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Abstract

Plant essential oils are natural and aromatic compounds that are found in small amounts in plants and have many interesting
applications as flavors and fragrances in perfumery, cosmetics, pharmaceutical, food, agriculture, industry and etc. Essential oils
can be produced by various techniques including conventional, novel and biotechnology methods. can be considered as a good
alternative to conventional methods due to short extraction time, higher efficiency and quality, non-degradable compounds due
to heat, no pollution and etc. Recently, due to the limitations and disadvantages of methods of extraction from intact plants,
scientists have been trying to move their way to biotechnology methods and make a variety of plant aromatic compounds by
microorganisms. In the biotechnology method, there is no any concern about factors such climate conditions, supply shortages,
natural disasters, plant diseases and etc. and a product with very high efficiency and quality is obtained.

Introduction

The word essential oil comes from the Greek root ”essential”. These compounds have a very strong odor and
fragrant. most of them are colorless as long as they are fresh and pure. Essential oils evaporate easily at
room temperature when exposed to air. [1, 2, 3, 4].

Essential oils are also known as odoriferous oils and can be extracted from various plant sources, for example
flower (Jasmine, Rose, Violet and Lavender), leaves (Thymes, Eucalyptus, Salvia), bark (Cinnamon), buds
(Clove), herbs, fruits (Orange, Lemon), twigs, seeds (Cardamom), wood (Sandal), rhizome and roots (Ginger)
and etc. [4, 5, 6].

Herbal essential oils are widely used worldwide in industries such as cosmetics, pharmaceutical, food, agri-
culture, industry and etc. as flavors or fragrances [3, 7]. Most of them have properties such as antibacterial,
antioxidant, fungicide, anti-virus, anti-parasite, insect repellent, fragrance, flavors and etc. [7]. So, they have
received a lot of attention in various industries. Compounds produced by plants in nature can be classified
into two main groups. The main or primary metabolites are those constituents that are present in the whole
family of plants and animals and constitute the main elements of life. Including carbohydrates, proteins,
lipids and nucleic acids. In plants, there are other metabolic ways that the production of these ways is not
completely known to the organism. These compounds are referred to as secondary metabolites and their
production way is called secondary metabolism. Essential oils are secondary metabolites of plants [7, 8, 9].

The composition of the essential oils of plants is different due to the influence of factors such as genetics and
environment. Also, these compounds vary according to the methods of extraction from plants and how the
plant grow [10].

Plant essential oils compounds are composed of relatively low molecular weight organic molecules including
carbon, oxygen, hydrogen. Other elements such as nitrogen, sulfur, chlorine and bromine may be rarely found
in this compounds [7, 11]. Plant essential oils make up a small part (less than 5%) of plant composition
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mainly composed of terpenes (monoterpenes (C10) represent up more than 80% of the composition of plant
essential oils and sesquerpenes (C15)), aromatic compounds (aldehyde, alcohol, phenol, methoxy derivative,
and etc.), and terpenoids (isoprenoids) [4, 6, 7, 12].

Compounds of essential oils can be divided into 2 major groups: terpene hydrocarbons and oxygenated
compounds. Hydrocarbons consist of carbon and hydrogen atoms arranged in chains. These hydrocarbons
can have non-circular, annular and aromatic structure of carbon and hydrogen atoms arranged in chains.
These hydrocarbons can have acyclic, alicyclic (monocyclic, bicyclic, or tricyclic), or aromatic Structure [3].
The most common and most chemical compounds are terpenes in essential oil. Terpenes are composed of
isoprene units (5 carbon units) and the combination of two isoprene units is called a ”terpene unit.” Plant
essential oils also include other compounds such as diterpenes (C20), triterpenes (C30) and tetraterpenes
(C40) in low concentration [4, 13]. The second category of plant essential oils is oxygenated compounds
including C, H and O. Oxygen compounds can be obtained from terpenes, in which case they are called
terpenoids for example phenols, alcohols, aldehydes, ketones: esters, oxides, lactones, ethers [4, 6, 12]. The
compounds in the essential oils cause varying smell or flavor [3]. Table 1 shows Some of the important plant
essential oils and their major constituents [14].

Table 1. Some of the important plant essential oils and their major constituents

Due to the small amounts of essential oils in the plant and the significant importance of them, many methods
have been developed to determine the amount of these compounds. Two common and important techniques
for the analysis of essential oils are chromatography and mass spectrometry. gas chromatography with
mass spectrometry (GC-MS) and high performance liquid chromatography (HPLC) and are the most widely
used [7, 15, 16]. Gas chromatography-mass spectrometry (GC-MS) has added to the development and
improvement in the analysis of essential oils which could be distinguished compounds with very similar
chemical structures of each other [17]. In general, Gas chromatography (GC) for the analysis of volatile
compounds and liquid chromatography (LC) for Analysis of non-volatile compounds in essential oils used
[18].

In addition to essential oils, other aromatic compounds extracted from plants include: concrete (obtained
by extraction with non-polar solvents), absolute (obtained by washing concretes in ethanol or methanol
and vacuum distilling alcohol away ), pomade (obtained by a process known as enfleurage (described in
later sections), resinoids (resinoids are extracted from the natural resin material by hydrocarbon solvent.
Resinoids are usually derived from dry matter) [17, 19].

Essential oils can be extracted from different plants by various extraction methods. The manufacturing of

2
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essential oils, and essential oil extraction method are dependent on botanical material used. The another
factor for extraction essential oil is state and form of material. One of the important factors that have a great
impact on the quality of essential oil is the extraction method. Inappropriate extraction procedure can lead
damage the chemical structure of the essential oil, which in turn changes the quality and natural properties
of the essential oil [4]. In generally, extraction methods can be divided into two groups: conventional
methods (distillation, cold pressing and etc.) and novel methods (supercritical fluid, microwave and etc.).
Investigation in novel technologies, in the last decades has led to more efficient extraction processes for
example reduction of energy consumption and extraction time, high yield and improvement of essential oils
quality. Recently, due to the limitations and disadvantages of methods of extraction from intact plants, large
companies are trying to move their way to biotechnology methods and make a variety of plant compounds
by microorganisms. By doing this, they have no stress about problems such as climate conditions, supply
shortages, natural disasters, plant diseases etc., and a product with very high efficiency and quality is
obtained. Production of natural products and volatile through biotechnology can be an appropriate response
to consumer demand in relation to the consumption of natural products and move towards ”green processes”
and environmentally friendly.

In this review, we have tried to explain the production methods of essential oils, including conventional,
novel and biotechnology methods, and make a general comparison between them.

Conventional methods

The conventional methods include distillation, cold pressing, extraction solvent, enfleurage and

maceration process.

Distillation

The most common method of extracting essential oils worldwide is distillation. During distillation, fragrant
plants, release their essential oil through evaporation. When the vapor pressure of liquids is equal to ambient
pressure, it is converted to vapor and by indirect cooling with water, condensed the vapor mixture (oil and
water). from the condenser, the distilled liquid flows into a separator, where oil separates from water [7, 9,
18, 20]. Types of distillation methods include hydro (water)-distillation, steam distillation, dry distillation
and vacuum distillation.

Hydro-distillation

This method as standard method, is the simplest and cheapest method selected for essential oil extraction
from plant material. In this method, the material is immersed in water and the mixture is boiled. The water
and essential oil vapor are condensed to an aqueous fraction. from the condenser, distillated flows into a
mechanical separator or decanter, where oil separates from water (figure 1). Plant materials must always
be immersed in water during the extraction process, so evaporated water must be replaced. This method is
used to extract oil from dried flowers and powders. The main problem with this process is that heat destroys
unstable and heat-sensitive compounds or causes structural changes. Also, some essential oils are water-
soluble and difficult to separate [4, 7, 21, 22, 23]. rose-scented geranium (Pelargonium sp.) [24], germander
(Teucrium orientale) [25] and thyme (Thymus vulgaris L.) [26] were extracted by hydro-distillation and their
efficiency were compared.

3
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Figure 1. Hydro-distillation of essential oils [23].

The turbo distillation process is the same as water distillation, except that in this method, the mixture is
stirred continuously with a stainless steel stirrer at appropriate speed. This method is suitable for coarse
raw materials and hard-to-extract (spices, woods). Turbo distillation reduces distillation times and energy
consumption and prevents the degradation of volatile compounds compared to aqueous distillation. In fact,
it is a kind of green extraction from water distillation (figure 2) [22, 27]. Among the essential oils that were
extracted by turbo hydro-distillation method, the extraction of essential oils from Kaempferia galangal can
be mentioned [28].

Figure 2. Turbo distillation of essential oils [28].

Water-steam distillation

The water-steam distillation system is very similar to the water distillation design (figure 3). The plant
material is packed into the steel pot sitting on a grill above the boiling water. Due to the heat, the essential
oil with water converted to vapor and condensed. After that, the oil and water separated from each other
into a mechanical separator or decanter [23]. It is used for dried and fresh plants that do not destroyed
due to boiling. In this method, plant materials (dry) are first ground and mixed with water, then the flow
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of steam passes through the wet material [29]. efficiency of essential oil extraction of Cananga odorata
flowers by water-steam distillation is reported 43.25 % [30]. Also production of citral oil from lemon grass
(Cymbopogon Cytratus) is done by water-steam distillation with 40% efficiency [31].

Figure 3. Water-steam distillation of essential oils [23].

Steam distillation

The most widely used method for extracting plant essential oil is steam distillation [4, 32]. steam distillation
is the process of distilling plant material with the steam generated outside the still in a stand-alone boiler
(figure 4). As the steam-water distillation system, the plant material is placed on top of a perforated gird
above the steam inlet [23]. both water and steam in this method, are utilized, but the plant material is not in
direct contact with water and steam generated outside the still in a boiler and flows through a pipe into the
bottom of the steel. A mixture of water and oil are vapored and condensed. Finally, the oil is separated from
the water by a separator. steam is always fully saturated, wet, and never superheated in this method [7, 33].
Also thermal degradation of components does not occur and amount of steam is adjustable. Of course, this
method is more expensive than the hydro-distillation and water-steam distillation. Boutekedjiret is reported
extraction of rosemary essential oil by steam distillation [34]. Also E. Cassel succeeded in extracting of
rosemary, basil and lavender oils with 0.51%, 0.38% and 0.32% (w/w), respectively [35].

5
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Figure 4. Steam distillation of essential oils [23].

Hydro-diffusion extraction is a type of steam distillation that the only difference with the steam distillation
is inlet way of steam into the steel. Steam is entered from the top of plant material, whereas is entered
from the bottom in steam distillation. This method is used when the plant material has been dried and is
not damaged at boiling temperature [36]. This process can also work under low pressure or vacuum and
reduce the steam temperature below 100 °C. This method is superior to steam distillation due to advantages
such as shorter isolation times, higher oil yield and less steam used. Hydro-diffusion is also known as down
hydro-diffusion or hydro-diffusion and gravity.

Dry distillation

Dry distillation involves heating in the absence of oxygen and heat is applied usually as a direct flame to
the vessel. The high temperatures release essential oils. And the steams of essential oil are condensed to
produce essential oil, this process may lead to pyrolysis in the solid. In extraction dry distillation, many
organic compounds may decompose. This method is used to extract essential oils with a high boiling point
from wood or coal [20].

Vacuum distillation

The essential oil is obtained from plant materials under a vacuum varying in intensity depending on the
material [37, 38]. The evaporation temperature of the material is lower under vacuum. As a result, materials
can be separated by consuming less energy. Vacuum distillation is a suitable method for separating com-
ponents which have a high boiling point and prevents the destruction of volatiles materials [17]. This method
is rarely used to distill oil directly from plant materials.

The table 2 shows a general comparison between conventional distillation methods (hydro-distillation, water-
steam distillation steam distillation). In this table, the construction, available temperature, available pressure,
plant material suitability, use of Hydro-diffusion, hydrolysis condition and rate of distillation and yield are
compared [17, 23].

Table 2-Comparison of Conventional distillation methods

Cold pressing

Cold pressing is an extraction traditional method specific to citrus species (orange, bergamot, grapefruit,
lemon, etc.) to produce essential oil. During extraction, the oil glands break and release the volatile oils.

6
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The oil glands are located in the fruit rind or outside of the mezocarpe. Figure 5 shows a cross section of
a citrus fruit (figure 5). This method is also called Expression [9, 22, 39]. In this physical method, at first,
the rinds of the fruits are crushed, then ground and pressed to release the volatile oils in the skin. In this
section, a mixture of water and oil is produced simultaneously. Finally, the mixture is allowed to settle.
Then the collected oil is washed with water and separated by centrifuge [40]. The figure 6 represents a
schematic of the cold pressing [22]. Today the systems of cold pressing can be classified into four categories:
”sfumatrici” machines and ”speciale sfumatrici”, ”Pellatrici” machines, ”FMC whole fruit process” and ”Brown
oil extractors (BOEs)” [9,41].

Soto et al. [42] used an enzymatic hydrolysis combined with cold pressing to obtaining borage (Borago
officinalis) seed oil for better yield. while Anwar et al. [43] studied the effect of different enzyme on the yield
of cold pressing and showed this system has higher yield in compare to without the enzyme.

Figure 5. Parts of a citrus fruit [9]

7
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Figure 6. Schematic of cold pressing to obtain essential oil [22].

Extraction solvent

Solvent extraction method is used to extract non-volatile essential oils [44]. The plant materials are placed
in a fresh solvent and is removed non-volatile essential oils of plants. The solvent becomes more enriched
with the oil compounds of plants until extraction is complete, followed by filtration. Finally, the filtrate is
concentrated by solvent evaporation and a thick residue called ”concentrate” is prepared. then the concentrate
mixed with alcohol to extract the oil compounds. The alcohol absorbs oil compounds. Followed distillation
of alcohol at low temperatures, the concentrated compound is obtained, which is known as the ”absolute”
and used in perfumery. Solvents used in this method should have a low boiling point, be free of odors and
impurities, and should also be inert to oil compositions [4, 45, 46]. Different solvents are used in this method
such as: acetone, hexane, petroleum ether, methanol, or ethanol [47, 48, 49].

The most important advantage of this method is the appropriate and low temperature (50 oC). Solvent
extraction method has disadvantages such as solvent toxicity in some cases, high solvent consumption,
flammability of solvents and the most important factor is the solvent remaining in the final product [22]. Sara
Lago [50] is reported improved concentration of citrus essential oil by solvent extraction with acetate ionic
liquids. The results showed a great performance of these acetate-based ionic liquids. Extraction essential
oil of dried sage (Salvia officinalis) using ethanol–water mixtures have been studied by Nicola E.Durling
[51]. This gave an extract including 6.9% rosmarinic acid (55% recovery), 10.6% carnosic compounds (75%
recovery) and 7.3% essential oil (42% recovery).

Enfleurage

This is an old method of extracting essential oils and is not commonly used today. In this method oil or
animal fats (usually goat) spread out over glass plates in a frame. flowers or plant material are placed on top
of the layer of fat and pressed in. Until the aromatic compounds was imparted to the fat, for days or weeks
depending on the species. Followed the oil is filtered to leave a product called ”Pomade’. then the absolute
is obtained by mix the pomade with alcohol and followed distillation [17, 52]. The depleted material is then
replaced by fresh ones until the fat to enrich with aromatic substances [53]. The enfleurage process can be
done either ”hot” or ”cold” way. The only difference in the hot process is that the fats are heated during
extraction (figure 7).

Figure 7. Hot enfleurage process

Maceration process

Maceration process is a traditional and commonly used method [54]. Macerated oils are referred to as infused
oils [18]. Macerated oil has an advantage over distilled oil because it produces more essential oil due to the
absorption of larger molecules than those trapped in the distillation process which in turn preserves most
of the plant’s valuable compounds. Maceration is a variation on enfleurage. In this method, plant material
should be as dry as possible because any moisture will cause the oil to rancid and lead to the growth of
germs. In maceration process, plant material is finely crushed, or ground into coarse powder and placed in
a closed vessel. Solvent (Menstruum) is added. The mixture is allowed to stand for 1 week and is shaken

8
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occasionally (it depended upon the plant species). The liquid is strained. oil residue (Marc) is pressed to
recover any remaining liquid. Strained and pressed liquids are mixed. Finally, liquids are clarified through
filtration or subsidence. Maceration method is useful for flowers whose physiological properties are lost
rapidly after harvest after their harvest. For example, lily of valley. In the hot maceration process, the plant
material crushed, or ground into coarse powder and is immersed in molten fat heated at 45-60 °C for 1 to 2
h, depending upon the plant species. Therefore, due to heat and immersion in fat, the long enfleurage time
is reduced. After each immersion, the fat is filtered and separated from plant material. the fat is separated
from waste flowers after 10 to 20 immersions. Finally, absolute of maceration is obtained through the process
of extraction and concentration under reduced pressure of fat containing oil [17, 18, 53, 54, 55]. Figure 8
shows a schematic of maceration process (figure 8).

Figure 8. Schematic of maceration process

Novel extraction methods

Novel extraction methods are also known as green methods. Green extraction can be defined as follows:
Green extraction is based on extraction methods that reduce energy consumption, allow the use of alternative
solvents and renewable natural products. Also ensure the safety of the process and the production of a quality
product. In general, these types of extraction methods have the following characteristics [56].

1. selection of varieties and renewable plant resources.
2. Use an alternative solvent.
3. Reduce energy consumption.
4. Production of co-products instead of waste.
5. ensure the process is safe, robust and controlled.
6. Production of biodegradable extracts without contamination.

These green methods have led to considering application of new methods include Supercritical fluid extraction
(SFE), Subcritical extraction liquids, Enzyme-assisted extraction, Ultrasound-Assisted Extraction (UAE),
Microwave-assisted extraction (MAE), (PEF) Pulsed electric field (PEF), Pressurized liquid extraction (PLE)
and High voltage electrical discharge (HVED) for the extraction of essential oil.

Supercritical fluid extraction (SFE)

9
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One of the alternative methods for extracting essential oils is supercritical fluids. SFE is based on the use
of solvents in their supercritical state, meaning that they are exposed to temperatures and pressures above
their critical points. SCF have a unique property and are between the liquid and gas phases, which depends
on the pressure, temperature and composition of the liquids [4, 6]. The most widely used solvent for this
extraction is carbon dioxide, CO2(figure 9). Because it has modest critical conditions (Pc: 72.9 atm, and
Tc: 31.2oC), unaggressive for heat sensitive compounds [57], it has no any toxicity and is nonflammable, it
is available in high purity at low cost, it can be easily removed from the obtained extract [58], No solvent
remains in the final product [59] and etc.

CO2 extracts show some of the properties of essential oils and absolutes. Like essential oils, they have
many beneficial therapeutic properties and unlike absolutes, they are not extracted by solvent and instead
of chemical solvents, they are extracted using CO2 gas under pressure and at room temperature.

In general, CO2 extracts has excellent quality and better functional with biological activities [60] compared
to essential oil produced by hydro-distillation or liquid solvent [61, 62]. The high cost of capital and skills
required in a supercritical carbon dioxide extraction plant, as well as the wide range of applications of this
process, limit it except for large flavor producers. rosemary, fennel and anise essential oils were obtained by
supercritical fluid extraction. The results showed that extraction of supercritical fluids to obtain extracts is
economically viable. [63]. Supercritical CO2 extraction of essential oil from lavender was performed by E.
Reverchon [64]. This compound showed 34.7% efficiency of the oil.

Figure 9. Supercritical fluid extraction (SFE)

Subcritical extraction liquids (SEL)

Subcritical state is achieved when the pressure is higher than the critical pressure (Pc) but the temperature
is lower than the critical temperature (Tc), or conversely. The most common fluids for this method are water
and CO2. low viscosity, density close to the that of the liquids and diffusivity between that of the gas and
liquid are good properties of the liquids obtained in this method [65, 66]. Other positive aspects of using this
method are simplicity, low cost and favorable impact on the environment. The most important advantages
of this technique over traditional extraction techniques are: shorter extraction time, higher extract quality,
lower extraction costs, an environmentally friendly method and low solvent consumption [57]. The subcritical

10
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state of CO2 occurs when the temperature is between 31 and 55 °C and the pressure is between 5.5 MPa
and 4.7 MPa. In this form, CO2 behaves as a non-polar solvent [67]. The subcritical state of CO2 prevents
degradation observed due to temperature during other common extraction methods.

Subcritical water extraction (SWE), also known as ”pressurized hot water”, has dynamic conditions (pressure
high enough to maintain water under liquid state and temperature in the range of 100 to 374 °C) [4]. In
general, extracts obtained from subcritical carbon dioxide have better quality and functional in comparison
to SWE [68]. According to studies, based on a comparison between supercritical CO2 and SWE [69], It
was concluded that although the SWE process is cheaper and softer than supercritical CO2but it is still
expensive to operate due to the need for special equipment [70]. The following schematic (figure 10) compares
supercritical CO2 with subcritical water [57, 70]. For SWE, temperature of 130 °C and 20 min extraction
time were found optimal for obtaining high content of bioactive compounds. The results of this method were
evaluated with other novel methods such as microwave-assisted extraction and showed lower efficiency [71].

Figure 10. A comparison between supercritical CO2 and subcritical water

Ultrasound assisted extraction (UAE)

In this method, the plant material is immersed in water or solvent and then exposed to ultrasound. The
ultrasonic waves have a frequency of 20 kHz–1 MH depending on plant species. In this method, the mechan-
ical vibration created by ultrasonic waves causes the walls and membranes of plants to vibrate and rupture.
As a result, essential oil droplets are released. in other words, the cell walls are diffused, and once the walls
are broken, the essential droplets washed out [6, 72]. The size of the plant material is an important factor in
this method. The smaller the size of the plant material, the more cells are exposed to the waves [6]. Figure
11 shows Commonly used ultrasonic systems [73].

Compared to traditional methods, the UAE is improving time and temperature extraction and increases the
range of solvent selection. It also offers high quality products with higher efficiency. This method is useful
for compounds which sensitive to heat. The equipment is relatively simple and inexpensive compared to
other new techniques [6, 74]. For example, citrus flowers of lemon were extracted by UAE. According to the
result, the main component was Linalool with 11.3 % efficiency [75].

Enzyme-assisted extraction

The release of essential oils from plant cells can be done by the green method of using enzymes. This method
is based on the ability of enzymes to catalyze reactions, under moderate conditions in aqueous solutions and
provides extraction and release of bioactive compounds. Hence enzyme-assisted extraction method is a
technique extraction is considered environmentally friendly (figure 12). The enzymes used can be obtained
from bacteria, fungi, animal organs and plant extracts. In this method, important factors such as efficiency,
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operating conditions such as time, temperature, pH, the ratio of enzyme to substrate and substrate particle
size should be considered. The advantages of this method are: low solvent consumption, increased efficiency
and quality. One of the limitations of this method is the high relative cost for the process of large volumes
of raw materials, enzyme preparation and the problem of converting process scale to industrial scale (due
to the complex and different behavior of enzymes in ambient conditions which varies with factors such as
dissolved oxygen content, temperature and material availability) [76]. There are 2 routes, to enzyme-assisted
extraction: enzyme-assisted aqueous extraction (EAAE) and Enzyme assisted cold pressing (EACP) [77].
Glycosidics essential oils (bitter almond and mustard essential oil) are obtained by enzyme-assisted extraction
[19].

Figure 11. Commonly used ultrasonic systems (A: Ultrasound bath, B: Ultrasound reactor with

stirring, C: Ultrasound probe, D: Continuous sonication with ultrasound probe) [73].

12



P
os

te
d

on
A

ut
ho

re
a

20
O

ct
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

31
52

81
.1

21
10

66
3/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Figure 12. Enzyme-assisted extraction [76]

(PEF) Pulsed Electric Field Extraction

PEF is a new and green technology for extracting valuable compounds from wastes and food-agricultural
by-products. The pulsed electric field is applied to the material between two electrodes with a pulsed
amplitude. In this system, the pulse amplitude changes from 100-300 V/cm to 20-80 kV/cm with low energy
10-20 Kj/Kg. The process takes place at ambient temperature or slightly higher than ambient temperature in
less than 1 second (microseconds or milliseconds). In this process, by exposing plant cells to a pulsed electric
field, cell membranes are damaged and form temporary or permanent cavities (figure 13). The process of
damaging cells and forming cavities with electricity is called electroporation [77, 78].

Figure 13. (A) Schematic of a pulsed electric field extraction system (B) Pulse electric field extraction system
in scale laboratory for the process of grape seeds and waste and the formation of dielectric breakdown during
the process [79].
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Pressurized liquid extraction (PLE)

This green method was first proposed by Richter et a (1996) [80] and is considered as an environment-friendly
method. The technology is now known by various names: Pressurized liquid extraction (PLE), Accelerated
solvent extraction (ASE), Enhanced solvent extraction, Subcritical water extraction (SWE) and Solvent
extraction at high pressure [81, 82]. The use high pressure (500–3000 psi) and high temperature (50–200
°C) maintain the solvent condition before its normal boiling point which results in reduce the extraction
time and the solvent consumption, increases extraction yield and facilitates the process This method is not
suitable for compounds sensitive to heat due to high temperature [22, 82, 83]. Water is considered as one
of the solvents used in this method that if maintained in a liquid state by pressure, can shows a variety of
behaviors such as methanol or ethanol. In general, this technology is not considered as a valuable method
on an industrial scale due to the technological challenges [82, 84, 85].

Microwave-assisted extraction (MAE)

This green method was first proposed in 1986 [86]. Microwaves radiations include X-ray and infrared ray
radiations which are characterized by frequencies between 300 MHz to 300 GHz. In this method which also
called ”dielectric heating” or ”high-frequency heating”, electromagnetic energy due to ionic conductivity and
the molecular dipole rotation within the electric field is converted to heat (figure 14). So, the only dielectric
materials and solvents with permanent dipoles can be heated under microwave.

In fact, MAE due to electromagnetic waves Causes changes in cell structure. As a result, it differentiates
itself from other common methods [87]. In this method, heat transfer occurs inversely from inside to outside
compared to normal heating. Parameters such as solvent, temperature and exposure time, pressure, sample
viscosity, microwave power output and physicochemical properties of materials affect the quality and efficien-
cy of the final product [7, 88, 89, 90]. The advantages of this method over other common methods include
reducing the extraction time and volume of solvent, low temperature, energy saving and increasing the yield
produced essential oil [7].

Figure 14. Mechanism of microwave extraction of essential oils based on dielectric heating [22].

Advances in the microwave extraction method led to the development of other methods of microwave
extraction. Including: microwave assisted solvent extraction [91], vacuum microwave hydro-distillation
[92] microwave hydro-distillation [93], solvent-free microwave extraction [94], microwave accelerated steam
distillation [95], microwave hydro-diffusion and gravity (MHG) [36] and microwave-assisted simultaneous
distillation-solvent extraction [96]. Figure 15 gives a schematic description of microwave assisted extraction
methods [20]. Extraction essential oil by microwave steam diffusion (MSDF) is performed. 125 g raw ma-
terial (lavandin) soaked in water during 10 min, 500 W, t:15 min, and the yield was obtained 5.4% [27].
Essential oil of citrus sinensis L. with 5.43% yield was obtained by microwave steam distillation (MSD) [97].

High voltage electrical discharge (HVED)

HVED is a green extraction technique and is based on the physical and chemical process which occurs when
energy directly in aqueous solution through the plasma channel formed between electrodes that are immersed
in water, is interjected [98, 99]. HVED in liquids causes disrupts cell tissues, resulting in the release of valuable
plant compounds. This extraction system can be divided into three different categories: discontinuous,
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continuous and eddy currents systems. The basis of these systems is similar: discharge due to high intensity
spatial electric field, cell destruction and increased mass transfer due to various secondary phenomena and
their differences were related to the structure of the systems, especially the electrodes, and focus modes of
the spatial electric field. This is the process of dielectric decomposition resulting from liquid ionization and
occurs with high voltage (30-40 kV) and intensity (approximately 10 kA) short pulse between two electrodes.
The process mechanism summarizes the following steps: Electric pulse generation, Electrostatic discharge,
formation Electric arc. Some of the main advantages of HVED technology over conventional methods are:
higher extraction rate, reduced process time, higher mass transfer, reduced process temperature and solvent
consumption, reduced degradation of compounds sensitive to heat and environmental impacts, saving energy
and etc. [100].

The main difference between PEF and HVED is the geometry and composition of their electrodes. Figurec15
gives a description of HVED and PEF extraction methods (figure 16) [78].

Figure 15. A schematic description of microwave assisted extraction methods [20].

15



P
os

te
d

on
A

ut
ho

re
a

20
O

ct
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

31
52

81
.1

21
10

66
3/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Figure 15 (Continued). A schematic description of microwave assisted extraction methods [20].

Figure 16. The main process parameters and pulse diagrams used in high voltage electrical discharge (HVED)
(PEF) [78]. and pulsed electric field extraction

The table 3 below shows the extraction of essential oils from different types of plants by different extraction
method.
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Table 3. Essential oils extracted by different methods and their major components

Table 4 shows a general comparison between green technologies in the extraction of natural and bioactive
compounds, including flavors and fragrances [100, 112].

Table 4. Comparison of green technologies in the extraction of natural compounds

17
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Table 5. (Continued) Comparison of green technologies in the extraction of natural compounds

18



P
os

te
d

on
A

ut
ho

re
a

20
O

ct
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

31
52

81
.1

21
10

66
3/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Cohobation system

In the distillation method after the oil has been separated from water, the condensed water which called
hydrosol [113] can be recycled and reused for another distillation process and never runs out. This process
is called ”Cohobation” (figure 17 [114]). It is believed that this will controls the loss of water-soluble oxygen
compounds in hydrosol. It is due to the reused water is saturated with dissolved constituents and further
dissolution constituents are prevented. It is worth noting that the cohobation method is not recommended
for high temperatures (above 100 °C), because in the case of continuous and direct contact of an oxygenated
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element with heat, the possibility of degradation and hydrolysis will have promoted [54, 55, 115]. This type
of system is a kind of continuous system and reduces extraction time and costs.

Figure 17. The water-steam distillation method by cohobation for extraction essential oil [114].

There is other type of continuous systems known as continuous systems. In the late 20th century, essential
oil producers were forced to load and unload steel after loading and finishing the process regularly. So they
set out to create a process that could produce essential oils continuously. In such a way that plant materials
are slowly loaded into the upper steel and exit from the bottom. In this method, the whole biomass is
in contact with steam and ensures the optimal extraction of essential oil. This method is not suitable for
inflorescences, fruits and roots [9].

Biotechnology for the production of essential oil

As mentioned in the previous sections, volatiles are natural compounds that have gained commercial interest
due to their flavor and fragrance properties. The concentration of the most desirable volatiles in essential
oils is very low, about less than 10% (sometimes even less than 1%) [116]. Plant essential oils are usually
obtained through extraction intact plants [117] such as distillation, solvents, carbon dioxide, and etc. or by
the methods of chemical synthesis. Each of them has its drawbacks. Chemical synthesis often leads to the
production of a mixture of products that have an approximate natural flavor quality. Also, this method is
not one of the natural and environmentally friendly [116]. Common extraction methods, in addition to being
costly, have problems such as: weather conditions including monsoon, drought, or even by volcano, supply
shortages, natural disasters, plant diseases, low yield and etc. [117, 118]. Therefore, due to the limitations
and disadvantages of methods of extraction from intact plants or chemical synthesis, scientists are trying to
move their way to biotechnology methods and make a variety of plant compounds by microorganisms. In the
new biotechnology method which is a kind of green method, in addition to being environmentally friendly
and no contamination of the process, there are no more problems mentioned and the product is obtained with
very high efficiency and quality. Production of natural products and volatile through biotechnology can be
an appropriate response to consumer demand in relation to the consumption of natural products and move
towards ”green processes” and environmentally friendly. One of the major applications of biotransformation
is the production of biotechnology products that are usually synthesized by chemical methods. Bio-methods
include volatile production through tissue and cell cultures, hairy roots cultures, culture of microorganisms,
biotransformation, metabolic engineering. Various biotechnological methods for the production of volatiles
are discussed below:

De novo Production of volatile compounds through Tissue and Cell Cultures

One of the most important techniques in the industrial production of volatile compounds is plant cultivation.
The techniques used in this field are mainly: cell cultures, tissue cultures, hairy roots cultures, microorganism

20
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cultures.

Cell cultures

It seems each cultured cell has all the genetic information of the parent plant and therefore has the ability
to produce a range of chemicals found in the parent plant [8]. Through this culture, the desired volatile
compound can be prepared. Some plants are rare, slow-growing or difficult to grow, so the in vitro under
controlled condition is expected to accelerate biomass propagation and provide the essential oil [119]. The
yield of this method is influenced by the factors of nutrients and growth regulators of the culture medium
such as: sugar, nitrogen, phosphate, growth regulators, precursors and suitable culture medium [120]. But
the compounds obtained by this method have low efficiency (0.01–0/1 g/l day.) [119]. The reason for the
reduction in the production of plant compounds by cell cultures is not yet clear. [116]. So in general, this
method does not seem to be a promising method, even with effective agents.

Tissue cultures

Due to the fact that secondary metabolites are produced more in differentiated tissues of plants, an attempt
was made to provide volatile compounds through cultures and differentiated organs of plants such as root
stems and etc. [121]. The method of preparing volatile compounds through hairy roots culture is described
below.

Hairy roots culture

Hairy root culture is a type of plant tissue culture for produce of volatile compounds [122]. The formation
of hairy root in plants or hair-like root structures is actually the result of a plant disease caused by a gram-
negative bacterium called ”Agrobacterium rhizogenesis”. These roots are used as a source for the production
of aromatic and volatile substances [123]. Basically, the importance of hair roots is due to their rapid growth
without the need for an external auxin [8] and their rapid growth compared to conventional roots. They
produce volatile compounds at levels and patterns similar to natural roots, but secondary metabolites or
volatile compounds are also produced in the airy parts of the plant. The efficiency of this method is higher
than cell culture and by the ingress of abiotic or biotic elicitors in the culture medium, this efficiency can be
further increased [116].

Microorganisms culture

Another biotechnology method for the synthesis of volatiles is the culture of micrograms. Microorganisms
(such as bacteria, fungi, algae, . . . ) are more potent than plant cells in bioreactor conditions [116]. Of course
if a substrate biochemically more immediate to the volatile compound, or an immediate precursor with the
raw substrate is used in the culture medium, the efficiency will increase. In this case, the method is similar
to biotransformation, which will be explained in the next section. for example, 0.4 g/l 2-phenylethanolwhich
has a rose-like aroma can be produced by Kluyveromyces marxianus [124]. also 2.8 g/l vanillin was achieved
by cultured Aspergillus niger [125].

The table 6 presents a list of some of the volatile compounds produced by cell, hairy roots, and microorganism
cultures.

Biotransformation

Biotransformation is a chemical modification performed by an organism on a chemical compound. in other
words, microorganisms through specific chemical reactions can cause special changes in some compounds,
this process is called biotransformation. In this method, either the whole-cell of the microorganism or the
isolated enzymes of the microorganism is used. The advantages of this method makes it relatively superior
compared to various chemical synthesis processes. include high purity of the product, minimal side reactions
and balanced process conditions, high efficiency, economic efficiency, ability to produce compounds that are
difficult with traditional synthesis methods, environmentally friendly and proprietary.
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. The techniques used in this field are mainly: Biotransformation by plant cultures and microorganisms,
Biotransformation by isolated enzymes. Each of which is briefly explained in the next section:

Table 6. A list of some of the volatile compounds produced by cell, hairy roots, and microorganism cultures.

Biotransformation by plant cultures and microorganisms

Biotransformation by plant cultures and microorganisms is a good method based on biotechnology for the
preparation of volatile compounds that have shown superior to compounds produced in cell cultures.

In biotransformation, an intermediate compound precursor is incorporated into the culture medium, which
is bio-transformed or bio-converted to volatile compounds by enzymatic activities. The efficiency of this
method is much higher than those which a precursor is not used in the culture medium. But it should be
noted that cheap precursors should be searched and used to produce valuable products [116]. For example,
10 mg/l vanillin was obtained on ferulic acid substrate by cultured Capsicum annuum [139]. Citronellol can
be obtained by biotransformation of citronellal by the Peganum harmala [140]. Also The biotransformation
of ricinoleic acid by Candida sorbophila can produce up to 40 g/l ts-decalactone [141].

This method, in addition to positive aspects, also has negative aspects. Such volatiles do not dissolve easily in
aqueous medium. There are some solutions to this problem agents facilitating dissolution can be used (above
a threshold concentration is inhibited cell growth). Even high concentrations of the product itself can be toxic
and inhibitory to cells growth. As a result, continuous addition of substrate at non-harmful concentrations
and removal of the product were developed. Among these methods, the pervaporation method [142] and
inserting a volatile binder compound is most commonly used. The issue of trapping and isolating volatile
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. compounds produced in the culture medium, has been discussed by Georgiev et al [143] and Ramachandra
and Ravishankar [8]. For example, β-cyclodextrins are water-soluble molecules with a hydrophobic interior
and hydrophilic exterior that with proper modification, can trap the product in their cavities.

Biotransformation by isolated enzymes

Isolated enzymes typically have higher biotransformation rates than cell culture-based methods. But the cost
of isolating the enzyme plays an important role in using that enzyme to produce volatiles [144]. Enzymes
have a high selectivity and minimize the production of undesirable by-products [145]. However, most studies
have been done by whole-cells systems rather than isolated enzymes (7%) [146]. Although this method has
been significant extent [147], but only in cases of biological transmission, volatiles are present. The use of
isolated enzymes for biotransformation depends on the availability of the enzyme for the desired conversion
reaction, pH, optimum temperature conditions, solvent and substrate. The nature of the enzyme, the type
of biotransformation reaction and the need for a cofactor are the determining factors of the method of
using the enzyme. In order to facilitate the separation of the product and the catalyst recycling, the use of
immobilizing the enzyme is preferred [148].

The table 7 and 8 present a list of some of the volatile compounds produced by biotransformation of plant
cultures, microorganisms and isolated enzymes.

metabolic engineering

Metabolic engineering of metabolic paths is most promising and the newest path for volatile production.
Metabolic engineering is the use of genetic engineering to modify the metabolism of an organism to increase
the cells’ production of a certain substance [116, 149]. Metabolic engineering, can produce the fragrance and
flavors in much larger quantities without need to the rare plant [117]. The use of genetically engineered strains
was first reported in 2010 when oil extraction from Pogostemon cablin (Patchouli) was severely deficient.
Because it was reported that the rainy weather in Indonesia caused the destruction of medicinal shrubs.
Also, other natural problems, such as volcanic eruptions and earthquakes exacerbate supply problems. As a
result, in order to solve these problems and supply shortages, scientists began to engineer the genetics of the
strains to produce the fragrances of the Patchouli plant. In addition, fragrances of bitter orange, grapefruit,
rose and sandalwood were produced using genetically modified. [150].

Table 7. Some of the volatile compounds produced by biotransformation of plants or microorganisms

Table 8. Some of the volatile compounds produced by biotransformation of isolated enzymes
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.

Genetic engineering of microorganisms

Microorganisms, such as bacteria and yeasts that are not normally unable to synthesize a particular com-
pound, are genetically engineered to improve the synthesis of volatiles or to produce new compounds. Produce
volatiles in commercially worthwhile quantities by genetically modified microorganisms, would be a great
success in biotechnology. For example, using metabolic engineering, the scientists succeeded in producing a
synthetic banana smell using the bacterium E. coli [117]. By Yarrowia lipolytica microorganism, Acyl-CoA
oxidase genes pox1, pox3 disrupted, and ts-decalactone, 0.35 g/l from methyl ricinoleate was observed [162].
Vanillin can be produced at 5 g/l by E. coli carrying the 3-deoxyarabino-heptulosonic acid 7-phosphate
synthase gene [163].

Genetically engineered plants

Genetically modified plant, the DNA of them has been modified using genetic engineering methods. Geneti-
cally modified plants have been engineered for scientific research, to production of special product, improve-
ment of plant resistance, increase of plant production and yield and creation of advanced products [164]. For
example, Antisense suppression, 10–100-fold more methyl benzoate was observed by Dianthus caryophyl-
lus (carnation) with Flavanone-3-hydroxylase gene [165]. Arabidopsis thaliana genetically engineered by
β-Farnesene synthase gene for Synthesis of (E)-β-farnesene [166].

The biotech companies that cooperation to produce fragrance and flavoring products

Nowadays, in the perfume industry, the many big companies participate with each other and cooperation with
biotech companies such as Royal DSM or Ginko Bioworks worldwide in order to produce natural flavoring
compounds with high quality and efficiency that are involved in producing the microbial based perfumes and
flavors from abundant sugar feed-stocks by fermenting sugars. Among these, companies Allylix and Evolva
can be mentioned which cooperation, synthesized valencene (a sesquiterpene that is an aroma component
of valencia oranges), nootkatone (a natural organic compound, a sesquiterpenoid, and a ketone that is the
most important and expensive aromatic of grapefruit), vanillin (is obtained from the extraction of vanilla
beans, but today, due to the scarcity and high cost of extraction, synthetic vanillin is more widely used),
artificial sweeteners such as stevia and etc. by biotechnology methods. Other companies include Isobionics,
Givaudan, Firmenich, International Flavors & Fragrances (IFF), Robertet which have improved their way
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. to the production of natural compounds with high purity and quality towards new biotechnological methods
[117].

The table 9 is presented a general comparison of conventional, novel and biotechnology methods.

Table 9. A general comparison of conventional, novel and biotechnology methods

Conclusion

Plant essential oils are natural and aromatic compounds that are found in small amounts in plants and
have many interesting applications as flavors and fragrances in perfumery, cosmetics, pharmaceutical, food,
agriculture, industry and etc. Research on essential oils extraction methods has aroused great interest
for scientists. as evidenced in this review, essential oils can be produced by various techniques including
conventional, novel and biotechnology methods. Novel or green methods can be a good alternative to
conventional methods due to their advantages such as higher efficiency and quality, short extraction time,
non-degradable compounds due to heat, no pollution and etc. But due to the problems that are observed
in common and even new green methods, including climate conditions, supply shortages, natural disasters,
plant diseases and etc. recently scientists have chosen biotechnology methods for the preparation of natural
compounds. In this method, in addition to the fact that there are no problems of the other extraction
methods, finally, a high quality and efficient product is obtained. Production of natural products and volatile
through biotechnology can be an appropriate response to consumer demand in relation to the consumption
of natural products and move towards ”green processes” and environmentally friendly.
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