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ABSTRACT
Essential oils are widely used across various industries due to their aromatic and volatile nature, and maintaining their bioactive integrity during processing is essential for preserving their commercial value. However, conventional extraction methods often involve prolonged processing times and may lead to chemical degradation of sensitive compounds. Pulsed Electric Field (PEF) technology has emerged as a promising alternative, as it enhances cell membrane electroporation, facilitates mass transfer, and enables efficient release of intracellular constituents while preserving the natural composition and oxidative stability of essential oils. In several cases, PEF has been reported to increase extraction yield by up to threefold compared to conventional hydrodistillation. Furthermore, combining PEF with mild heat treatment can improve both product quality and microbial safety. Studies on plants such as Rosa damascena, Eucalyptus, Thyme, Marrubium, and coriander demonstrate that PEF not only enhances extraction yield but also increases key constituents, including total phenolics, terpenes, and antioxidant compounds. Additionally, PEF contributes to reduced environmental impact through lower energy consumption and emissions. Future research should focus on large-scale optimization and techno-economic evaluation to facilitate industrial implementation. Overall, PEF represents a sustainable and efficient approach for industrial-scale essential oil production.
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1. INTRODUCTION
Essential oils, commonly referred to as “essences,” derive their name from the characteristic fragrance and volatile compounds they contain. Essential oils are volatile liquids extracted from various plant tissues, such as flowers, leaves, roots, stems, and fruits, that have a distinctive aroma (Mahomoodally et al., 2019). The pharmaceutical, cosmetic, and food industries extensively use essential oils derived from several plant species (Bhat et al., 2005). Various authors define essential oils, the French Agency reported the appropriate definition for Normalisation (AFNOR): "Essential oil is a product obtained from a plant material, either through steam distillation or mechanical processes from the epicarp of Citrus, or through 'dry' distillation. The essential oil is then separated from the aqueous phase by physical means" (AFNOR, 2000).
In the context of solubility, they are capable of dissolving in alcohol, ether, and fixed oils, although they are insoluble in water. They are predominantly liquid and colourless at ambient temperature and easily evaporate because they are volatile. A unique aroma and a density lower than one, except for some oils like sassafras, cinnamon, and vetiver. These oils possess a high refractive index and exhibit optical activity. With these properties, extensive application of the essential oil in the food, cosmetics industry, aromatherapy and perfumery (Dhifi et al., 2016). Essential oils (EOs) are highly concentrated natural substances characterised by their potent odours that aromatic plants produce as secondary metabolites. Studies reveal that EOs extracted from M. pulegium and R. officinalis exhibit antioxidant, antibacterial and antileishmanial effects (Bouyahya et al., 2017). 
Food products may suffer negative effects on their pigments, aromas and nutritional compositions when subjected to high temperatures. However, non thermal methods can resolve heat-related issues. One innovative method is Pulse Electric Field (PEF), which is commonly used in food processing and preservation. This technique is notable for its effectiveness in enhancing food quality and extending shelf life. PEF works by generating high electric field pulses for a short duration between two electrodes, which are placed within the PEF cabinet's operating space (Mohammed et al., 2016). It significantly improved product quality by accelerating dehydration kinetics and enhancing rehydration ability (Rybak et al., 2020).
The application of this technique in the food industry serves as a pretreatment method before conventional extraction. Technique aims to reduce the energy required for drying and pasteurisation, enhance the yield of essential oils, and extract valuable components from diverse natural sources (Azmir et al., 2013; López et al., 2009; Miloudi et al., 2018a; Schoenbach et al., 2002). PEF can enhance the process of coalescence, resulting in the fusion of water droplets within water-in-oil emulsions. This technique enhances extraction rates and yields of active compounds without affecting product quality (Azmir et al., 2013; Erenler et al., 2018). PEF can notably enhance the extraction yields from plants such as damask rose, eucalyptus, thyme, and marrubium (Azmir et al., 2013; Barros et al., 2022; Hadri et al., 2023). The process of extraction works by using high-level electrical field pulses to electroporate the cell membranes. The implementation of PEF enables the release of intracellular contents, which enhances the diffusion processes inside tissues and enabling mass exchange with the external elements. This approach mitigates environmental concerns by decreasing CO2 emissions into the atmosphere (Ferhat et al., 2006). PEF-assisted techniques for extraction offer a more efficient alternative to conventional extraction methods. 
             This review details the development of essential oil extraction technologies, processing technologies as well as their influence on the characterization of nutritional significance. 

2. ESSENTIAL OILS
The European Pharmacopoeia 7th edition defines essential oils as complex compounds derived from plant raw materials via steam distillation, dry distillation, or an appropriate mechanical process devoid of heat. A physical method is typically used to separate essential oils from the aqueous phase without significant changes to their chemical composition (Asbahani et al., 2015). Essential oils, which are also known as volatile or ethereal oils, are compounds that are both fragrant and volatile. These oils are present in merely 10% of the plant world and are stored in specific, fragile structures in plants. These structures may encompass glands, secretory ducts, secretory hairs, secretory cavities, or resin ducts (Djilani and Dicko, 2012). Pure essential oils comprise around 200 constituents, primarily consisting of terpenes and phenylpropanoid derivatives, which exhibit minimal structural and chemical variation between them. In general, volatile and non-volatile fractions can be used to categorize the components of essential oils.
The aromatic oil volatile fraction is mostly composed of alcohols, aliphatic aldehydes, esters, mono- and sesquiterpenes, along with other oxygenated derivatives. Conversely, non-volatile residues, including carotenoids, fatty acids, flavonoids, and waxes, make up 1–10 weight percent of isolated essential oil (Aziz et al., 2018). Essential oils consist of a blend of secondary metabolites derived from plants, characterised by their high volatility and lipophilicity. The organic composition of EOs is a critical determinant of their antioxidant capacity. Phenols with secondary metabolites have strong antioxidant properties (Chen et al., 2021; Dhifi et al., 2016; Pateiro et al., 2018). Essential oils, due to their diverse bioactive profiles, possess strong antioxidant and antimicrobial properties. Consequently, they serve as an ideal alternative to synthetic food additives in commercial food products. Directly or indirectly, these bioactive substances that are present in essential oils disrupt cellular function. This disruption in one system subsequently interrupts other cellular functions, rendering them suitable for use as a preservative in food commodities (Asbahani et al., 2015). Essential oils extracted from nutmeg, cinnamon, clove, parsley, basil, thyme, and oregano exhibit notable antioxidant properties.
3. EXTRACTION OF ESSENTIAL OIL
Essential oils can be extracted from plants using a number of traditional techniques, including solvent extraction (SE), hydro diffusion, steam distillation (SD), and hydro distillation (HD). Hydro distillation (HD) is a prevalent technique for extracting essential oils from aromatic plants. It is the oldest and simplest method of oil extraction, recognised by Avicenna, who was the first to advance extraction via the alembic. The first plant extract refined using this method was rose (Aziz et al., 2018). The process begins by immersing plant materials in water inside a vessel for boiling the mixture. The equipment includes a heat source, the alembic vessel, a condenser, and a decanter. Using this method, plant materials are heated in water to release volatile compounds, which are then condensed and gathered (Aziz et al., 2018; Katekar et al., 2023).
The steam distillation method typically yields a higher amount of oil compared to hydrodistillation. However, hydrodistillation can recover a similar number of compounds and is simpler to perform (Charles and Simon, 1990). With an extraction efficiency of 93%, steam distillation is the most popular method for EO extraction. Additional techniques may be used to remove the remaining 7% (Masango, 2005). The process begins with the plant material being heated using steam supplied from a steam generator. Heat plays a critical role in breaking down the structures of the plant material and releasing the aromatic components, or essential oils (Babu and Kaul, 2005). Some plants give better results through steam distillation than hydrodiffusion (Charles and Simon, 1990; Katekar et al., 2023). 
The hydrodiffusion extraction method involves a systematic approach to extracting essential oils from plant materials. This method is particularly applied to dried plant specimens that uses the elevated temperatures. Hydrodiffusion provides steam from the top of the steam generator, as opposed to traditional steam distillation, which adds steam from the bottom. Carrying out this process at low pressure or in a vacuum allows the steam temperature to be reduced to less than 100°C (Aziz et al., 2018; Vian et al., 2008). 
Solvent distillation involves using regular solvents like acetone, petroleum ether, hexane, ethanol or methanol to extract delicate flower materials (Tongnuanchan and Benjakul, 2014). The process includes mixing the plant samples with solvents, gently heating the mixture, filtering it, and evaporating the solvents. The filtrate obtained consists of a resin or a combination of wax, fragrance, and essential oil. Alcohol is added to dissolve the essential oil, and the mixture undergoes distillation at a low temperature. This method is more complex, time-consuming and expensive compared to other extraction methods (Li et al., 2009).
However, these methods have some drawbacks that can cause chemical changes in essential oils, such as hydrolysis, isomerisation and oxidation. These processes require elevated temperatures, which may lead to a reduction in the quality of the oils. Additionally, they tend to prolong the extraction process, resulting in reduced efficiency, extended extraction durations, and the necessity for substantial quantities of solvents. Conventional techniques such as steam distillation and solvent extraction exhibit inefficiencies, require significant time investment, and can lead to quality concerns. To preserve the natural chemical constituents and proportions of essential oils, it is necessary to explore new extraction techniques that can reduce the extent of these problems (Asbahani et al., 2015; Aziz et al., 2018; Stratakos and Koidis, 2016). Table 1 depicts data on the extraction yield of essential oil obtained through non-thermal technology compared to the previously used conventional methods. The findings indicated an improvement in the yield of essential oil obtained from different sources, implying that pulsed electric field treatment can effectively improve the extraction yield of essential oil.
4. PULSE ELECTRIC FIELD TECHNOLOGY
Pulse electric field (PEF) is a technique employed to extract valuable substances from samples. It is considered an auxiliary extraction method, involving exposing a sample to short electrical pulses with a direct current voltage within a chamber situated between two electrodes. The strength of the electric field is determined by the distance between the two electrodes as well as the input voltage. The electrical pulses last for microseconds to milliseconds (Huang and Wang, 2009; Luengo et al., 2013). The PEF pretreatment procedure operates by introducing an electric field to a cell through brief pulses, resulting in the formation of temporary or permanent pores in the cell membrane, hence enhancing its permeability and ultimately leading to its collapse. This phenomenon is known as electroporation (Mandal et al., 2015). Figure 1 illustrates the electroporation process of the cell membrane. The potential of this method for extracting plant compounds while preserving their structure and characteristics. Nowadays, PEF is commonly used for this purpose (Ricci et al., 2018). 
It has been proven that the use of pulsed electric field (PEF) technology can significantly enhance extraction efficiency and decrease extraction time. Studies conducted on plants such as Artemisia herba alba, rose, and Mentha spicata L. (Miloudi et al., 2018b, 2022; Yajun et al., 2017) have indicated enhanced extraction yields and diminished energy usage, while maintaining the quality of the essential oils. It is important to note, however, that PEF treatment may result in an increase in certain compounds like methyl eugenol in rose oil (Yajun et al., 2017). Although PEF technology has promising benefits, additional research is required to comprehend its impact on the chemical composition and quality of essential oils.
5. ROLE OF PEF IN THE EXTRACTION OF ESSENTIAL OIL 
It has been demonstrated that the utilisation of Pulsed Electric Field (PEF) can greatly enhance the process of extracting essential oils from a wide variety of plant materials. Figure 2 shows the overall process of extracting essential oils using a pulse electric field. Miloudi et al (2018a) discovered that PEF treatment augmented the extraction yield of Marrubium vulgare essential oil by up to three times. Similarly, Barros et al (2022) observed an average extraction yield enhancement of 17% for eucalyptus essential oil and 11% for rosemary essential oils when employing PEF as a pretreatment. The potential for future optimisation and industrial use makes it an interesting research topic for essential oil extraction. Figure 1. Mechanism of Electroporation for Extraction
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Patchouli essential oil is a favoured selection because of its therapeutic and fragrant attributes. It is utilised across multiple sectors, including food and pharmaceuticals (Ramya et al., 2013). Patchouli leaves contain glandular trichomes (GT) that help with the retention of essential oils. This causes the extraction of these oils to be difficult. To address this issue, researchers studied the effect of Pulsed Electric Field (PEF) treatment on patchouli leaves. It affected the cell walls of GT and the quality of patchouli EOs. The research entailed subjecting patchouli leaves to pulsed electric fields at intensities between 50 and 150 V/cm over a duration of 2-3 seconds. The results demonstrated that PEF treatment with electric field intensities of 100V/cm at 2 seconds increased oil output by 35% and destroyed over 95% of GT cell walls (Maeda and Miyake, 1997; Sukardi et al., 2015).Figure 2. Process of extracting essential oils using pulsed electric fields (PEF)

Table 1. Effect of PEF on yield enhancement
	Essential oils
	PEF Treatment
	Conventional method
	Yield Increased
	Reference

	White Wormwood (Artemisia herba alba)
	3kV/cm
	Hydro-distillation
	2.05%
(3 Times)
	(Miloudi et al., 2018a)

	Coriander seeds
(Coriandrum sativum)
	1 kV/cm and 55 pulses
	Hydro-distillation
	56%
	(Ghazanfari et al., 2023)

	Eucalyptus
(Eucalyptus teriticornis)
	2 kV/cm
(30 minutes)
	Hydro-distillation
	17 %
	(Barros et al., 2022)

	Lavender (Lavandula angustifolia)
	2 kV/cm
	Hydro-distillation
	50%
	(Hadri et al., 2023)

	Lovage (Levisticum officinale Koch)
	20 kJ/kg
	Water distillation unit (Clevender type)
	67%
	(Dobreva et al., 2013)

	Horehound (Marrubium vulgare)
	0.8 kV/cm to 2.5 kV/cm
	Hydro-distillation
	2.9 % to 6.8 %
	(Miloudi et al., 2018b)

	Peppermint (Mentha pipperita L.)
	2 kV/cm, 200 pulses
(60 Minutes)
	Hydro-distillation
(120 Minutes)
	Same
	(Miloudi et al., 2022)

	Damask rose
 (Rosa damascena Mill)
	10 kJ/kg as well as 20 kJ/kg
	Hydro-distillation
	2- 46 %
	(Tintchev et al., 2012)

	Rose EOs
	10 kV/cm to 20 kV/cm
	Hydro-distillation
(120 Minutes)
	50%

	(Yajun et al., 2017)

	Rosemary
	2 kV/cm
(30 minutes)
	Hydro-distillation
	11%
	(Barros et al., 2022)



Table 1 presents data comparing the efficacy of Pulsed Electric Field (PEF) treatment with conventional procedures, including hydrodistillation and water distillation, for extracting essential oils from different plants. PEF is a non-thermal method that speeds up the extraction process by sending short, high-voltage pulses to plant cells. This breaks down the cell walls and lets the oils out more easily. This technique significantly increases oil yields compared to traditional methods. For instance, PEF increased yields by 3 times in Artemisia herba alba, 56 % in Coriander seeds, 50% in Lavender, up to 46% in Rosa damascene, compared to regular hydro-distillation pulse electric field treatment raised the yield by 11% in rosemary. Overall, PEF is proven to be a more efficient alternative to standard methods, showing promise for enhancing essential oil production in industrial applications.
6. QUALITY IMPROVEMENT OF EOs
Pulsed Electric Field (PEF) pretreatment has been shown to significantly improve the extraction yield and quality of essential oils from various plant materials. The extraction efficiency of essential oils (EOs) and their important constituents, including phenolic compounds and oxygenated monoterpenes, enhances with the intensification of the electric field (ranging from 0.25 to 1 kV/cm) and the frequency of pulses (up to 55 pulses). The peak concentration of phenolic compounds was achieved at a voltage of 1 kV/cm, with 55 pulses yielding 0.199 mg GAE/100 g (Ghazanfari et al., 2023). The principal constituents in Lavandula angustifolia essential oil include linalool, linalool acetate, eucalyptol, fenchone, and borneol (Andrei et al., 2018; Bogdan et al., 2020; Tardugno et al., 2019). This chemical composition affects the essential oil's biological properties (Andrei et al., 2018). Linalool is formed at relatively low temperatures, while the quality of the lavender essential oil used in perfumery is determined by the concentration of Linalool acetate, with larger quantities associated with better quality of perfume. After PEF treatment, linalool and Linalool acetate decrease, which shows the increment in quality of Lavandula angustifolia essential oil; also, the concentration of Linalool affects the antimicrobial properties of EOs (Hadri et al., 2023).Rose oil is prepared from various parts, such as linalol, citronellol, neral, geranial, rose oxide (cis + trans), methyl eugenol, eugenol, and tetracosane. Rose oil is recognised for having a lot of fragrant compounds in it, like citronellol, linalool, rose oxide (cis + trans), and eugenol. These parts make up most of the value of rose oil as a perfume. A comparison between the essential oil of rose flowers extracted by hydro distillation and PEF-assisted distillation reveals that the latter has lower amounts of hydrocarbons, which can improve the quality of rose oil. On the other hand, PEF-assisted distillation has a higher percentage of terpenes compounds due to the increased release of volatile components caused by the PEF treatment (Yajun et al., 2017). These studies collectively suggest that PEF pretreatment can be a valuable technique for enhancing essential oils' extraction yield and quality. 
Table 2. Increment in the constituents of different plant sources by pulse electric field
	Plant Source
	Constituents
	Conventional
	Pulse Electric Field
	References

	Eucalyptus 
	Total Phenolic Content
	0.15mg/g
	0.19 mg/g
	(Barros et al., 2022)

	Coriender seed 
	TPC
	NA
	0.19 mg GAE/100 g
	(Ghazanfari et al., 2023)

	
	Antioxidant activity
	
	20.732 mg/ml
	

	Lavender
	linalool
	13.05 %
	10.50%
	(Hadri et al., 2023)

	
	linalool acetate
	5.93 %
	7.60%
	

	Rose EOs
	Neral 
	1.82 %
	3.17 %
	(Yajun et al., 2017)

	
	Linalol 
	4.4 %
	2.02 %
	

	
	Geranial 
	1.31 %
	2.01 %
	

	
	Methyl eugenol 
	7.6 %
	14.49 %
	


 
Table 2 presents the improvements in essential oil constituents achieved through PEF treatment compared to conventional methods. For instance, Eucalyptus exhibited an increase in Total Phenolic Content (TPC) from 0.150 mg/g to 0.19 mg/g after PEF treatment. Coriander seeds also showed an increase in TPC, reaching 0.199 mg GAE/100 g. Lavender demonstrated a slight decrease in linalool content with PEF treatment, but an increase in linalool acetate from 5.93% to 7.60%. Significant improvements were observed in constituents of Rose essential oils, such as Neral (from 1.82% to 3.17%) and Methyl eugenol (from 7.6% to 14.49%).These findings indicate that PEF treatment can selectively enhance or influence the concentrations of specific bioactive compounds in essential oils, depending on the plant and compound.
7. OXIDATIVE STABILITY ENHANCEMENT
A variety of essential oils showed antibacterial and anti-inflammatory effects when treated with pulsed electric fields. Pulse electric field intensifies the properties of essential oil, which further increases the oxidative stability of essential oil. The study explored the impact of PEF and heat treatments on Liquorice Root Drink (LRD). The combination of mild heat and PEF showed no substantial alterations in diverse quality metrics, whereas heat treatments revealed considerable discrepancies in comparison to control samples. Importantly, microbial inactivation, including bacteria and moulds, significantly increased with higher electric field strengths and temperatures. The optimal treatment for microbiological safety was determined to be the combination of mild heat and pulsed electric fields (PEF). These findings underscore the potential of this combined approach for preserving LRD, ensuring both quality maintenance and microbial safety (DEMİR et al., 2022; Uzuner and Evrendilek, 2017). 
The extracted coriander seeds' essential oil exhibited a notable inhibitory effect on C. albicans PTCC 5027 and showed sensitivity towards both resistant Gram-positive and Gram-negative bacteria. The observed inhibition occurred at the cell wall and bacterial membrane sites. These results emphasise the potential of PEF as an effective method for enhancing EO extraction from coriander seeds and highlight the antibacterial properties of the extracted EO against various microbial strains (Ghazanfari et al., 2023). The research findings highlight a non-linear relationship between PEF treatment efficacy and the energy delivered to bacterial cells, indicating distinct polarisation responses in S. typhimurium and L. innocua within the sub-microsecond range. The introduction of mild thermal treatment significantly enhanced the efficacy of nisin-loaded nanoparticles, enabling the inactivation of both bacteria even during their stationary growth phase. Moreover, this approach facilitated the control of PEF energy density within the 50 to 90 kJ/L (Novickij et al., 2020). After being subjected to Pulsed Electric Field (PEF) treatment, the EOs that were extracted from Lavandula angustifolia were the primary focus of the Gas Chromatography-Mass Spectrometry (GC-MS) analysis investigation. The results indicated a high-quality EO composition, featuring key compounds crucial for the plant's pharmacological properties and industrial applications. Lavandula angustifolia's variable EO composition suggests potential biological and antioxidant activities, highlighting its versatility. These findings emphasize the efficacy of PEF treatment in preserving EO quality and emphasize Lavandula angustifolia's specific potential in diverse applications, addressing both pharmaceutical and industrial requirements with its unique chemical profile (Hadri et al., 2023).
8. FACTORS AFFECTING PEF EFFICIENCY
The factors affecting the efficiency of pulse electric field are sample and solvent characteristics, electric field strength, temperature, and time of extraction. 
a) Sample and solvent characteristics
The PEF extraction process depends on a number of factors, such as the amount and site of the extracted component in the cytoplasm or vacuoles, as well as the properties of the solvent and sample composition, such as shape, size, pH level, and conductivity. The efficacy of PEF-assisted extraction is also greatly affected by the properties of the tissues and cells that are being extracted.
 The extraction is effective when the ionic strength is low, (0.5 M of salt in water). Ionic strength has an effect on both cell compression and electroporation, which affect the cytoplasm. The behaviour of the electric field is important as it states how well the matrix conducts electricity (Zia et al., 2022).
b) Electric Field Strength
A range of electric field strength from 12 to 45 kV/cm is considered adequate for the extraction of beneficial compounds from food products. The strength of the electric field is a vital parameter in assessing the extent of extraction, as it significantly affects the physical properties of the molecule, including surface tension, diffusivity, solubility, and viscosity (Ranjha et al., 2021). The PEF technique employs electric waves distinguished by a significant voltage amplitude. The application of high voltage impulses, specifically at 15 kV/cm, compromises the integrity of the cell membranes, thereby allowing small molecules to permeate (Golberg et al., 2016). This phenomenon arises from the inherent instability of the phospholipid bilayer and related proteins, which enhance the creation of pores and an increase in membrane permeability. The colloid osmotic pressure present in the cytoplasm promotes the translocation of small molecules through the cell membrane, resulting in cellular enlargement, membrane rupture, and ultimately, cell death (Wang et al., 2018).
c) Temperature and Time of Extraction
Temperature substantially influences the PEF extraction process. Due to the nonthermal properties of PEF extraction, it is conducted at ambient temperature. Temperatures over 90 °C generally results in a reduction of liquid solvent viscosity, thus impacting the extraction process's efficacy (Zhao et al., 2021).
The treatment duration, encompassing factors like the number and width of pulses, is an additional parameter for evaluating the efficacy of PEF. Nonetheless, extended durations of treatment may lead to an increase in the temperature of the product. Optimal extraction of polyphenols from fresh tea leaves was released through the application of extended pulses at intensities of 0.9 kV/cm for 0.5 seconds and 1.1 kV/cm for 3 seconds (Zderic and Zondervan, 2016).
9. CONCLUSION
Essential oils are widely recognised for their characteristic aroma, complex chemical composition, and diverse applications in the food industry. Recent advancements highlight the application of pulsed electric field technology as an effective non-thermal pretreatment strategy to enhance essential oil extraction. This technology facilitates cell membrane permeabilisation (electroporation), thereby improving mass transfer, accelerating extraction kinetics, and increasing overall extraction yield. In addition to improving extraction efficiency, pulsed electric field treatment has been reported to preserve thermolabile constituents, maintain chemical integrity, and enhance the oxidative stability of essential oils. Critical factors governing Pulsed electric field performance include plant matrix characteristics, solvent properties, electric field strength, pulse duration, specific energy input, and extraction temperature. Furthermore, pulsed electric field-assisted extraction offers several advantages, namely reduced processing time, lower energy consumption, and decreased CO₂ emissions compared to conventional thermal techniques. As research advances and scale-up challenges are addressed, pulsed electric field holds substantial potential for industrial integration, contributing to greener and more efficient essential oil production systems.
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