reported as a main mechanism of CAmP treatment. Other authors also
noted a tree-like structures forming in the internal structure of plant materials by applying
CAmP technology [34,35], confirming the relevance of the proposed hypothesis.

3.2. Impact of CAmP Pretreatment on Essential Oil Extraction

Figure 4 presents the kinetics of essential oil recovery over 600 min during steam
distillation. The experimentally obtained kinetic curves for CAMP-pretreated and untreated
laurel leaves demonstrate diffusion-controlled mass transfer. Comparable essential oil
recovery was achieved approximately two times faster for CAmP-pretreated raw material.
In particular, 70% essential oil recovery from CAmP-pretreated leaves was reached after
4.7 h, whereas untreated leaves required 9.5 h to reach the same level. An increase in the
diffusion rate after CAMP pretreatment has also been reported for mint leaves extracted in
an ultrasonic reactor combined with cold atmospheric plasma exposure [18].

Figure 4. Kinetics of essential oil recovery from CAMP-pretreated laurel leaves during steam distillation.

In the current study, the essential oil yield was reported to be 155% higher than that of
the control sample. Such a pronounced increase may be questionable because secondary
products could have been released into the essential oil fraction. More moderate increases
have been reported for peppermint. For example, dielectric-barrier-discharge plasma
pretreatment of peppermint leaves increased the essential oil yield from 1.75% to 1.81% [36].
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Comparable values were also obtained for lavender essential-oil-bearing raw material,
where pretreatment with a low-current spark discharge increased the essential oil yield by
0.09% during steam distillation [21].

The hexane extraction results for untreated and CAmP-pretreated samples are pre-
sented as the change in the residual content of extractive substances over time (Figure 5).

Figure 5. Hexane extraction kinetics of laurel leaves with and without CAMP pretreatment: G0 is the
mass of extractive substances in the initial raw material, g; Gt is the mass of extractive substances
remaining in the raw material after extraction time t, g.

A comparative analysis of the curves shows that CAmP pretreatment enabled deeper
extraction by preparing the capillary-porous structure of the essential-oil-bearing raw
material. After 120 min of extraction, the residual content of extractive substances in CAmP-
pretreated samples was 0.08 g, compared with 0.16 in untreated samples. Similar results
were obtained for cumin treated with argon cold atmospheric plasma before extraction: the
yield of the main essential oil components obtained by diethyl ether extraction increased
from 47.9 to 56.4% [37]. Deep extraction assisted by pulsed electric field pretreatment has
also been reported for rosemary, eucalyptus and thyme samples [38], where pretreatment
increased the yield of extractive substances by an average of 17%. Both steam distillation
and hexane extraction kinetic curve results confirm capillary porous structure modification
caused by CamP pretreatment.

3.3. Influence of CAmP Pretreatment on the Chemical Composition and Quality of Essential Oil

Table 1 presents a comparative analysis of extraction methods and CAmP pretreatment
effects on the component composition of laurel essential oil. Color shading indicates
changes in relative peak area greater than 0.2 percentage points: green shading indicates an
increase, whereas orange shading indicates a decrease. Identification and quantification
of essential oil components isolated by different extraction methods are important for
scaling the technology [39]. The quality-determining components of laurel essential oil
were α-terpinyl acetate (7.5%), sabinene (8.5%), linalool (10.0%) and 1,8-cineole (20.0%).
These values are consistent with literature data [40,41]. CAmP pretreatment increased
the relative peak areas of the main target components, including 1,8-cineole, β-pinene,
α-terpinyl acetate and β-caryophyllene. This increase was observed for all extraction
methods. The compound linalool, an important aroma-active component of laurel essential
oil, increased after steam distillation and subcritical CO2 extraction, whereas a slight
decrease was observed after hexane extraction.
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Table 1. Relative peak area (%) of selected identified volatile compounds in Laurus nobilis L.
essential oils.

CAmP
Pretreatment +
CO2 Extraction

Untreated + CO2
Extraction

CAmP Pretreatment +
Hexane Extraction

Untreated +
Hexane Extraction

CAmP
Pretreatment + SD

Untreated +
SD Compound Name No.

5.4 5.1 4.5 6.5 6.5 5.0 α-Pinene 1

0.8 0.8 0.7 0.7 0.5 0.6 Camphene 2

8.2 8.1 8.0 8.8 8.0 8.5 Sabinene 3

5.0 4.9 4.5 4.4 4.2 4.1 β-Pinene 4

2.2 2.1 2.0 1.8 1.7 1.7 Myrcene 5

0.4 0.3 0.3 0.2 0.3 0.3 α-Phellandrene 6

1.0 0.8 0.7 0.8 0.5 0.7 α-Terpinene 7

0.7 0.7 0.6 0.6 0.5 0.6 p-Cymene 8

1.9 1.7 1.9 1.9 1.9 1.7 Limonene 9

0.1 0.1 0.1 0.1 0.1 0.1 β-Phellandrene 10

27.0 25.5 26.5 26.2 22.4 20.0 1,8-Cineole 11

1.4 1.1 1.2 1.1 0.9 1.0 γ-Terpinene 12

0.3 0.3 0.3 0.3 0.2 0.3 Terpinolene 13

11.0 10.2 9.0 9.5 10.5 10.0 Linalool 14

0.7 0.7 0.6 0.6 0.4 0.5 Borneol 15

4.2 4.5 4.2 3.9 4.0 3.4 Terpinen-4-ol 16

4.9 4.0 4.9 3.0 4.8 2.0 α-Terpineol 17

0.6 0.5 0.4 0.4 0.3 0.3 Linalyl acetate 18

0.6 0.5 0.6 0.6 0.5 0.6 Bornyl acetate 19

11.0 10.5 10.1 9.5 9.1 7.5 α-Terpinyl acetate 20

2.0 1.8 2.0 1.5 1.5 1.2 Eugenol 21

4.2 4.0 4.0 3.0 3.5 4.0 β-Caryophyllene 22

0.2 0.2 0.3 0.3 0.2 0.3 α-Humulene 23

2.0 2.5 2.5 2.5 2.0 3.0 Eugenyl acetate 24

95.8 90.5 89.9 88.2 84.5 77.4 Total identified
compounds

4.2 9.5 10.1 11.8 15.5 22.6 Unidentified
minor peaks

100.0 100.0 100.0 100.0 100.0 100.0 Total

Note. SD, steam distillation. Unidentified minor peaks were calculated as 100% minus the total
identified compounds.

1,8-Cineole (CIN) has been found to be the main component of the essential oil of
Laurus nobilis. CIN is one of the most valuable and important monoterpenes because its
antimicrobial and antifungal effects [42]. CAmP pretreatment demonstrates a significant
positive effect on the quantitative value of CIN for all extraction methods. A similar ten-
dency was observed for α-terpineol. Its relative content increased from 4.0 to 4.9% for
CO2 extraction, from 3.0 to 4.9% for hexane extraction, and from 2.0 to 4.8% for SD. The
response of linalool, the second major oxygenated monoterpene, was less uniform. Its con-
centration increased from 10.2 to 11.0% after CAmP-assisted CO2 extraction and increased
from 10.0 to 10.5% after CAmP-assisted SD, whereas hexane extraction showed a moderate
decrease from 9.5 to 9.0%. A minor effect after CAmP treatment was observed for the
monoterpenes group. This might be related to the oxidation process during experimental
procedure caused by additional pores and surface contact area increases.

The comparison of the three isolation methods indicates that the influence of CAmP
on the chemical profile was extraction-method dependent. CO2 extraction produced the
highest proportion of identified compounds after plasma pretreatment (95.8%) and showed
relatively moderate changes in most individual constituents.
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3.4. Energy Consumption of CAmP Assisted Extraction

The total energy consumption for CAmP treatment and different extraction methods
was calculated using Equation (5) with the related energy consumption of each extraction
equipment unit (Figure 6). For CAmP + SD, the total consumed energy was 0.21 kW/hkg of
essential oil, compared with 0.43 kW/hkg for the untreated control. For hexane extraction
with CAmP pretreatment, the specific energy consumption was reduced by 19%. Thus,
CAmP treatment enhanced both the total essential-oil yield and extraction rate while
reducing specific energy consumption.

Figure 6. Specific energy consumption comparative analysis for steam distillation, hexane extraction
and CO-2 extraction with preliminary CAmP treatment.

From a process-engineering perspective, the most practically relevant outcome was
obtained from the CAmP + SD configuration. The combination of a shorter extrac-
tion time, a high extraction rate and a decrease in specific energy consumption from
0.43 to 0.21 kW/hkg suggests that CAmP pretreatment may be suitable for continuous or
semi-continuous industrial implementation. The same positive effect of CAmP-treatment
was obtained for subcritical CO2 extraction. Specific energy consumption decreased from
0.74 to 0.58 kW/hkg. The energy-consumption values are comparable with those reported
for ohmic accelerated steam distillation, while CAmP has the additional advantage of
treating the raw material before distillation without requiring immersion in a conductive
liquid phase.

In laurel essential oil production, processing time is a major factor because of seasonal-
ity and raw-material harvesting requirements [43]. In total, it reaches up to 10 h of essential
oil recovery process time. Taking into account this general basis and according to the results
presented in this study, CAmP-assisted laurel essential extraction could potentially reduce
the process time by 55.3%. In a large-scale laurel essential-oil mill processing 1 tons/day of
laurel leaves, cold atmospheric microplasma technology could potentially increase daily
raw material throughput by approximately 2.4-fold under comparable operating condi-
tions. This improvement may increase production efficiency and support the payback of
CAmP equipment investment. Probable technical challenges during full industrial scale-up,
including plasma penetration on thick material bed and conveyor type of treatment for
large-batch production, require detailed study.
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4. Discussion
The observed morphological changes demonstrate that CAmP pretreatment can mod-

ify both the surface and internal structure of laurel leaves, forming an enlarged diffusion
surface and promoting mass transfer. Similar surface modification effects have been
reported for dielectric-barrier-discharge cold atmospheric plasma treatment of thyme
(Thymus vulgaris L.) leaves [30], where increased hydrophilicity, wrinkle formation and
partial destruction of glandular trichomes were observed as voltage and treatment time
increased. Cold atmospheric plasma has also been applied to botanical materials and
essential-oil-bearing plants because of its ability to modify surface properties and increase
hydrophilicity [44].

In contrast, Ref. [33], who treated Lavandin Grosso using dielectric barrier discharge
(DBD), reported no change in the surface roughness of glandular trichomes even after
prolonged exposure, suggesting that surface alterations occurred mainly at the nanometer
scale. These differences may be explained by the type of plasma discharge and the energy
distribution in the treated material. In the present study, CAmP pretreatment was able to
affect internal oil-cell membranes rather than the external surface layers only.

The reported effect of CAmP treatment on laurel leaves also supports the proposed
mechanism: additional microchannels were formed in internal tissues, facilitating the
release of bound essential oil [21]. The formation of tree-like structures under cold plasma
treatment has also been noted by other researchers [34,45], confirming the relevance of the
proposed hypothesis.

The effect of CAmP pretreatment on essential oil isolation from Laurus nobilis L. was
strongly dependent on the extraction method. The literature nevertheless demonstrates
that cold plasma does not invariably preserve essential oil composition. Ebadi et al. [16]
found that low-pressure plasma treatment of lemon verbena changed the distribution of
volatile classes: monoterpene hydrocarbons and oxygenated sesquiterpenes were relatively
enriched in plasma-treated samples, whereas oxygenated monoterpenes were more abun-
dant in the untreated control sample. Prolonged plasma treatment also reduced essential oil
content, which was attributed partly to enhanced loss of volatile compounds from plasma-
induced fissures. In contrast, Rezaei et al. [36] observed no remarkable compositional
changes in fennel and spearmint oils under optimized DBD-plasma conditions. Together,
these studies demonstrate that plasma effects on EO composition depend on the plant
matrix, plasma configuration, working gas, treatment intensity and exposure time [46].

A comparative analysis of SD and hexane extraction curves shows that CAmP pre-
treatment enabled deeper extraction by preparing the capillary-porous structure of the
essential-oil-bearing raw material. The essential oil yield was increased and the extraction
rate was also significant higher for CamP-treated samples. Similar results were obtained
for cumin seeds after diethyl ether extraction where the essential oil yield increased from
47.9 to 56.4% [37] as well as for rosemary, eucalyptus and thyme samples [38]. Both the
steam distillation and hexane extraction kinetic curves confirm capillary porous structure
modification caused by CAmP-pretreatment.

The present results occupy an intermediate position between these previously reported
responses. CAmP treatment did not produce a fundamentally different qualitative profile,
but it caused a measurable redistribution of individual compounds, particularly when
combined with SD. Importantly, because the values represent relative chromatographic
abundances, an increase in the percentage of one constituent does not necessarily indicate
an increase in its absolute concentration. Relative enrichment can also occur when other
constituents are extracted less efficiently or decrease in abundance. Therefore, the composi-
tional changes should primarily be interpreted as changes in the relative GC profile unless
absolute compound concentrations are independently determined.
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Overall, the combined results suggest that the main role of CAmP pretreatment is the
modification of matrix accessibility and compound-specific mass transfer rather than exten-
sive plasma-induced chemical transformation. Among the investigated extraction methods,
CAmP-assisted CO2 extraction provided the highest proportion of identified compounds
(95.8%), whereas CAmP-assisted steam distillation produced the largest improvement rela-
tive to its untreated counterpart. Thus, plasma pretreatment appears particularly promising
for intensifying steam-based recovery, while CO2 extraction provides the most completely
characterized volatile fraction under the investigated conditions. Further studies combining
absolute quantification of major compounds with morphological analysis and extraction
kinetics would be required to distinguish preferential release from possible plasma-induced
chemical transformations.

5. Conclusions
The effect of cold atmospheric microplasma (CAmP) pretreatment on the efficiency of

essential oil recovery from freshly harvested Laurus nobilis L. leaves was investigated using
steam distillation, hexane extraction and subcritical CO2 extraction. Morphological analysis
of laurel leaf cross-sections revealed electroporation-like disruption of essential-oil reservoir
membranes in the plasma-discharge zone. A crater of approximately 200–300 µm was
formed on the laurel leaf surface, and the discharge passed through the entire leaf thickness
to the metal tray. Kinetic curves obtained by different extraction methods showed that
CAmP pretreatment increased the extraction rate by 19–27.2% and reduced the extraction
time by up to 50% while maintaining a comparable essential oil yield.

The prepared capillary-porous structure of laurel leaves reduced the diffusion barrier
for solvent penetration into the plant matrix and increased the recovery of extractive
substances. The total identified fraction of laurel essential oil components in untreated
samples decreased in the following order: subcritical CO2 extraction (90.5%) > hydrocarbon-
solvent extraction (88.2%) > steam distillation (77.4%). CAMP pretreatment increased the
content of the main target components and produced the following order: subcritical CO2

extraction (95.8%) > hydrocarbon-solvent extraction (89.9%) > steam distillation (84.5%).
The results demonstrate the potential of CAMP pretreatment for improving the extraction
efficiency and quality of laurel essential oils.

Further research should focus on optimizing CAmP treatment regimes, and a scalability
analysis of CAmP technology for laurel leaves to maximize essential oil recovery. The existing
studies use a limited range of essential oil materials to explore the potential of cold plasma for
extraction. Therefore, the range of plant materials needs to be expanded to test the technology
of cold atmospheric microplasma treatment and adjust it to industrial processes and scales.
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Abbreviations
The following abbreviations are used in this manuscript:

CAmP Cold atmospheric microplasma
EO Essential oil
HD Hydrodistillation
SD Steam distillation
GC–MS Gas chromatography–mass spectrometry
SEM Scanning electron microscopy
CLO Classical hydrodistillation using a Neo-Clevenger apparatus
SLO Steam distillation
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