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PREFACE

Masayoshi Sawamura

Today, citrus fruit is widely grown from temperate to tropical zones in the north-
ern and southern hemispheres. Citrus fruit has been first ranked in the annual
amount of world fruit production since 1992, meaning that it is the favorite type
of fruit worldwide. It has pleasant taste and aroma, and is also an important
source of vitamin C. Essential oil of citrus fruit is intensively accumulated in oil
glands of the peel, accounting for approximately 1% of fruit weight on average.
Citrus essential oil is also the most popular of natural essential oils. The oil is
commercially used for food flavorings, toiletry products, cosmetics, perfumes, and
so forth. Recently, citrus essential oil has been known not only for its aromatic
functions, but also for its physiological properties, such as chemoprevention
against cancer and aromatherapy effects. There are more than 10,000 varieties of
citrus fruit. However, many citrus varieties are not familiar to us. Each aroma is
unique and quite different even among those varieties. There has been lack of
information on the overall characteristics of the Citrus genus. Citrus fruit is an
important aromatic resource and its value will increase in the future. There is
much useful information to be gleaned about the creative aromatic character and
functional properties. This book provides an overview of citrus essential oils from
various aspects covering basic and methodological application and recent topics
of citrus essential oils research.

We hope that this book will provide inspiration and creative ideas for flavor
and fragrance professionals and researchers. The book is intended for profession-
als as well as advanced students active in the food sciences, flavor chemistry, and
aromatherapy. We believe our readers would benefit from a book that describes
concepts, analytical methods, and diverse properties.

I owe a debt of gratitude to all the authors of this volume, who are leading
specialists in their fields.
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INTRODUCTION AND
OVERVIEW

Masayoshi Sawamura

Kochi University
Kochi, Japan

There are a great number of Citrus varieties widely distributed in the world. It
is said that the Citrus genus originated near Assam in India about 30 or 40 million
years ago (Iwamasa, 1976). The Citrus fruits that spread to the West migrated to
the Middle East and the Mediterranean, crossed the Atlantic Ocean, and finally
reached America via the West Indies. Others, spreading to the East, migrated to
Thailand, Malaysia, China and other Southeast Asian countries. Nowadays, most
citrus fruits are grown extensively in the temperate and tropical zones of the
northern and southern hemispheres.

Citrus can be propagated and new varieties can be produced by asexual
nuclear or chance seedlings, by crossing, and by mutation. In addition to these
natural forms of propagation, many new artificially crossed cultivars have been
created by Citrus breeders. The classification of this expanding family is complex
and is becoming confused. The best-known taxonomies of genus Citrus are those
of Swingle (1943) and Tanaka (1969a,b). These two taxonomies differ greatly in
the number of species admitted: Swingle identified 16 species, Tanaka 159.
Although the basic concept underlying the two taxonomies is different, assign-
ment is almost the same.

Citrus Essential Oils: Flavor and Fragrance, Edited by Masayoshi Sawamura
Copyright © 2010 John Wiley & Sons, Inc.



2 INTRODUCTION AND OVERVIEW

The four major fruit types commercially produced worldwide are citrus fruit,
bananas, apples and grapes, followed by pears, peaches, and plums. Citrus fruit
finally replaced grapes as the world’s most-produced fruit in 1991. The recent
production volume of major fruits is shown in Figure 1.1. The production of citrus

Citrus
65%

Figure 1.1. Worldwide production of major fruits.

China

Brazil
United States
EU-27
Mexico
Turkey
Egypt
Argentina
South Africa
Morocco
Japan

Korea

Vietnam Citrus fruits: orange, tangerine/mandarin,

Israel grapefruit, and lemon/lime
Australia

Guatemala

Costa Rica

Million tons

Figure 1.2. Major citrus fruits production in 2007.
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fruit accounts for more than 65% of fruits produced. The total world production
of citrus fruit in 2008 was about 79.6 million tons; major citrus-producing coun-
tries are shown in Figure 1.2. The greatest producer is China, followed by Brazil,
the United States, the EU, Mexico, and Turkey. Citrus essential oils have also long
been the most popular source of perfume and fragrance essences. There are four
reasons why citrus fruit is the most popular fruit in the world: (1) good sour and
sweet tastes; (2) pleasant, refreshing aroma; (3) good source of vitamin C; and
(4) extensive growing areas worldwide. There are two categories of citrus fruit in
terms of food chemistry: sweet citrus fruit, with a sugar/acid ratio of approxi-
mately 10, and sour citrus fruit, with a ratio of less than 1. Sweet citrus fruit such
as orange, grapefruit, Satsuma mandarin, and pummelo are popular varieties.
Sour citrus fruit, on the other hand, such as lemon, lime, bergamot, and yuzu, are
less produced, but they are popular in culinary materials such as fruit juice
vinegar, and their essential oils are also frequently used in flavoring, cosmetics,
and perfume.

The aim of flavor or aroma research is to determine a fruit’s composition,
aroma characteristics, functionality, and industrial or commercial value. The
concept of flavor research is outlined in Figure 1.3. First, essential oil is extracted
from raw material such as citrus fruits. Then, aroma samples are analyzed using
modern instruments, organoleptic procedures, and/or mechanical sensors. The
resulting information can give a detailed understanding of the fruit and can be
used in further studies of aroma or flavor.

The Citrus genus is said to have more than 10,000 varieties and to be pro-
duced more than any other kind of fruit in the world. Citrus essential oils account
for the largest proportion of commercial natural flavors and fragrances. Essential
oils from citrus peel are natural flavoring materials of commercial importance.
They have been used in beverages, confectioneries, pharmaceuticals, cosmetics,
and perfumes. The quality, freshness, and uniqueness of citrus oils are major
factors contributing to their value and application. Citrus fruits, with their unique
and attractive individual aromas, are popularly accepted worldwide, and citrus
essential oils are a large and important aroma resource. Quantitative data con-
cerning the volatile components of a number of citrus essential oils (Shaw, 1979;
Sawamura, 2000) and their wide commercial use are presented in this book.

The twenty-first century has been referred to as “the era of fragrance.” We
live in an atmosphere greatly enriched by aromas and fragrances. Everyday items
such as fresh and cooked foods, perfumes, cosmetic and toiletry goods, medicines,
and insecticides contain natural or artificial fragrances. Aroma commonly gives
us a strong impact in trace amounts. The characteristic odor of an individual
substance is composed of roughly a thousand compounds. It is almost impossible
to blend every compound of an odor in the exact proportion required to recon-
struct the original. It has been determined, however, that there are usually one
or two or a few key compounds that can accurately simulate the original odor.
One goal of flavor research is to elucidate key aroma compounds by means of a
combination of instrumental and organoleptic analyses. Many flavor researchers
have tried to find the key aroma compounds of various kinds of citrus. Gas
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Raw materials
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Figure 1.3. Flowchart of flavor research.

chromatography-olfactomery (GC-O) is a superior method for such studies
(Acree, 1993).

Aroma is one of the functional properties of food because aroma compounds
stimulate us physically and physiologically (this is referred to as organoleptic
effects). A great number of aroma compounds have been identified in a variety
of foods to date. Such studies have been a major theme in flavor research. Aroma
compounds have a number of properties other than odor production, including
antibiotic, deodorant, and blood vessel stimulation. Aromatherapeutic effect also
falls into this category. Antioxidants have been investigated most intensively as
constituents preventing diseases associated with oxidative damage, and decreas-
ing lipid oxidation during the processing and storage of seafood (Pisano, 1986).
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Synthetic antioxidants such as butylated hydroxytoluene (BHT), butylated
hydroxyanisole (BHA), and propyl gallate (PG) are used as food additives
to inhibit the actions of toxic and carcinogenic substances (Chang et al., 1977).
Natural antioxidants from natural foods such as herbs (Boyd et al., 1993;
Pizzocaro et al., 1994), vegetables (Tsushida et al., 1994; Vinson et al., 1998), fruits
(Nogata et al., 1996), oilseeds (Medina et al., 1999), spices (Shahidi et al., 1994),
green tea (Amarowicz and Shahidi, 1996), and cereals (Hendelman et al., 1999)
have been studied, and some of them, such as ascorbate and tocopherols, are
currently used in a variety of food products. In recent reports much attention
has been given to citrus components, since they present various pharmaceutical
activities including anticarcinogenicity, antimutagenicity, antioxidative activity,
antiaging, and radical-scavenging (Nogata et al., 1996; Rapisarda et al., 1999;
Choi et al., 2000; Sawamura et al., 1999, 2005). Grapefruit oil and lemon extracts
have been suggested as effective natural antioxidative compounds (Tokoro,
1997). It has been recently discovered that some foods or foodstuffs serve to
inhibit the formation of carcinogens. Essential oils containing terpenoids are well
known to have some physiological and pharmaceutical effects, and it is known
that citrus essential oils have antimicrobiological (Griffin et al., 1999) and
chemopreventive properties (Crowell, 1997; Gould, 1997; Kawaii et al., 1999). The
major component of citrus essential oils is ferpenes, whose basic structure is
isoprenoid (CsHg). The most typical terpenes are limonene, citrus-like odor; y-
terpinene, waxy; terpinolene, green; o-pinene and B-pinene, pine-like. These
compounds have been reported to inhibit the growth of cancer cells. One car-
cinogen, nitrosodimethylamine, which is formed with dimethylamine and nitrite
in an acidic condition, has been noted in this regard. Dimethylamine and nitrite
are commonly present in meats and vegetables, respectively. It was suggested that
some foods or foodstuffs might contain cancer-inhibitory and -preventive com-
pounds as well as cancer-inducing substances (Sawamura et al., 1999, 2005).
Aromatherapy, a medical treatment intended to stimulate or calm the mind,
is an applied therapy using the functional properties of essential oils. A variety
of vegetable essential oils have been widely used in aromatherapy. Essential oils
are extracted from the flowers, leaves, stems, roots, and fruits of various plants
and purified for commercial use. Aromatherapy originated in Europe in the
eighteenth century and has grown popular in many countries recently, but the
most famous essential oil products are still produced in Europe. There are cur-
rently seven kinds of commercial citrus essential oils used in aromatherapy:
orange, mandarin, lemon, lime, bergamot, grapefruit, and neroli. Yuzu (Citrus
junos Sieb. ex Tanaka), a typical Japanese sour citrus fruit, has attracted the inter-
est of aroma therapists over the past ten years. Recently, the effect of yuzu
essential oil on the autonomic nervous system has been studied (Sawamura et
al., 2009). It is expected that yuzu essential oil will soon be adopted for use in
aromatherapy. One obstacle to such application for aromatherapy is that the
composition of essential oils changes readily. It has been pointed out that the
composition of yuzu (Njoroge et al., 1996) and lemon essential oils (Sawamura
et al., 2004) can change considerably under different storage conditions. It is
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important to carefully consider quality change in commercial essential oil prod-
ucts intended for therapeutic use. This book presents a few attractive studies of
functional citrus properties, including aromatherapy.

Recently, food safety or reliability has been a prominent concern, along with
food quality. All Japanese foods and products, for example, are controlled under
standards such as the European Union regulations regarding food safety and
traceability, Japanese Agricultural Standard (JAS), and other regulations govern-
ing responsibility to consumers and manufacturers in the United States, Canada,
Australia, and England. However, there are few methods for discriminating as to
the quality and characteristics of crops from various producing districts. One of
the most reliable methods is isotope analysis of food constituents by mass spec-
trometry. In nature, the isotopes of each element are distributed in a fixed ratio.
Plants on the earth first convert solar energy into biochemical energy; the food
chain begins with plants. Higher plants fix CO, by the Calvin-Benson cycle to
biosynthesize various organic compounds for their constituents. It is known that
the enzyme ribulose-1,5-diphosphate carboxylase differentiates a small mass dif-
ference between ?CO, and “CO,, when it fixes CO, in the atmosphere (O’Leary,
1981). This function is referred to as the isotope effect. It is thought that the
isotope effect could occur in every enzyme involved in biosynthetic and meta-
bolic pathways. Thus, we can see that this effect should also be applicable to the
essential oils comprising terpene compounds. Every species, variety, or strain of
a plant has some substantially distinct characteristics. Even among the same
cultivars, different growing conditions such as annual atmosphere and moisture,
or soil and fertilizers, can bring about small but appreciable differences in com-
position. Several researchers (Faber et al., 1995; Faulharber et al., 1997; Sawamura
et al., 2001; Thao et al., 2007) have tried to distinguish these isotope differences
of biological constituents. Some sections of this book discuss methods of verifying
the genuineness of food.

Finally, fundamental and academic information about citrus essential oils
have contributed to commercial development. In the references section on this
chapter, several experts present the reader with attractive topics regarding the
wide utilization of citrus essential oils.
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Essential oils have been used probably since the discovery of fire. Egyptians and
Phoenicians, Jews, Arabs, Indians, Chinese, Greeks, Romans, and even Mayans
and Aztecs all possessed a fragrance culture of great refinement. The Egyptian
art of perfumery was preeminent in the civilized antique world, hence the use of
aromatic fumigation in religious ceremonies and in mummification. The advent
of Christianity and the fall of the Roman Empire caused the art and science of
perfumery to move into the Arabic world, where it reached an unequalled level
of refinement. During the Middle Ages, the Crusaders introduced the art of
alchemy to Europe (Guenther, 1948). The process used by alchemists was the
distillation technique using the alambic to produce spirit or Quinta essentia, pre-
cisely what we know today as essential oils (French, 1651). Essential oils are also
known as volatile oils in contrast to fatty vegetable, animal, and mineral oils.
Thus, a drop of essential oil on a piece of cloth or paper disappears within a few
minutes or a few days at most, depending on the temperature, which is not the
case for fatty oils.

The traditional way of isolating volatile compounds as essential oils from
Citrus is performed mostly by cold pressing the Citrus peels. Steam distillation
is also used to recover citrus essential oils but principally for production of

Citrus Essential Oils: Flavor and Fragrance, Edited by Masayoshi Sawamura
Copyright © 2010 John Wiley & Sons, Inc.
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Figure 2.1. Complete valorization of citrus trees.

limonene used as green solvent. Not only are citrus fruits completely used but
all of the citrus tree could be valorized, for example, by steam distillation of
orange flowers to get neroli oil and the by-product orange flower water. With
increasing energy prices, it was not economical to perform steam distillation of
citrus leaves and twigs to get petitgrain oil and the by-product eau de brouts
(Figure 2.1). Citrus essential oils have been applied in many products such as
foods, beverages, cosmetics, and medicines, as flavoring agents as well as for
aromatherapy. They are also used for their germicidal, antioxidant, and anticar-
cinogenic properties (Mukhopadhyay, 2000).

Essential oils and aromas are complex mixtures of volatile substances gener-
ally present at low concentrations. Before such substances can be used or ana-
lyzed, they have to be extracted from the plant matrix. Different methods can
be used for this purpose (e.g., hydrodistillation, steam distillation, cold pressing,
solvent extraction, and simultaneous distillation-extraction). Losses of some
volatile compounds, low extraction efficiency, degradation of unsaturated or
ester compounds through thermal or hydrolytic effects, and toxic solvent residue
in the extract may be encountered using these extraction methods. Citrus essen-
tial oils are a mixture of volatile compounds and consist mainly of monoterpene
hydrocarbons that possess high levels of unsaturation and are generally unstable
due to many factors such as light, heat, oxidation, and hydration. These short-
comings have led to the consideration of the use of new “green” techniques in
essential oil extraction, which typically use less solvent and energy, such as micro-
wave extraction, supercritical fluid extraction, ultrasound extraction, and sub-
critical water extraction. Alternatives to conventional extraction procedures may
increase production efficiency and contribute to environmental preservation by
reducing the use of solvents and fossil energy and the generation of hazardous
substances.

This chapter presents a complete picture of current knowledge on conven-
tional and innovative techniques of extraction of citrus essential oils.
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2.1 STEAM AND HYDRODISTILLATION
Farid Chemat

According to ISO and AFNOR standards, essential oils are defined as products
obtained from raw plant material that must be isolated by physical means only.
The physical methods used are distillation (steam, steam/water, and water),
expression (also known as cold pressing for citrus peel oils), or dry distillation of
natural materials. Following distillation, the essential oil is physically separated
from the water phase (Figure 2.2) (Essentielle, 2000).

The traditional way of isolating volatile compounds as essential oils from
plant material is distillation. During distillation, fragrant plants exposed to boiling
water or steam release their essential oils through evaporation. Recovery of the
essential oil is facilitated by distillation of two immiscible liquids, namely, water
and essential oil, based on the principle that, at the boiling temperature, the
combined vapor pressure equals the ambient pressure. Thus the essential oil
ingredients, for which boiling points normally range from 100 to 300°C, are
evaporated at a temperature close to that of water. The essential oil-laden steam
rises and enters narrow tubing that is cooled by an outside source. As steam
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Figure 2.2. Laboratory and industrial conventional recovery of essential oils.
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and essential oil vapors are condensed, both are collected and separated in
a vessel traditionally called the “Florentine flask” (Guenther, 1948). The
essential oil, being lighter than water, floats at the top while water goes to the
bottom and can be easily separated. The amount of essential oil produced
depends on four main criteria: the length of distillation time, the temperature,
the operating pressure and, most importantly, the type and quality of the plant
material. Typically, the yield of essential oils from plants is between 0.005 and
10% (Naves, 1974).

Historically, there have been three types of distillation: water distillation,
water/steam distillation, and steam distillation. Water distillation is sometimes
referred to as indirect steam distillation. In this method, plant material is soaked
in water and heated until it boils. The resulting steam from boiling water carries
the volatile oils with it. Cooling and condensation subsequently separate the oil
from the water. Apart from its slowness, the disadvantage of this technique is
that both materials and scent deteriorate from constant heat exposure. In the
water/steam method, the leafy plant material is placed on a grill above the hot
water, and the steam passes through the plant material. The leaves must be care-
fully distributed on the grill to allow for even steaming and thorough extraction.
“Direct” steam distillation is the most common method for essential oil extrac-
tion. In this process, no water is placed inside the distillation tank itself. Instead,
steam is directed into the tank from an outside source. The essential oils are
released from the plant material when the steam bursts the sacs containing the
oil molecules. From this stage, the process of condensation and separation is
standard.

In addition to those mentioned previously, there are numerous other improved
methods of producing natural fragrance materials and essential oils, including
turbodistillation (Figure 2.3), hydrodiffusion, vacuum-distillation, continuous-
distillation, dry-distillation, and molecular-distillation (Koedam, 1987).

All these conventional extraction techniques have important drawbacks,
such as low yields, formation of by-products, and limited stability. For steam-
distillation and hydrodistillation methods, the steam is percolated through the
flask with plants from the bottom and the oil evaporates. The emerging mixture
of vaporized water and oil moves through a coil usually cooled with running
water, where the steam is condensed.

The mixture of condensed water and essential oil is collected and separated
by decantation or, in rare cases, by centrifugation. The elevated temperatures
and prolonged extraction time can cause chemical modifications of the essential
oil components and often a loss of the most volatile molecules. Manufacturers
use dry distillation to extract high-boiling-point oils from wood. In this process,
heat is applied usually as a direct flame to the vessel containing plant material.
The high temperatures release essential oils by evaporation. The vapor is piped
away and condensed to give a mixture of liquid oils. Some of the components in
the plant material get degraded (pyrolyze) at the high temperatures used and
add burned, smoky notes to the odor of the oil.
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Figure 2.3. Turbodistillation of citrus essential oils.

With the increasing energy prices and the drive to reduce CO, emissions,
chemical and food industries are challenged to find new technologies in order to
reduce energy consumption, to meet legal requirements on emissions, product/
process safety, and control, and for cost reduction and increased quality as well
as functionality. Extraction and distillation technologies are the promising inno-
vation themes that could contribute to sustainable growth of chemical and food
industries. For example, existing extraction technologies have considerable tech-
nological and scientific bottlenecks to overcome—often requiring up to 50% of
investments in a new plant and more than 70% of total process energy used in
food, fine chemicals, and pharmaceutical industries. These shortcomings have led
to the consideration of the use of new “green” techniques in separation, which
typically use less solvent and energy, such as microwave extraction, supercritical
fluid extraction, and ultrasound extraction. Separation under extreme or nonclas-
sical conditions is currently a dynamically developing area in applied research
and industry.
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2.2 SOLVENT- AND WATER-FREE MICROWAVE EXTRACTION
Farid Chemat

Microwave energy is well known to have a significant effect on the rate of various
processes in the chemical and food industries. Much attention has been given to
the application of microwave dielectric heating for the extraction of natural
products that typically need hours or days to reach completion with conventional
methods. Using microwaves, fully reproducible extractions can now be com-
pleted in seconds or minutes with high reproducibility, reducing the consumption
of solvent, simplifying manipulation and workup, giving higher purity of the final
product, eliminating post-treatment of waste water, and consuming only a frac-
tion of the energy normally needed for a conventional extraction method such
as steam distillation or solvent extraction. Several classes of compounds such as
essential oils, aromas, pigments, antioxidants, and other organic compounds have
been extracted efficiently from a variety of matrices (mainly animal tissues, food,
and plant materials) (Paré and Bélanger, 1997).

Microwave extraction is a research area that has an impact in several fields
of modern chemistry. All the reported applications have shown that microwave-
assisted extraction is an alternative to conventional techniques for such matrices.
The main benefits are decrease of extraction time and solvents used. The advan-
tages of using microwave energy, which is a noncontact heat source, for the
extraction of essential oils from plant materials include more effective heating,
faster energy transfer, reduced thermal gradients, selective heating, reduced
equipment size, faster response to process heating control, faster startup,
increased production, and elimination of process steps. Extraction processes
performed under the action of microwave radiation are believed to be affected
in part by polarization, and volumetric and selective heating (Metaxas and
Meredith, 1983).

Microwave-assisted solvent extraction (MASE) was first used in the extrac-
tion of several compounds from food products (citrus, aromatic plants, cereals,
etc.). Numerous classes of compounds such as aromas, antioxidants, colors, bio-
phenols, and other secondary and primary metabolites have been extracted
efficiently, in terms of rapidity and reproducibility, from a variety of matrices.
The technique was patented in 1990 as Microwave Assisted Process (MAP) (Paré
and Bélanger, 1990). Typically, plant material is immersed in a nonabsorbing
microwave solvent such as hexane and irradiated by microwave energy. When
the oil glands of the plant are subjected to severe thermal stresses and localized
high pressures, as in the case of microwave heating, the pressure buildup within
the glands exceeds their capacity for expansion, and causes their rupture more
rapidly than in conventional extraction. Volatile oil dissolves in the organic
solvent before being separated by liquid-liquid extraction. In all cases, yields and
composition of microwave extracts are comparable to those obtained by a clas-
sical solvent extraction such as Soxhlet extraction but have been achieved with
reduced extraction time (Paré and Bélanger, 1997).
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Vacuum Microwave Hydro Distillation (VMHD) was elaborated and pat-
ented by Archimex in 1994 (Mompon and Mengal, 1994). This technique is based
on selective heating by microwaves combined with application of sequential
vacuum. The plant material is placed in a microwave cavity with water to refresh
the dry material. The plant material is afterward exposed to microwave radiation
to free the natural extract. Reducing the pressure to between 100 and 200 mbar
allowed the evaporation of the azeotropic water-volatile oil mixture from the
biological matrix. The procedure is repeated in a stepwise fashion in order to
extract all the volatile oil from the plant. Up to 30 kilograms per hour of material
can be treated (Figure 2.4).

Solvent Free Microwave Extraction (SFME) is a recent method of extraction
patented in 2004 and specifically aimed at obtaining essential oil from plant mate-
rial (Chemat et al., 2004). SFME apparatus is an original combination of micro-
wave heating and distillation at atmospheric pressure (Figure 2.5). SFME was
conceived for laboratory-scale applications in the extraction of essential oils from
different kinds of aromatic plants and fruits. Based on a relatively simple prin-
ciple, this method involves placing plant material in a microwave reactor, without
any added solvent or water. The internal heating of the in-situ water within the
plant material distends the plant cells and leads to rupture of the glands and
oleiferous receptacles. Thus, this process frees essential oil that is evaporated by
the in-situ water of the plant material. A cooling system outside the microwave
oven condenses the distillate continuously. The water excess is refluxed to the
extraction vessel in order to restore the in-situ water to the plant material. The
effect of SFME on the kinetic of extraction is illustrated in Figure 2.6. Microwaving
offered advantages such as less extraction time, less solvent consumption, high
efficiency, and high yield and reproducibility; organoleptic properties of essential
oil were also improved. Essential oils obtained by SFME from fresh orange peels
were colorless with fresh, light, and sweet citrusy odor as compared to the pale-
yellow oil with pungent smell extracted with traditional methods. Higher abun-
dance of oxygenated compounds in essential oil is related to the rapid heating
of polar substances by microwaves, and only in-situ water was used, which pre-
vented the decomposition of principal oxygenated constituents by thermal and
hydrolytic reactions. The SFME method also offers a reduced environmental
burden as it rejects less CO, in atmosphere (200g CO, per gram of essential oil
compared to the traditional method, which was rejecting 3600 g CO, per gram of
essential oil) (Ferhat et al., 2006, 2007; Lucchesi et al., 2004a, 2004b).

Microwave Hydrodiffusion and Gravity (MHG) (Chemat et al., 2008a) is a
new and green technique for the extraction of essential oils discovered at the
Laboratory of Green Extractions (Université d’Avignon—France) in 2008 (Figure
2.7). This green extraction technique is an original “upside-down” microwave
alembic combining microwave heating and earth gravity at atmospheric pressure.
MHG was conceived for laboratory and industrial-scale applications for the
extraction of essential oils from different kinds of aromatic plants. Based on a
relatively simple principle, this method involves placing plant material in a micro-
wave reactor, without adding any solvent or water. The internal heating of the
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Figure 2.4. MASE (100kg/h) and VMHD (100 liters).

in-situ water within the plant material distends the plant cells and leads to the
rupture of glands and oleiferous receptacles. The heating action of microwaves
thus frees essential oil and in-situ water, which are transferred from the inside
to the outside of the plant material. This physical phenomenon, known as Aydro-
diffusion, allows the extract (water and essential oil), diffused outside the plant



