SPRINGER BRIEFS IN MOLECULAR SCIENCE
GREEN CHEMISTRY FOR SUSTAINABILITY

Farid Chemat '

Essential Oils
as Reagents in
Green Chemistry

@ Springer



SpringerBriefs in Molecular Science

Green Chemistry for Sustainability

Series editor

Sanjay K. Sharma, Jaipur, India



More information about this series at http://www.springer.com/series/10045


http://www.springer.com/series/10045

Ying Li - Anne-Sylvie Fabiano-Tixier
Farid Chemat

Essential Oils as Reagents
in Green Chemistry

@ Springer



Ying Li

Anne-Sylvie Fabiano-Tixier

Farid Chemat

Université d’ Avignon et des Pays de
Vaucluse

INRA-SQPOV, UMR408

GREEN Extraction Team 84000

Avignon

France

ISSN 2212-9898
ISBN 978-3-319-08448-0 ISBN 978-3-319-08449-7 (eBook)
DOI 10.1007/978-3-319-08449-7

Library of Congress Control Number: 2014944544
Springer Cham Heidelberg New York Dordrecht London

© The Author(s) 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of
being entered and executed on a computer system, for exclusive use by the purchaser of the work.
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright
Law of the Publisher’s location, in its current version, and permission for use must always be obtained
from Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance
Center. Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

The essential oil is one of the most promising themes that can strongly contrib-
ute to the Green Chemistry, not only in research laboratories, but also in various
industries and at the teaching level from primary schools to universities. This con-
clusion was based on two observations. Essential oils are widely used in perfume,
cosmetic, pharmaceutical, agricultural, and food industries. It has long been rec-
ognized since antiquity to possess biological activities, including antibacterial,
antifungal, antiviral, antimycotic, antitoxigenic, antiparasitic and insecticidal prop-
erties. A large number of essential oils and their constituents have been investi-
gated for their antioxidant properties in cooked and fresh food products. In recent
years, researchers and industries are more focused on the major compounds of
essential oils in order to use them as bio-based solvents for extracting valuable
metabolites (e.g., fat and lipid, carotenoids, polyphenols) or as reagents (synthons)
for newly bio-based chemicals for pharmaceutical, food or cosmetic purposes.

As a main difference from previously published books in this area, readers like
chemists in synthesis or analysis, biochemists, chemical engineers, physicians, food
and agro- technologists will find a deep and complete perspective regarding essen-
tial oils. Following an introduction to the history of essential oils (Chap. 1), Chap. 2
details conventional and innovative extraction techniques. Biological applications in
which essential oils have afforded spectacular results are discussed extensively in
terms of fundamentals, tests, and applications: antioxidants (Chap. 3), antimicrobi-
als (Chap. 4), and insecticides (Chap. 5). The last two chapters give new directions
for research and industry by using major or single components in essential oils as
bio-based solvents (Chap. 6) or as green reagents for syntheses (Chap. 7).

We wish to thank sincerely all our colleagues from “GREEN Extraction Team”
in Avignon University who have collaborated in essential o0il’s applications. We
express our thanks to the personnel from Springer who have offered their time and
support, especially Dr. Sonia Ojo for her help to make this SpringerBrief possible.
On the other hand, we are totally convinced that this book is the starting point for
future collaborations in new “green chemistry of essential oils” between research,
industry and education.
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Chapter 1
History, Localization and Chemical
Compositions

Abstract A brief introduction of essential oils (EOs) is given, including their
historical uses, definition and localization in various plant organs. The EOs are then
described in terms of their organoleptic characteristics, physical properties, chemical
compositions and relevant chromatographic profiles. Besides, intrinsic and extrinsic
parameters influencing the quality and the composition of EOs are discussed.

Keywords Essential oils + History * Definition + Composition * Localization -
Variability

1.1 History

The use of fragrances and aromas dates back to ancient civilizations when fra-
grances have firstly played an important role in nutritional, aesthetic and spiritual
applications during pharaonic era (Fig. 1.1). Specific aroma compounds such as
sesquiterpenes in the frankincense extracts, which have been extensively used for
religious rituals, were discovered in bandages of mummies.

Natural aromatic plants and gums (e.g. olibanum, myrrh, galbanum) which
are macerated in vegetable oils or for medical purposes in water, were widely
traded in India, Persia and Egypt. Greeks and Romans have made their con-
tribution on the establishment of distillation fundamentals such as “ambix”
invention which can be applied for both extraction and distillation. They
also found a simple fumigation way in sickrooms through burning laven-
der twigs, which was used in the northern Europe as well for plague pre-
vention. The Muslim civilisation strongly promoted the development of the
spice trade, and the distillation and extraction techniques afterwards. Geber
(712-815) and Avicenne (930-1037) invented the alembic, distillation and
refrigerant, respectively. Since the initial preparation of distilled water in medi-
eval times, the use of essential oils (EOs) has experienced the empirical appli-
cation of specific aromatic plants (e.g. clove and nutmeg) in Renaissance. The
Florentine flask invented by Giovanni Battista Della Porta (1533-1615) has

© The Author(s) 2014 1
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Fig. 1.2 Conventional and innovative (microwave) Clevenger for extraction of essential oils

facilitated the separation of EOs and water after the extraction or distillation of
EOs (Fig. 1.2). Since then, the aroma industry has experienced the popularity
of leather fragrances in 16th century, the creation of bergamot and neroli oil in
17th century, the spread and development of the first synthetic aromatics and fern
fragrances in 19th century, the acclaimed perfumers and famous fragrances in
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20th century and the boom of their use in the field of perfumes, cosmetics, food
pharmaceutical and household nowadays, as well as their increasingly important
impact on aroma-, psycho- and physio-therapy (Smadja 2009).

EOs are odoriferous oily liquids obtained from all parts of plants through vola-
tilization without decomposition by physical methods only like water or hydro-
distillation of spices and aromatic herbs or squeezing citrus peels (Fig. 1.3). As the
result of their exclusive odour, they are universally and empirically used in a direct
or indirect way to help attract or repel insects for pollination or to prevent parasites
or herbivores in most cases. The aroma compounds resulting from plant metab-
olism are formed and stored in one or several plant organs. Are EOs beneficial
or harmful to human and environment? Can they be applied in green chemistry?
More studies have been urged to explore their functionality so as to get a complete
knowledge for using EOs as green reagents in future sustainable strategies.

Fig. 1.3 Industrial extraction of essential oils in north and south countries



4 1 History, Localization and Chemical Compositions

1.2 Definition and Localization

The definition of EOs has been attempted by numerous studies or organizations, from
which the French Association for Standardization (AFNOR) proposed a definition in
1998 corresponding to the following revised ISO 9235 in 2013. The essential oil is the
product obtained from a raw material of plant origin by means of either distillation or
mechanical processes for Citrus only, or by “dry” distillation for woods. The essential
oil is then separated from the aqueous phase by physical methods (ISO 9235).

The term “essence” defines the exhaled fragrances that are natural secretions pro-
duced by different plant organs. These fragrances are due to the presence of volatile
aroma compounds in plant cells. The term “oil” denotes the lipophilic (i.e., hydro-
phobic) and viscous nature of these substances while the term “essential” signifies
their preciousness and typical fragrance of plants. It is also important to notice the
difference between aromatic extracts and EOs. An aromatic extract is usually com-
posed by at least one aromatic substance extracted from a plant or parts of animals
using various methods with organic solvents such as hexane or ethanol. However,
only exogenous or endogenous water is used as solvent to obtain an essential oil by
means of various separation techniques such as hydro-distillation and diffusion, etc.

EOs can be found in various organs of plants from different families, of which
Lamiaceae, Myrtaceae (Eucalytus) and Rutaceae (Citrus) families are found to have
a high level of volatile aroma compounds. In fact, only 10 % of plant species can
synthesize and secrete small amounts of essence and they are thus called aromatic
plants. Moreover, the EOs extracted from different organs in the same plants are var-
iable for their names and uses because of their odours (Chemat et al. 2013). EOs are
stored in the cytoplasm of certain secretory cells (e.g. hairs, glandular/oil/resin cells,
oil/resin canals), which localized in one or several plant organs (Fig. 1.4).

1.3 Organoleptic, Physical Characteristics
and Chemical Compositions

In general, most of EOs are colourless, lucid and mobile liquids at room tempera-
ture. However, the entire colour spectrum of EOs actually ranges from yellow to dark
brown with all the intermediate scale of colours, excluding the chamomile (Roman)
EOs which appears distinctive blue-violet colour due to the presence of chamazulene
generated during the steam distillation. These colours are selectively used in perfumes
as toners. Moreover, solid such as crystals (e.g. stearoptenes) are found in EOs of
rose, chamomile and some Eucalyptus species. The typical odour of EOs is depend-
ant of the organs, the species and the origin of plants. Unlike vegetable oils, EOs are
volatile oils with a high refractive index and optimal rotation as the result of many
asymmetrical compounds. The relative density of EOs is commonly lower than that
of water while several exceptions exist. EOs are usually recognized hydrophobic but
they are largely soluble in fats, alcohols and most of organic solvents. Besides, they
have sensitivity of being oxidized to form resinous products through polymerization.
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(a) Lavender . (b) .

Fig. 1.4 Localization of secretory structures in common aromatic plants

EOs are comprised of compounds with diverse chemical structures, which are
produced in all aromatic plants and trees by photosynthesis through two pathways.
One is the multiplication of activated isoprene (isopentenyl pyrophosphate Cs) to its
even and uneven addition products. The other is the shikimic acid biosynthesis, in
which some biomolecule deviations are responsible for aromatic compounds derived
from phenylpropane such as eugenol, anethole, cinnamic aldehyde, etc. Therefore,
all EOs’ compounds can be divided into two main categories, hydrocarbons mainly
the mono-, sesqui- and di-terpenes and oxygenated compounds, for instance,
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Table 1.1 Different types of familiar compounds in essential oils

Chemical functions Example of structure Molecules Plants
Hydrocarbon Limonene Orange, citron,
a-pinene Geranium, star
é Phellandrene anise,
B-caryophyllene Eucalyptus,
H a-camphorene Clove,
PN Camphor tree
Alcohol ~.__~°H Linalool Ylang ylang,
Prenol Mint,
| Menthol Lavender,
Farnesol Cardamom,
| Vetiselinelol Chamonmnile,
PN Phytol Vetiver,
a-terpineol Iasmine,
Citrus
Phenol H;CO. N _~ | Eugenol Thym,
| Thymol Clove,
) - Anethole Star anise,
HO Safrole Sassafras
Ether-oxide 1,8-cineole Rose,
Geranyl butyl ether | Eucalyptus,
o)
Aldehyde Geranial Cinnamon,
) N Cinnamic aldehyde | Citrus,
° Neral Pelargonium
N
Ketone Carvone Vetiver,
a- and B- vetivone | Caraway,
Menthone Peppermint
0
Ester 9 Linalyle acetate Pelargonium,
>; Geranyl acetate Lavender,
g Neryl & a-terpinyl | Citrus
acetate
AN
Acid O Benzoic acid Apple,
®_< Cinnamic acid Cinnamon,
OH
Other compounds AN Coumarin Gardenia, Jasmine,
(nitrogenous and Indole Rose,
sulphur molecules, lac- Dimethyl trisulfide A Lavender,
tone, fatty acids, ...) 0 o Ambrettolide Ambrette,
Dillapiole Dill seed
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alcohols, oxides, aldehydes, ketones, phenols, acids and esters/lactones. Some familiar
molecules in EOs are classified in Table 1.1 on the basis of their chemical functions
(Fernandez et al. 2013). According to the profile of gas chromatography coupling with
mass spectrometry (GC-MS), it is common to identify several tens or even hundreds
of components in the same essential oil. Nevertheless, some EOs contain only a few
compounds that determine the aromatic properties of EOs even their content are low.
The high variability of EOs in terms of their composition and yield can be explained
by various parameters belonging to two categories. Intrinsic parameters correspond
to the species, organs and ripeness of plants, as well as farming methods, harvesting
time and environmental interactions (climate, soil, etc.). Extrinsic parameters include
extraction, storage and packaging, among which the extraction process (method, treat-
ment time, etc.) may cause the major alternations in EOs’ chemical compositions
owing to the hydrolysis. Nowadays, all these factors with accurate analytical data help
International Organization for Standardization (ISO) to regulate the world EOs’ market.
Nonetheless, the adulteration of EOs is of frequent occurrence worldwide because of
the urging of commercial interest and the lacking of the knowledge. Hence, it is impor-
tant to explore extensive and convictive knowledge on EOs’ functionality and their
quantitative and qualitative analyses, and to train special talents in this field as well.

1.4 Conclusions

The knowledge of EOs has been constantly developed and updated in the long
steam of history thanks to a growing number of studies in multidisciplinary fields.
Although some compositions and mechanisms are not completely understood, the
fascinating odour of EOs and their interesting biological activities are of great inter-
est, which have been pushing the progress of the EOs’ research in recent years.

A Scanning electron micrograph of untreated rosemary leaf
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Chapter 2
Essential Oils: From Conventional
to Green Extraction

Abstract This chapter reviews the development of extraction techniques for essential
oils (EOs). The conventional extraction techniques and their intensifications are sum-
marized in terms of their principles, benefits and disadvantages. The green extractions
with innovative techniques are also elaborated for future optimization and improve-
ment of traditional EOs’ productions.

Keywords Essential oils + Extraction techniques *+ Optimization * Innovation

2.1 Conventional Extraction

As previously described, EOs are defined as products extracted from natural plants
by physical means only such as distillation, cold press and dry distillation. However,
the loss of some components and the degradation of some unsaturated compounds
by thermal effects or by hydrolysis can be generated by these conventional extrac-
tion techniques. These disadvantages have attracted the recent research attention
and stimulated the intensification, optimization and improvement of existing and
novel “green” extraction techniques. All these techniques are appropriately applied
with a careful consideration of plant organs and the quality of final products.
Moreover, the analytical composition of EOs extracted from the same plant organ
may be quite different with respect to the techniques used. These conventional
extraction techniques could typically extract EOs from plants ranging from 0.005 to
10 %, which are influenced by the distillation duration, the temperature, the operat-
ing pressure, and most importantly, the type and quality of raw plant materials.

2.1.1 Steam Distillation

Steam distillation is one of ancient and official approved methods for isolation of
EOs from plant materials. The plant materials charged in the alembic are subjected
to the steam without maceration in water. The injected steam passes through the

© The Author(s) 2014 9
Y. Li et al., Essential Oils as Reagents in Green Chemistry, SpringerBriefs in Green
Chemistry for Sustainability, DOI 10.1007/978-3-319-08449-7_2
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plants from the base of the alembic to the top. The vapour laden with essential
oils flows through a “swan-neck” column and is then condensed before decanta-
tion and collection in a Florentine flask (Fig. 2.1). EOs that are lighter or heavier
than water form two immiscible phases and can be easily separated. The principle
of this technique is that the combined vapour pressure equals the ambient pres-
sure at about 100 °C so that the volatile components with the boiling points rang-
ing from 150 to 300 °C can be evaporated at a temperature close to that of water.
Furthermore, this technique can be also carried out under pressure depending on
the EOs’ extraction difficulty.

2.1.2 Hydro-diffusion

Unlike steam distillation, the steam injected in this system is from the top of
the alembic to the bottom. The vapour mixture with EOs is directly condensed
below the plant support through a perforated tray. The way of separating EOs is
the same as that in other distillation methods. This method can reduce the steam
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consumption and the distillation time, meanwhile, a better yield can be obtained in
comparison with steam distillation.

2.1.3 Hydro-distillation

Hydro-distillation (HD) is a variant of steam distillation, which is recommended
by the French Pharmacopoeia for the extraction of EOs from dried spices and the
quality control of EOs in the laboratory. Instead of the steam input, the plant mate-
rials in HD are directly immersed in water. This solid-liquid mixture is then heated
until boiling under atmospheric pressure in an alembic, where the heat allows
the release of odorous molecules in plant cells. These volatile aroma compounds
and water form an azeotropic mixture, which can be evaporated together at the
same pressure and then condensed and separated in a Florentine flask due to their
immiscibility and density difference. Moreover, a cohobation system can recycle
the distilled water through a siphon so as to improve the yield and quality of EOs.
It is important to mention that the recovered EOs are different from the original
essence due to the long treatment duration.

2.1.4 Destructive Distillation

This technique is only applied on birch (Betula lenta or Betula alba) and cade
(Juniperus oxycedrus). The toughest parts of these woods (e.g. barks, boughs,
roots, etc.) are exposed to dry distillation through a tar after undergoing a destruc-
tive process under intense heat. A typical, leathery and empyreumatic oil is then
obtained after condensation, decantation and separation.

2.1.5 Cold Expression

This technique is an extraction without heating for EOs of citrus family (Fig. 2.2).
The principle of this mechanic process is based on machine squeezing the citrus
pericarps at room temperature for the release of EOs, which are washed in cold
running water. The essence is then isolated by decantation or centrifugation.
Although this method retains a high value of citrus odour, the high consumption
of water can affect EOs’ quality as the result of the hydrolysis, the dissolution of
oxygenated compounds and the transport of microorganism. Several new physical
processes appear more popular for the reason of avoiding such deteriorations. The
oleaginous cavities on the peel are pressed to burst by two horizontal ribbed rollers
(sfumatrice) or a slow-moving Archimedian screw coupling to an abrasive shell
(pelatrice) thus EOs are bent to release. The oil-water emulsion is separated after
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Fig. 2.2 Schematic of cold
expression

rinse off with a fine spray of water. Besides, the machines which treat citrus peels
only after removal of juices and pulps are known as sfumatrici, while those which
process the whole citrus fruit are called pelatrici (Guenther 1948).

2.2 Green Extraction with Innovative Techniques

Since economy, competitiveness, eco-friendly, sustainability, high efficiency and
good quality become keywords of the modern industrial production, the develop-
ment of EOs’ extraction techniques has never been interrupted. Strictly speaking,
conventional techniques are not the only way for the extraction of EOs. Novel tech-
niques abided by green extraction concept and principles have constantly emerged
in recent years for obtaining natural extracts with a similar or better quality to that
of official methods while reducing operation units, energy consumption, CO, emis-
sion and harmful co-extracts in specific cases. The principles of green extraction can
be generalized as the discovery and the design of extraction processes which could
reduce the energy consumption, allow the use of alternative solvents and renewable/
innovatory plant resources so as to eliminate petroleum-based solvents and ensure
safe and high quality extracts or products (Chemat 2012).

2.2.1 Turbo Distillation

This technique is developed to reduce energy and water consumption during boil-
ing and cooling in hydro-distillation. The turbo extraction allows a considerable
agitation and mixing with a shearing and destructive effect on plant materials so
as to shorten distillation time by a factor of 2 or 3. Furthermore, it is an alternative
for extraction of EOs from spices or woods, which are relatively difficult to distill.
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Besides, an eco-evaporator prototype could be added with aspect of the recovery
and the reuse of the transferred energy during condensation for heating water into
steam (Chemat 2010).

2.2.2 Ultrasound-Assisted Extraction

With the aim of higher extraction yields and lower energy consumption, ultrasound-
assisted extraction has developed to improve the efficiency and reduce the extraction
time in the meanwhile. The collapse of cavitation bubbles generated during ultra-
sonication gives rise to micro-jets to destroy EOs’ glands so as to facilitate the mass
transfer and the release of plant EOs. This cavitation effect is strongly dependent to
the operating parameters (e.g. ultrasonic frequency and intensity, temperature, treat-
ment time, etc.) which are crucial in an efficient design and operation of sono-reac-
tors. In addition to the yield improvement, the EOs obtained by Ultrasound-Assisted
Extraction (UAE) showed less thermal degradation with a high quality and a good fla-
vor (Porto et al. 2009; Asfaw et al. 2005). However, the choice of sonotrode should be
careful as the result of the metallic contamination which may accelerate oxidation and
subsequently reduce EOs’ stability (Pingret et al. 2013). This technique has already
proved its potency to scale up, which shows 44 % of increment on extraction yield of
EOs from Japanese citrus compared to the traditional methods (Mason et al. 2011).

2.2.3 Microwave-Assisted Extraction

Microwave is a non-contact heat source which can achieve a more effective and
selective heating. With the help of microwave, distillation can now be completed
in minutes instead of hours with various advantages that are in line with the green
chemistry and extraction principles. In this method, plant materials are extracted
in a microwave reactor with or without organic solvents or water under different
conditions depending on the experimental protocol. The first Microwave-Assisted
Extraction (MAE) of EOs was proposed as compressed air microwave distillation
(CAMD) (Craveiro et al. 1989). Based on the principle of steam distillation, the
compressed air is continuously injected into the extractor where vegetable matri-
ces are immersed in water and heated by microwave. The water and EOs are con-
densed and separated outside the microwave reactor. The CAMD can be completed
in just 5 min and there is no difference in quantitative and qualitative results between
extracts of CAMD and 90 min conventional extraction using steam distillation. In
order to obtain high quality EOs, vacuum microwave hydro-distillation (VMHD)
was designed to avoid hydrolysis (Mengal et al. 1993). Fresh plant materials have
been exposed to microwave irradiation so as to release the extracts; reducing the
pressure to 100-200 mbar enables evaporation of the azeotropic water-oil mixture
at a temperature lower than 100 °C. This operation can be repeated in a stepwise
way with a constant microwave power, which is contingent on the desired yield.
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The VMHD, which is 5-10 times faster than classic HD, showed comparable yield
and composition to HD extracts. The EOs have a organoleptic properties very close
to the origin natural materials. Moreover, the occurrence of thermal degradation
reduces because of the low extraction temperature. Beyond that, in fact, there exist a
couple of modern techniques assisted by microwave such as microwave turbo hydro-
distillation and simultaneous microwave distillation, which are impressive for short
treatment time and less solvent used (Ferhat et al. 2007; Périno-Issartier et al. 2010).

On account of growing concern for the impact of petroleum-based solvents on
the environment and the human body, several greener processes without solvent have
sprung up in the last decade. Solvent-free microwave extraction (SFME) was devel-
oped with considerable success in consistent with the same principles as MAE (Li et
al. 2013). Apart from the benefits mentioned before, the SFME simplifies the manip-
ulation and cleaning procedures so as to reduce labor, pollution and handling costs.
The SEME apparatus allows the internal heating of the in situ water within plant
materials, which distends the plant cells thus leads to the rupture of oleiferous glands.

A cooling system outside the microwave oven allows the continuous condensa-
tion of the evaporated water-oil mixture at atmospheric pressure. The excessive
water is refluxed to the reactor in order to maintain the appropriate humidity of
plant materials. It is interesting to note that the easy-controlled operating parameters
need to be optimized for maximization of the yield and final quality. The potential
of using SFME at laboratory and industrial scale has been proved on familiar plant
materials with a considerable efficiency compared to conventional techniques (Filly
et al. 2014). Inspired by SFME, a number of its derivatives have emerged, which
offer significant advantages like shorter extraction time, higher efficiency, cleaner
feature, similar or better sensory property under optimized conditions (Michel et al.
2011; Sahraoui et al. 2008, 2011; Wang et al. 2006; Farhat et al. 2011). In 2008, a
novel, green technique namely microwave hydro-diffusion and gravity (MHG) has
been originally designed (Fig. 2.3). This technique is a microwave-induced hydro-
diffusion of plant materials at atmospheric pressure, which all extracts including
EOs and water drop out of the microwave reactor under gravity into a continuous
condensation system through a perforated Pyrex support. It is worth mentioning that
the MHG is neither a modified MAE that uses organic solvents, nor an improved
HD that are high energy and water consumption, nor a SFME which evaporates the
EOs with the in situ water only. In addition, MHG derivants such as vacaum MHG
and microwave dry-diffusion and gravity (MDG) has developed later with the con-
sideration of energy saving, purity of end-products and post-treatment of wastewater
(Farhat et al. 2010; Zill-e-Huma et al. 2011).

2.2.4 Instantaneous Controlled Pressure Drop Technology

The DIC process is a direct extraction-separation technique, which is not like the
molecular diffusion in conventional techniques. It allows volatile compounds to be
removed by both evaporation for a short time at high temperature (180 °C) and high
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Fig. 2.3 Solvent free microwave extraction at laboratorial and industrial scale
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pressure (10 bar) and auto-vaporization from alveolated plant structures resulting
from multi-cycle instantaneous pressure drop (Rezzoug et al. 2005; Besombes et al.
2010). This solvent-free process presents a significant improvement whether in effi-
ciency or in energy consumption and a very short heating time in each DIC cycle
eliminate the thermal degradation. Moreover, the DIC obtained the same or even
higher yield of EOs with a higher quality than conventional methods regarding to
their more oxygenated compounds and lower sesquiterpene hydrocarbons. In addi-
tion, heating time and cycle number in particular, have an influence on the extraction
efficiency of DIC for all aromatic herbs and spices (Allaf et al. 2013a, b).

2.2.5 Other Emerging Green Extraction Techniques

With the exception of above-described techniques, there are other emerging tech-
niques for EOs extraction which are well established in the early time of the inno-
vation. Table 2.1 summarizes these techniques in terms of their fundamentals,
influencing parameters, advantages and draw-backs. It is hard to ignore that all
these techniques have been successfully applied at an industrial scale.

2.3 Conclusions

An overview of extraction technique has been presented here for obtaining EOs,
which covers a range from conventional to up-to-date methods. The new tech-
niques have been proved to obtain extracts with higher quality in a shorter time
compared to traditional techniques. Nevertheless, from a regulatory point of view,
these so-called EOs of innovative techniques are not listed in norms due to the
restrictive definition of EOs which is only based on the conventional extraction
methods. As the consequence of this, the amendment or reestablishment of indus-
try standards in a broader sense becomes more important than ever.
A scanning electron micrograph of untreated lavender
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Chapter 3
Essential QOils as Antioxidants

Abstract This chapter shows a complete picture of current knowledge on the
antioxidant properties of essential oils (EOs). It presents the mechanism of degra-
dation and the influencing factors of EOs’ antioxidant activity. Furthermore, various
analytical methods used for the evaluation of EOs’ antioxidant activities are pre-
sented. In addition, application of EOs as antioxidants in food and cosmetic field
are also included.

Keywords Essential oils *+ Antioxidants * Analytical methods * Applications

Lipids are very vulnerable to oxidation, enzymatic or microbial autolysis. The oxida-
tion of lipids, which result in degradation on sensory quality, nutritional or functional
value of products during manufacture and storage, can be facilitated by several param-
eters such as the presence of oxygen free radicals, sunlight, a high temperature, or even
the trace of transition metals (Mau et al. 2004). In order to limit the loss of quality and
safety, manufacturers have applied some physical practices such as cold storage, vac-
uum cooking, packaging under an inert atmosphere, or the addition of synthetic anti-
oxidants such as butylated hydroxyanisole (BHA), butylated hydroxytolune (BHT),
tert-butylhydroquinone (THBQ) and propyl gallate (PG), which is a relatively easy and
economical way to inhibit the oxidative deterioration of lipids. However, these synthetic
antioxidants are suspected to have mutagenic, carcinogenic and teratogenic effects dur-
ing a long-term use (Chavéron 1999). With the growing concern about the safety use
of these preservatives and the increasing consumer demand for green natural products
without additives, emerging significant studies have led industries to consider the incor-
poration of non-chemical substances in their food or cosmetic preparation.

EOs are considered as potential resources of natural bioactive molecules, which
have been numerously investigated for their antioxidant properties (Bakkali et al.
2008). The EOs extracted from aromatic plants are generally used as food flavours
or additives through a simple addition way (Karpinska et al. 2001). They are mostly
classified as generally recognized as safe (GRAS), which have also been approved
as food additives by Food and Drug Administration in USA (Hulin et al. 1998). EOs
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are liposoluble, non-toxic antioxidants that can effectively retard lipid peroxidation
and minimize rancidity at a low dose without affecting the quality of the products.
Moreover, an ideal antioxidant must also be stable during various technological pro-
cesses (Pokorny et al. 2001). Therefore, in order to be able to use EOs to their full
potential as antioxidants with appropriate doses for product conservation, it is essen-
tial to understand the mechanism of lipid oxidation in food products and relevant
influencing parameters, as well as the assessment of their antioxidant efficacy.

3.1 Mechanism of Degradation

Degradation is generally undesirable since it can change the organoleptic, nutritional or
functional characteristics of foods and cosmetics. There are numerous factors influenc-
ing or initiating lipid oxidation, which are classified with intrinsic [e.g. unsaturation
of lipid fatty acids (number and position), the presence of pro-oxidants (metal ions,
enzymes, etc.) and natural antioxidants] and external factors (e.g. temperature, light,
partial pressure of oxygen, water activity, and conditions of storage and processing).
The lipid oxidation can result from the following three pathways: autoxida-
tion caused by temperature, metal ions and free radicals; photo-oxidation initiated
by light in the presence of photosensitizer; and enzymatic oxidation initiated by
lipoxygenase (Fig. 3.1). The autoxidation is a series of radical reactions involv-
ing three stages. The first initiation stage produces a lipid free radical known as
alkyl radical (R’) by abstraction of a hydrogen atom from the fatty acid (RH) in
the presence of an initiator. This slow reaction is promoted with an increasing
temperature, which is easily be induced by ionizing radiation, chemical genera-
tors, enzymatic or chemical systems that can produce reactive oxygen species or
metallic traces. Subsequently, the triplet oxygen (305) is quickly fixed to these free
radicals to form unstable peroxyl free radicals (ROO") that can further transform to
lipid hydroperoxides (ROOH) through hydrogen abstraction from other new fatty
acids. All free radicals produced in this propagation stage combine each other to
form non-radical species (ROOR, RR, O») in the termination stage. The photosen-
sitizers (Sens) in photo-oxidation absorb light energy for transformation of their
excited triplet state (Sens®), which are involved in the lipid oxidation with their
two types. The first-type photosensitizer such as riboflavin acts as a free radical
initiator. In its excited state, the L° formation occurs by the abstraction of a hydro-
gen atom or an electron from a fatty acid, which is capable of reacting with triplet
oxygen (°0;) to get ROOH. The second-type photosensitizers, such as chloro-
phyll and erythrosine, react with 30, in their excited state for transfer their energy
to obtain a singlet oxygen ('0»), which is highly electrophilic and bond directly
up to an unsaturated fatty acid (RH) thereby a ROOH is formed. There are two
main enzymes (lipoxygenase and cyclooxygenase) in the enzymatic oxidation.
The lipoxygenase helps the insertion of an oxygen molecule to an unsaturated
fatty acid through a stereospecific reaction, which results in the ROOH formation.
However, it acts specifically on non-esterified fatty acids and its activity is often
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Fig. 3.1 Lipid oxidation pathways: autoxidation, photo-oxidation and enzymatic oxidation

related to that of lipases and phospholipases. Cyclooxygenase is a lipoxygenase
which can incorporate two oxygen molecules into a fatty acid in order to form a
specific hydroperoxide. The enzymatic oxidation occurs even at low temperatures
(0—4 °C). The enzyme activity is very low during the frozen storage whereas it
recovers and rises once thawing process begins.

3.2 Main Assessment of Antioxidant Activity

An antioxidant is a compound that can efficiently protect a given target against oxi-
dation while being used at a very low antioxidant/target molar ratio, i.e., lower than
1 %. In foods, the most important targets are polyunsaturated lipids (RH), where
lipid autoxidation is typically initiated at the water-lipid interface of food emulsions
by low-valence transition metal traces (Fe!l, Cu'). These prooxidant species can be
autoxidized to their high-valence counterparts (Fe!ll, Cu'') with the subsequent for-
mation of superoxide (O,") and hydrogen peroxide, or trigger the homolytic cleav-
age of hydroperoxides (hydrogen peroxide, traces of lipid hydroperoxides) with the
subsequent formation of highly oxidizing oxyl radicals (HO", RO").
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An antioxidant that inhibits lipid peroxidation can act according to several
mechanisms, in which the most important are shown as follows,

e The fast scavenging of lipid peroxyl radicals (ROO") that propagate the per-
oxidation chain (inhibition of propagation). Such antioxidants are called chain-
breaking antioxidants. A common example is a-tocopherol (vitamin E), which
can transfer its phenolic H-atom to LOO" and is then simultaneously converted
into a resonance-stabilized radical. Unlike the LOQO’, this radical is unable to
react with a second RH molecule to propagate the chain.

e Acting as peroxidation initiators (e.g. O,, HO') in the scavenging of hydro-
philic oxidizing species formed in the aqueous phase (inhibition of initiation).
Hydrophilic antioxidants such as ascorbate and polyphenols can behave as ini-
tiation inhibitors.

e The regeneration of a potent chain-breaking antioxidant by reduction of the cor-
responding radical. Ascorbate and several polyphenols are proved to be able to
regenerate a-tocopherol at a water-lipid interface.

e The formation of inert transition metal complexes that are unable to carry out
the radical-generating processes mentioned above. Citric acid and polyphenols
having a catechol group (1,2-dihydroxybenzene) may eventually act according
to this mechanism.

From this simplified overview, it is clear that the antioxidant activity is gov-
erned by several factors such as the reducing activity of the antioxidant (ability
to quickly deliver H-atoms and/or electrons), its location in biphasic water-lipid
systems (roughly predicted from the hydrophilic-lipophilic balance), and its metal
binding capacity. Consequently, antioxidant tests may give highly contrasted
results depending on whether they involve mono- or bi-phasic systems and they
make use of metal ions or organic species (e.g., diazo compounds) for radical gen-
eration. Hence, the results of a single assay only give a reductive view of the anti-
oxidant properties of EOs and must be interpreted with caution. Moreover, EOs
are complex mixtures of compounds with different HLB and reducing capacity,
which makes data interpretation even more complicated and offers more opportu-
nities for scattered results depending on the antioxidant tests selected.

Although a variety of physiochemical methods exist nowadays for assessing the
antioxidant activity of natural extracts (Chemat et al. 2007; Decker et al. 2005;
Somogyi et al. 2007), the antioxidant capacities of EOs differ from one method
to another due to EOs’ diverse nature and the complexity of oxidation processes,
which makes it impossible to compare between methods and certain standardiza-
tions afterwards. The frequently-used way to have a relatively accurate value of
the EOs’ antioxidant capacity is combination of several results of antioxidant test
for interpretations. The antioxidant activity can be assessed either by direct meas-
uring of formed products (e.g. hydroperoxides) or by indirect measuring of EOs’
ability to scavenge free radicals with an intermediate probe.

Two main approaches can be applied to determine in vitro antioxidant activi-
ties. Firstly, the inhibition of lipid autoxidation in different systems (oil, solu-
tions of lipids in organic solvents, oil-in-water emulsions, micelles, liposomes,
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lipoproteins, etc.). These methods are aimed at modelling oxidation processes
in foods or living systems. Therefore, they are close to real situations and, being
generally based on biphasic systems, offer the opportunity to test both hydrophilic
and lipophilic antioxidants. Their main drawbacks are time-consuming experi-
mental procedures and complexity in data interpretation. Indeed, lipid autoxida-
tion is typically slow and yields a complex distribution of products beyond the
primarily formed lipid hydroperoxides such as lipid alcohols and carbonyl com-
pounds, cleavage products, volatile compounds, etc. Measurable and reproducible
autoxidation rates are more readily achieved when large concentrations of initia-
tor (diazo compounds, metal ions) are used. Overall, the data may depend on the
type of initiator used, the lipid autoxidation products monitored and the analytical
technique selected. The protective action of EOs has been evaluated in two model
systems by measuring the formation of primary (conjugated dienes) and second-
ary (TBARS) lipid autoxidation products. Methods that can be used to measure
inhibition of lipid oxidation are peroxide value determination (AOCS Cd 8-53
1997), p-anisidine value (ISO 6885 2006), Conjugated dienes method (AOCS Cd
7-58 2009; Klein 1970), thiobarbituric acid reactive substance (TBARS) method
(AOCS Cd 19-90 2009) and p-carotene bleaching test (Taga et al. 1984).

Secondly, the ability of antioxidants to scavenge free radicals species can be
easily generated or are eventually stable enough to be commercially available and
handled as common chemicals. Although these methods do not afford clear bio-
logical significance and must be interpreted with caution, they are typically much
simpler and easier to implement than methods based on lipid autoxidation. They
can offer first efficient approaches for screening a large number of samples and are
widely popular in the agro-food industry. Different methods like Trolox Equivalent
Antioxidant Capacity (TEAC) method (Miller et al. 1993), Ferric Reducing
Antioxidant Potential (FRAP) method (Oyaizu 1986; Iris et al. 1999), DPPH
(2,2-diphenyl-1-picrylhydrazyl) method, Oxygen Radical Absorbance Assay
(ORAC), Total Radical Trapping Antioxidant Parameter (TRAP) method (Wayner
et al. 1985), Electron Paramagnetic Resonance (EPR), can be used to achieve this
radical scavenging test. These methods are based on the ability of EOs to scav-
enge free radicals, such as the superoxide radical anion (O "), the hydroxyl radical
(HO") and the stable coloured radicals ABTS T, DDPH'.

3.3 Application of Essential Qils as Antioxidants

The preservation of food and cosmetic products in a green and efficient way has
been a hot-spot research for industry. It is essential to prevent from microbial con-
tamination and lipid oxidation in order to guarantee a product with a sufficient shelf
life. Nowadays, more and more EOs have been qualified as natural antioxidants and
proposed as potential substitutes to synthetic antioxidants in practical applications.
A number of studies have already been conducted to prove that some essential oils
from natural plants can not only play a key role in limiting the lipid oxidation of
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meat and other fatty foods in particular (Estévez et al. 2007; Botsoglou et al. 2002;
Botsoglou et al. 2003; Goulas and Kontamoinas 2007), but also contribute to the
development of a pleasant odour and favourable taste for consumers. However, this
inhibition effect is dependent on the food type and the storage condition as well.
In cosmetic formulations containing oils rich in unsaturated fatty acids, the for-
mulators are forced to add antioxidants and required to replace synthetic preserva-
tives for the sake of healthy and safe products without rancidity. The effectiveness
of antioxidants in hydrophobic systems depends on their solubility, stability and
volatility. Antioxidants are better to be liposoluble so that they can react with free
radicals in lipid oxidation. Moreover, they should also be thermally stable during
production processes. In addition, they should not be too volatile in risk of being
lost during the manufacturing process of the final products, which hampers the use
of essential oils as antioxidants (Branen and Davidson 1996).

3.4 Conclusions

As the result of that lipid oxidation involving sensory impairments is of great concern
to the food and cosmetic industry. Antioxidants, which have important health impli-
cations, have become an essential part of preservation strategies for final products.
More and more manufacturers have recently realized the negative health effects of
synthetic antioxidant and they are urged to search and use natural antioxidants, espe-
cially plant extracts. Several EOs have been developed and proposed to use as natural
antioxidant in recent years due to their interesting antioxidant activity. The antioxi-
dant activity of EOs is better to interpret with several test results since their com-
plex mixtures including several tens of components with distinct hydrogen-donating
capacities. Besides, the choice of EOs as antioxidants in industry is also based on
several parameters, e.g. solubility, persistent antioxidant ability, sensitivity to pH,
the influence on any discoloration of the products, the production of the unpleasant
odours or off-flavours, as well as their availability, multiple function and cost.
A scanning electron micrograph of untreated dried orange peels
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Chapter 4
Essential QOils as Antimicrobials

Abstract This chapter presents current knowledge on the antimicrobial activities
of essential oils (EOs). It shows the antimicrobial action mechanism of EOs and
relevant influencing parameters, thus further elucidates the antimicrobial proper-
ties of EOs. Moreover, commonly-used analytical methods for EOs’ antimicrobial
activities are elaborated. In addition, the application of EOs as natural antimicrobi-
als in various fields has also been introduced.

Keywords Essential oils *+ Antimicrobial + Analytical methods + Application

EOs and other extracts from aromatic and medicinal plants are empirically known
for their antimicrobial properties since ancient times, which have not been scien-
tifically proven until the early of 20th century. The use of EOs has grown over the
past four decades and nowadays they have been considered as potential alterna-
tives to antibiotics in chemical preservatives in food and cosmetics and treatment
of various infectious diseases. Since the EOs’ antibacterial property was firstly
investigated by De la Croix in 1881, many other researches on EOs’ chemical
composition and their antimicrobial activities have been extensively reported (Burt
2004; Chemat 2009; Solorzano-Santos and Miranda-Novales 2011). Generally,
the EOs’ antimicrobial property is evaluated by two categories depending on the
type of microorganisms and bioactive molecules: the inhibitory or bacteriostatic
ability for multiplication of microbial cells; and lethal or microbicidal activity for
microbial cells. However, it is better to know the mechanism of EOs’ antimicrobial
action and its influencing factors before further analyses and applications.

4.1 Mechanism of Antimicrobial Action

The physiological role of EOs has not entirely understood yet. The majority of pre-
vious works focus more on the detection of EOs’ antimicrobial activity, hence, the
mechanism of action against microorganisms are poorly studied, most of which are
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Fig. 4.1 Mechanism for EOs’ action in the bacterial cell

assumptions. The mechanism of antimicrobial action seems to have relationship
with a great number of complex constituents in EOs instead of just specific bioac-
tive metabolites, which may result in different action modes and difficult identifica-
tion from molecular point of view (Carson et al. 2002; Burt 2004). In general, EOs’
antimicrobial actions are described in three phases (Ultee et al. 2002; Turina et al.
2006). Firstly, EOs spreading on the cell wall of a bacterial enhances the membrane
permeability which leads to a subsequent loss of cellular components. The second
corresponds to an acidification inside the cell which blocks the production of cellu-
lar energy (ATP) due to the ion loss, the collapse of proton pumps and the reduction
of membrane potential (Fig. 4.1). Last but not the least is the destruction of genetic
materials that results in the death of bacteria. Furthermore, some studies have
reported that EOs can also coagulate the cytoplasm and damage lipids, proteins,
cell walls and membranes which can lead to the leakage of macromolecules and
the lysis afterwards (Gustafson et al. 1998; Cox et al. 2000; Lambert et al. 2001; Di
Pasqua et al. 2006; Turgis et al. 2009; Saad et al. 2013).

The effectiveness among different EOs is less obvious than the varied sensitivity
of microorganisms to plant extracts. This variability may mainly due to different
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environmental factors, plant growth, geographic sources, harvesting seasons,
genotypes, climates, drying procedures, studied plant organs, extraction and ana-
Iytical methods of biological activities. All above-mentioned parameters affect the
chemical composition and relative concentration of each active component in EOs,
which play a significant role to their antimicrobial activities. In addition, synergic
and antagonistic interaction between EOs’ chemical components should be consid-
ered as well due to the fact that minor components may have significant influence
on EOs’ antimicrobial activities.

4.2 Antimicrobial Activities of Essential Oils

The antimicrobial effects of various plant species have been empirically used for a
long time in order to disinfect for increasing the shelf life of foods. Generally, the
antimicrobial property of plants is directly related to its fraction of EOs contained,
which is variable and complex due to the number and the nature of chemically
different molecules inside (Oussalah et al. 2007). The antimicrobial activity is the
result of functional groups presenting in the metabolites and their synergies. The
most active functional group is phenols, followed by aldehydes, ketones, alcohols,
ethers and hydrocarbons (Gao et al. 2005). The antimicrobial activities of vari-
ous EOs have been studied and described that most of effective EOs belong to the
Lamiaceae family, including thyme, oregano, rosemary, lavender, mint, etc. (Burt
2004).

4.2.1 Antibacterial Properties

EOs and their major compounds have a broad spectrum of action against of a wide
range of bacteria including those are resistance to antibiotics such as methicillin-
resistant Staphylococcus, vancomycin-resistant Enterococci and ciprofloxacin-
resistant Campylobacter (Fisher and Philips 2009; Varder-Unlii et al. 2006). Their
effectiveness is variable between EOs and bacteria strains. The distinction between
Gram-positive and negative bacteria is based on a difference in the cell wall com-
position. The structure of wall in Gram-positive bacteria is homogenous with a
thickness varying from 10 to 80 nm; it is rich in teichoic acid and osmaines but
poor in lipids (<2 %). On the contrary, the wall structure in Gram-negative bacte-
ria is more complex with a thickness of about 10 nm and it is rich in lipids (10—
22 %) and contains less osmaines (Barton 2005).

EOs have generally been observed to be more active against Gram-positive bac-
teria than Gram-negative bacteria though there are some exceptions (Oussalah et
al. 2007). The Gram-negative bacteria Aeromonas hydrophila and Campylobacter
Jjejuni have been found to be particularly sensitive to the EOs’ action. However,
there is no general rule of sensitivity for Gram bacterial due to many controversies
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existing in previous published works (Burt 2004). It is now well known that the
chemical compositions in EOs from a particular plant species may vary depend-
ing on the geographical origin, harvesting or extraction methods, which are main
causes of variability in the sensitive degree of Gram-positive and negative bacte-
ria to EOs. The compounds with the highest antibacterial efficacy and the broadest
spectrum are phenols such as thymol, eugenol and carvacrol (Dorman and Deans
2000; Nevas et al. 2004).

4.2.2 Antifungal Properties

The antifungal activity of EOs has been demonstrated in several studies. Guynot
et al. (2005) had studied twenty EOs’ effects against the most important moulds
regarding the spoilage of bakery products. The results showed that only cinnamon
leaf, rosemary, thyme, bay and clove EOs exhibited antifungal activity against
all fungus, which suggest a possibility of using EOs as alternatives to synthetic
chemicals in preservation of bakery products. The more active constituents (car-
vacrol and thymol) in oregano essential oil performed highest fungicidal activity
so that this essential oil was identified as the most active against various fungi.
Origanum EOs have proved fungistatic and fungicidal to a human pathogenic
yeast (Candida albicans), of which a daily oral administration are highly rec-
ommended in the effective prevention and treatment of candidiasis (Manohar et
al. 2001). Moreover, carvacrol and eugenol were proposed as therapeutic agents
for oral candidiasis because of their potent antifungal properties (Chami et al.
2004). Besides, the effectiveness of 5 antifungal compounds had been evalu-
ated on twelve fungi, which citral and geraniol were the most active, followed by
linalool, cineole and menthol (Pattnaik et al. 1997). Concerning the Penicillium
fungi, the highly effective inhibition of their mycelium growth was found for
mugwort essential oil and a complete inhibition of toxin production was observed
(Khaddor et al. 2006). Some other studies indicated that EOs from some medici-
nal plants may become potential candidates to prevent edible products from
the growth of toxigenic fungus and subsequent toxin contamination (Razzaghi-
Abyaneh et al. 2009).

4.3 Main Assessment of the Antimicrobial Activity

As the result of the diverse methodologies for evaluation of EOs’ antimicrobial
activity, it should be careful to select appropriate techniques for determining
their antimicrobial activity. The insolubility of EOs’ constituents in the water and
their volatility are the main practical difficulties, which may explain the variety
of techniques. Apart from the most applied mass spectrometry-based techniques
(GC-FID, GC-MS) which allow an identification, comparison and quantification
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of EOs’ components, conventional in vitro methods in solid or liquid media can
characterize the antimicrobial potency and quantify the minimum inhibitory or
microbicide concentration, while a novel technique called ‘omic’ explored a con-
venient way for advanced assessment of genetic sequence and expression profile,
and protein functional content of single species as well.

4.3.1 Micro-atmosphere Method in Vapour Phase

This method highlights the action of volatile EOs’ components against germ
development on a solid medium in a Petri dish instead of quantifying the real
antimicrobial activity of EOs. The microorganism is inoculated on the surface
of an agar and a few drops of EOs are deposited on a blotting paper or a small
cup placed at the bottom and the centre of the cover. The Petri dish is inversely
incubated at optimum temperature (Fig. 4.2). The absence of microbial growth
in a translucent area on the agar with a clear contour reveals the antimicrobial
action of EOs’ volatiles through their evaporation (Lopez et al. 2005; Becerril
et al. 2007).
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Fig. 4.2 Analysis of antimicrobial activity by micro-atmosphere and agar diffusion
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4.3.2 Diffusion Methods on Solid Media

These qualitative methods test susceptibility or resistance of microorganisms by
direct contact with EOs. Aromatograms, namely disk diffusion method, is sim-
ilar to antibiograms for antibiotics test, which can evaluate EOs’ antibacterial
activities. A blotting paper disk of 6 mm diameter impregnated with diluted EOs
of 15 pl is deposited on the surface of an agar medium previously inoculated
with the studied microbial suspension. All prepared Petri dishes were then incu-
bated under optimal conditions of microorganism cultivation. The germs grow
as visible colonies during incubation so that a clear halo around the disk indi-
cates the inhibition of microbial growth, of which the diameter of the inhibition
halo depends on the sensitivity to EOs and are measured in mm. Two controls
were performed under the same operating conditions: a negative control with
the solvent used to solubilize EOs and an antibiotic disk is used as a positive
control (Fig. 4.2). The well method is used for screening of large amounts of
EOs and/or microbial isolates. The only difference is that a sterile well of 6 mm
diameter filled with EOs using a micropipette is applied instead of blotting
paper in disk method (Fig. 4.2). These two methods are usually used for the pre-
selection of the EOs’ antimicrobial activity because the inhibition diameter is
not a direct measure of the EOs’ activity but a qualitative indication of the sen-
sitivity or resistance of germs. A classification of EOs chemotyped concerning
their spectrum of antimicrobial activity may be determined by the importance
of the inhibition halo. However, these techniques have limitations due to vari-
ous factors in terms of EOs’ constituents, inoculum density, culture thickness,
deposited volume of EOs, solvent nature for solubilization of EOs and microbial
strains.

4.3.3 Dilution Method (Broth and Agar)

The purpose of this method is to determine the lowest concentration of antimi-
crobials that inhibit the growth of the tested bacteria. This method is carried out
in a series of broth or agar media containing decreasing concentrations of anti-
microbial agents with a standardized microbial suspension (generally equivalent
to 10 bacteria/ml). Taking broth culture as example, the mother solution in the
first tube or Petri dish contains 400 w1 of test EOs with known concentration and
4.6 ml of sterile broth culture. A control is separately prepared in broth by add-
ing 2.5 ml of solvent alone used for solubilisation. The serial dilution is then per-
formed by adding 2.5 ml of the mother solution to 2.5 ml of broth contained in
the second test tube. The rest of dilutions can be done in the same manner so as
to obtain a range of decreasing concentration. 15 pl of inoculum is then intro-
duced into each tube and all tubes are incubated at the optimal temperature for
2448 h, which can help prove to have sensitivity to EOs by the previous methods.
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The minimum inhibitory concentration (MIC) expressed as pl/ml or mg/l has been
measured by optical density measurement at 600 nm for determining the end-point
of bacterial growth.

4.3.4 Determination of Minimum Inhibitory and Bactericidal
Concentration

The inhibition diameter and minimum inhibitory concentration (MIC) are often
characterized for a strain in term of its resistance or sensitivity to antibiotics in
medical bacteriology. The MIC is the lowest antibiotic concentration for complete
inhibition of bacterial growth up to 24 or 48 h incubation, which is extensively
used to quantify antibacterial activity of EOs (Canilac and Mourey 2001; Delaquis
et al. 2002). Its various definitions in different studies are obstacles for result com-
parison. The MIC is frequently not bactericidal because the inoculum cells will
develop when the antibacterial agent disappears.

The minimum bactericidal concentration (MBC) is the concentration of
required inhibitor for a complete bactericidal action. It is defined as the lowest
concentration at which no growth is observed after subculturing into a fresh broth
(Onawunmi 1989). It is the concentration that can generate >99.9 % mortality of
the initial microbial cells. It is determined in liquid or solid medium by evaluat-
ing the survivors after the removal of the antibiotics (Rota et al. 2008). The MBC
test succeeds the MIC test directly, in which the cultures without bacteria growth
as well as control tube are inoculated again into new liquid or solid media in Petri
dishes, followed by a 24-48 h incubation under optimal temperature for the tar-
get microorganism. The minimum concentration of EOs required for no bacterial
development after incubation is considered the MBC (Fig. 4.3).

4.3.5 ‘Omic’ Techniques

The ‘omic’ techniques in terms of genomics, transcriptomics and proteomics have
been developed to follow the antimicrobial activities of EOs and their components
against single pathogen in particular (Demissie et al. 2011; Sertel et al. 2011;
Efferth and Koch 2011). These novel techniques coupled with meta-genomics,
transcriptomics and proteomics help to understand how microbial communities
respond to changes in their environment so that they could become a prerequisite
for better understanding of the EOs’ action mechanism by identification of their
targets and the disrupted molecular functions and pathways (Gillbert and Hughes
2011; Mitra et al. 2011). The use of ‘omic’ techniques will accelerate the search
for active compounds among a wide number of analyses and facilitate the selec-
tion of specific ligands for single cellular and molecular processes (Fig. 4.4).
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4.4 Application of EOs as Antimicrobials

Although the use of plant EOs has been primarily studied in the medical field, the nat-
ural properties of EOs and their effectiveness to new applications have been explored
and developed over thirty years, especially in food, cosmetic and public health fields.
EOs from various herbs and spices have been widely acknowledged to be food
flavourings and preservatives because of their aromatic and antimicrobial constitu-
ents inside. They have great potential to be natural preservatives that can be added
in almost all foods due to their high efficiency at very low concentrations (Vrinda
Menon and Garg 2001; Rooler and Seedhar 2002). Moreover, the incorporation of
EOs directly into foods or spraying of EOs on the food surface helps to control the
microbial flora for prevention of food oxidation (Oussalah et al. 2006). Besides,
EOs have been used in the food packaging for inhibition of spoilage moulds and
food pathogens (Nielsen and Rios 2000; Becerril et al. 2007). The application of
edible polymers (biofilm, capsule, emulsion, coating) containing EOs can signifi-
cantly reduce the microorganism growth during storage. It is essential to notice
the influence of environmental conditions, interactions between EOs and food con-
stituents, physical structures and compositions of food matrix on EOs’ efficiency
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against pathogens in foods, as well as the organoleptic properties of the food prod-
ucts with addition of EOs (Gill et al. 2002; Chouliara et al. 2008).

The scientific phytotherapy uses experimental techniques to emphasize the rela-
tionship between the chemical structures of EOs’ bioactive molecules and their
functional properties. As mentioned previously, the value of EOs is attributed to all
their constituents instead of only major components. The main therapeutic antimi-
crobial activities of plant extracts have been summarized as follows (Pisseri et al.
2008). EOs of Melaleuca alternifolia, Thymus spp., Satureja spp., Citrus berga-
mia, Origanum vulgaris, Illicium verum, Ocimum basilicum, Matricaria recutita,
Salvia officinalis, Satureja montana, Origanum majorana for their in vitro antibac-
terial properties and EOs of Melaleuca alternifolia, Thymus vulgaris, Origanum
vulgaris, Citrus lemon, Ocimum basilicum, riganum majorana for their in vivo
and in vitro antifungal properties. The EOs’ antimicrobial properties have inspired
various studies of air disinfection in hospitals, which a microbiological clean
ventilation system is implemented using EOs for air circulation. EOs of Satureia
montana L., Thymus vulgaris CT thymol, Origanum vulgaris and Cinnamomum
verum have proved their bactericidal capacities against Staphylococcus aureus and
Pseudomonas aeruginosa, which are two main pathogens for typical nosocomial
infections (Pibiri 2005). Besides, the effectiveness of EOs has also been embodied
against plant pathogenic bacteria in a sustainable agricultural strategy (Ryan 2002).
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EOs have also been widely used in dermatology for treatment of skin infections
in particular. For instance, the EOs of lavender are often incorporated into soaps
and other cosmetic products for treatment of dermatoses and skin maintaining.
Since the synthetic preservatives authorized in annex V of the Cosmetics Directive
have been gradually avoided or banned for the sake of health and less risk, EOs as
natural preservatives have attracted more attention to be alternatives in cosmetics
due to their antimicrobial properties. Nonetheless, the concentration of EOs used
is generally higher than the recommend percentage in cosmetics, which may gen-
erate unfit odors for the final product. In addition, EOs at these concentrations may
induce the allergic skin reaction. Therefore, the use of EOs is strictly regulated by
the scientific committee on consumer products (SCCP) for constituents as poten-
tial allergens in EOs which should be labeled on the product. The 7th amendment
of Cosmetics Directive has regulated that compulsory labels should be required if
EOs present more than 0.001 % in washing products (soaps, shampoos, etc.) and
more than 0.01 % in non-washing products (creams, etc.).

4.5 Conclusions

EOs and their constituents generally display efficient antimicrobial properties,
which have been used as preservatives against various microbial diseases. More
studies should be carried out on synergism and antagonism of constituents in EOs
and foods before using these substances. Moreover, the degree of toxicity should
be first investigated when EOs are employed for conservation and therapeutic
aims, especially in fields of food and cosmetic.

A scanning electron micrograph of untreated thyme

100m

Mag= 300X
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Chapter 5
Essential QOils as Insecticides

Abstract This chapter presents principal techniques for determining the insecticidal
activities of essential oils (EOs) after a brief introduction of the mechanism for EOs’
actions. Furthermore, applications of EOs as insecticides against various insects
have been summarized with valuable remarks.

Keywords Essential oils - Insecticidal activity + Mortality + Analytical methods -
Application

The aromatic plants and their extracts have been empirically used as phytosani-
tary agents in difference ancient cultures through the ages. The first plant-derived
compounds have been identified and isolated in 19th century even though their
insecticidal use could trace back to 17th century. Their insecticidal mechanism and
market use depending on their toxicity have been scientifically investigated world-
wide (Boutekedjiret 2009). However, the natural insecticides have been gradually
replaced by the effective synthetic ones due to the insufficient supply of plant raw
materials during the 20th century. As the massive and sometimes irrational use
of synthetic insecticides generated in the recent past years, people are becoming
increasing aware of their adverse effects on human health and environment apart
from their effectiveness in the crop protection. Most of these synthetic insecticides
are non-degradable and in fact they will accumulate and are persistent in the envi-
ronment or human bodies through food chains, which often cause chronic diseases
and other severe physiological disorders (Saiyed et al. 2003; Lemaire et al. 2004;
Fisk et al. 2001; Baldi et al. 2003; Oliva et al. 2001). Since these chemicals have
been more stringently restricted by several European regulations, it is essential to
explore novel, safe and eco-friendly substitutes with a considerable insecticidal
effectiveness.
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5.1 Imsecticidal Mechanism of EOs

Various studies of natural insecticides showed the secondary metabolites (EOs, ter-
penoids, polyphenols, steroids and alkaloids) synthesized by plants are responsible
for phyto-protective activity against plant pathogens and pests, among which EOs
exhibited their significant insecticidal, nematicidal, acaricidal and larvicidal proper-
ties. EOs not only act as poisons or neurotropes on the nervous system of insects,
but also can intervene in the cellular breathing either by inhibiting cellular oxida-
tion through transfer interruption in the respiratory chain or by asphyxiation through
the formation of an impermeable film insulating insects from the air. Moreover, they
may have an inhibitory power to enzyme activity and insect growth with respect to
adults, larvae and eggs as well.

5.2 Main Assessment of Insecticidal Activity

The choice of analytical method has a significant influence on the determination
of EOs’ insecticidal activities, which are mainly divided into micro-atmosphere,
direct contact and ingestion methods (Fig. 5.1).

Micro-atmosphere method involves a disk of EOs-impregnated filter paper
depositing at the centre of Petri dish cover without a direct contact with insects.
An evaporation of EOs’ volatile compounds then occurs in a hermetical container
with insects inside. As the name of the direct contact method implies, EOs can be
directly deposited or sprayed on insects in a hermetical container or insects are
directly placed in a Petri dish with an EOs-impregnated filter paper in a sealed
container. In ingestion method, the insects are put in contact with grains impreg-
nated by EOs. Regardless of the technique used, the reading is relevant to the
number of dead insects after a definite exposure time to EOs.

As a result of the fact that the natural mortality exists in any population, the
number of dead insects in a treated population is not the real mortality caused by
EOs. Therefore, the mortality must be corrected using Shneider-Orelli or Abbot
formula with due consideration of the natural death

Filter paper
soaked

Filter paper ._’__ ——
soaked =
with EOs

—

Micro atmosphere method Direct contact method Ingestion method

Fig. 5.1 Main assessment of EOs’ insecticidal activity
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M — Mt
Mc(%) = ————— x 100

where Mc is the corrected mortality, M is the mortality in the treated population
and Mt is the mortality in the control population.

The determination of the mortality caused by EOs is not enough to evaluate
EOs’ insecticidal activity. The further quantification of their effectiveness can be
determined in two ways. The first is to determine the mortality according to the
increasing doses of EOs (x,, n = 1, 2, 3,..., n), which leads to establish an experi-
mental curve representing the function Y = f(x) for LDs5y and LCsg calculation.
These two values are defined as the dose or lethal concentration that causes 50 %
of mortality. The second is to determine the mortality with a constant dose or con-
centration according to the increasing times (t,, n = 1, 2, 3...n), which leads to
establish an experimental curve representing the function Y = f(t) for LTs cal-
culation at each time. This value is the lethal time corresponding to a 50 % of
mortality. LDgg or LDgs can also use to quantify the necessary amounts of EOs for
killing 90 or 95 % population, which is useful for insecticide characterization so as
to get rid of pests at utmost.

5.3 Application of Essential Qils as Insecticides

For the sake of discovery of effective and eco-friendly alternatives to synthetic
insecticides, the insecticidal properties of various EOs have been widely studied
(Table 5.1). The EOs have presented its high effectiveness on not only the adults
of various vermin such as beetles, mosquitoes, flies, louses, mites, etc., but also on
larvae and eggs of several insects (Prajapati et al. 2005; Daizy et al. 2008). They
exhibited herbicidal effects on some noxious weeds as well (Singh et al. 2005). It
is worthwhile to mention that all constituents in EOs are responsible for the insecti-
cidal properties of EOs even though the major compounds seem to be more related.
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5.4 Conclusions 51

5.4 Conclusions

As summarized previously, a large amount of EOs have insecticidal properties
against various species of insects. These properties are related to chemical com-
positions in complex EOs, the functional groups (alcohols, phenols, etc.) of major
compounds and their synergistic effects. It should be noted that these synergies
may also involve minor compounds. The EOs represent an attractive potential to
substitute synthetic insecticides because of their diversity and efficiency. Besides,
it is essential to develop more efficient and green extraction techniques with appre-
ciable yields in order to meet the demand of EOs as natural insecticides one day.

Acknowledgement Authors thank Prof. Chahrazed Boutekedjiret from Ecole Nationale
Polytechnique Algeria for her valuable comments and discussion about EO’s as insecticides.
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Chapter 6
Essential QOils as Green Solvents

Abstract This chapter introduces the solvency of essential oils (EOs) as green
solvents, in particular, application of terpenes as solvents in extraction. The physio-
chemical properties of such solvents are predicted in comparison to the conventional
petroleum-based solvents. Several case studies for different purposes are provided
for future consideration.

Keywords Essential oils + Green solvents + Physiochemical properties *+ Application

As described earlier in the first chapter, essential oils (EOs) are generally odorous
mixtures of many terpene hydrocarbons formed by plant metabolism. The com-
mon EOs produced by conventional methods have been on the rise in quantity
over the years, in which monoterpene hydrocarbons (e.g. d-Limonene, a-pinene,
p-cymene) accounted for a large proportion. These EOs can be considered a
natural resource of terpenes which may appeal to many sectors including agri-
food, cosmetic, pharmaceutical, perfumery and fragrance industry. For instance,
limonene as the major terpenes (91-97 %) in citrus EOs, can be obtained through
distillation of by-products in the production of citrus juices. Food industry would
like to valorise such natural co-products which can be considered for other pur-
poses such as industrial solvent to obtain food grade ingredient such as colours,
antioxidants, etc. The conventional solvents such as n-hexane generally used in
industry, are derived from petroleum or halogenated solvents with a no doubt neg-
ative effect on both human health and environment. In addition, the industries are
encouraged to use alternative and eco-friendly solvents by governments and strict
legislations or standards with the consideration of both technical feasible and eco-
nomically viable aspects.

Terpenes are natural solvents derived from EOs, which have represented their
potential to be alternatives to petroleum-based solvents in various industrial applica-
tions. They differ in physical properties due to acyclic, bicyclic or monocyclic struc-
tures. d-Limonene is a biodegradable, low-toxic and cost-effective terpene extracted
from citrus peels as agricultural waste. A growing interest in various application of
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this renewable reagent has been taken into account as its cleaning and degreasing
properties were recognized with a considerable performance (Toplisek and Gustafson
1995; Chemat et al. 2012). Recently, the extraction of oil from oleiferous materi-
als using d-Limonene as an alternative to organic solvents has been investigated
(Mamidipally and Liu 2004; Virot et al. 2008a). The quantitative and qualitative anal-
ysis of terpene extracts presented similar results to those obtained using n-hexane.
Alpha-pinene is another interesting potential solvent, which are generally obtained
by distillation of pine oleoresins or fractionation of steam-distilled wood turpentine.
It represents as the major constituent in turpentine oils from most conifers, or as one
of components in wood, bark or leaf oils from a wide variety of other plants such as
rosemary, basil, rose, etc. p-Cymene present widely in tree leaf oils has been used as
either a solvent for dyes and varnishes, or an additive in fragrances and musk per-
fumes, or an odour masking agent for industrial products.

6.1 The Evaluation of Physiochemical Properties

The solvent power of these compounds can be evaluated by prediction of their
physical and thermodynamic properties using either conventional or modern
methods. The Hansen solubility parameters (HSP) theory has partitioned the fun-
damental Hildebrand’s energy into three distinctive forms of energy in terms of
dispersion, polar and hydrogen bond forces (Abbott et al. 2013). In general, the
HSP follow the classical “like dissolve like” rule that the smaller the dissimi-
larity of the HSP distance between molecules, the greater the affinity between
them. There are six HSP algorithms in HSPiP software, among which meth-
ods of Yamamoto and Stefanis-Panayiotou (S-P) are highly recommended. The
S-P method is recognized as the most extensive and accurate group-contribution
method to determine the four HSP values (8tot, 84, 8p and 8y) of molecules. It
breaks down the molecular structure into first- and second-order functional groups,
which respectively describe the overall structure of the molecule corresponding to
UNIFAC groups and improve the description of the molecular structure for higher
prediction accuracy (Stefanis and Panayiotou 2008). The Yamamoto-Molecular
Break (Y-MB) method provides an automatic way of creating only first-order
groups through simplified molecular input line entry syntax (SMILES) or 3D mol-
ecule input. The combination of an adaptive neural network methodology gives the
best predictive power for HSP, which inter-group interactions automatically get fit-
ted by the relative strengths of the neural interconnections. Moreover, it allows the
evaluation of other parameters (e.g. boiling point, density, molecular volume, etc.)
which other methods cannot achieve. Therefore, the theoretical solubility of main
components in EOs, relevant common solvents and interesting solutes has been
calculated by Y-MB method through their chemical structures (Fig. 6.1).

Instead of 3D sphere of Hansen solubility parameters, this 2D solubility diagram
(3n vs. 8p) excluding the insignificantly similar 84, can help to better visualize the
polarity of components so as to further interpret the dissolving mechanism. For
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instance, terpenes used in previous experimental studies are closer to carotenoids
and oil triglycerides than other organic solvents, which prove their potency of being
alternatives to other common solvents. From a physiochemical point of view, terpe-
nes are lipophilic solvents that can dissolve in organic solvents but are practically
insoluble in water. In addition to the similar HSP values to n-hexane, terpenes with
higher dielectric constant have higher polarity and dissociating power than n-hex-
ane. Besides, their higher flash points signify less flammable and less hazardous. It
is worth to point out that this method is still under development which has shown its
superiority with more convincing results. In order to get rational and accurate HSP
values at present, it is also insightful to compare the HSP predictions of these two
above-mentioned methods because they both have their strengths and limitations.
The COnductor-like Screening MOdel for Real Solvents (COSMO-RS) is one of
the most popular continuum solvation models based on mono-molecular quantum
chemical computations that generate a priori descriptors deriving from molecular
structure information (Klamt et al. 2010). The o-profile and o-potential in COSMO-
RS theories, as well as other thermodynamic parameters, can help to pre-screening
and to classify various solvents with the help of multivariate statistical analyses
so as to select appropriate solvents for different applications (Moity et al. 2012).
Compared to conventional group contribution methods, this modern approach can
well distinguish between stereoisomers though their real molecular structures.
Moreover, it can well interpret interactions of complex fluid systems at a desired
temperature or pressure, including multiphase mixture and macromolecules.

6.2 Main Purposeful Applications

Oils and fats from animal or vegetable origin are extracted with nonpolar solvents
such as n-hexane, which is a commonly-used, petroleum-derived organic solvent
with a relatively low boiling point (69 °C). It has been selected as an excellent
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Fig. 6.2 The concept of oil extraction using n-hexane and d-limonene as the solvent

solvent in classic Soxhlet extraction for many years because of its main advan-
tages of high efficiency and simple recovery. However, since its negative impacts
on human health and environment have been identified, questions of using n-hex-
ane arise due to its leakage during extraction and recovery. Thus, scientists and
industries are required to explore alternative solvents to n-hexane in order to
reduce its emissions and adverse impacts. Early works on extraction of vegetable
oils using d-Limonene as the solvent have been reported with favourable com-
ments on yield, quality and scale-up (Liu and Mamidipally 2005). Due to the high
boiling point of terpenes, the Clevenger apparatus coupling to a cohobation system
allows a continuous azeotropic distillation for the removal of terpenes from a mix-
ture of oils and water (Fig. 6.2). The higher energy consumption in terpene recov-
ery during extraction is also the main drawback of using such solvents, as well as
their higher viscosity and density. Furthermore, other terpenes like a-pinene and
p-cymene have recently attempted to achieve an efficient oil extraction. Bertouche
et al. (2013) proved the potential of using a-pinene as a good alternative to n-hex-
ane with comparable results. However, p-cymene among terpene solvents showed
the most promising performance for substitution of n-hexane and alcoholic sol-
vents (ethanol, butanol and isopropanol) respectively in terms of extraction yield
and selectivity (Dejoye-Tanzi et al. 2012; Li et al. 2014). Moreover, the high
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temperature for boiling terpene can decrease the viscosity and thus facilitate a
better diffusion in order to get a better lipid yield. The green extraction process has
also been developed with desired results through combination of green extraction
techniques and proved terpene solvents, which can significantly reduce treatment
time and energy (Virot et al. 2008b; Dejoye-Tanzi et al. 2013).

The food moisture is often determined by oven drying methods, which are
limited for matrices containing a high level of volatile compounds due to the
overestimation of actual water contents in food samples. Hence, the distillation
methods have been recognized as the most suitable methods, among which the
continuous and refluxing Dean-Stark distillation became the reference method
for water determination in food products and subsequently in herbs and spices
(Balladin and Headley 1999; Brunnemann et al. 2002; Fleury et al. 20006).
The recommended solvent for Dean-Stark distillation is toluene, which can be
obtained from the petroleum industry and is commonly used in chemical syn-
thesis or in cosmetic and pharmaceutical industries as an extraction solvent.
However, like in the case of n-hexane, such solvent has to be gradually elimi-
nated due to increasing environmental and health concerns. Veillet et al. (2010)
has replaced toluene by d-Limonene in the Dean-Stark procedure for mois-
ture determination in food products. Although the boiling point of d-Limonene
(176 °C) is higher than that of toluene (111 °C), the azeotropic distillation
depending on the ability of solvent (d-limonene) can form an azeotropic mix-
ture at 97.4 °C with in situ water contained in the food matrix, which has proved
potential application of limonene as an alternative to toluene. The azeotropic
distillation kinetics appeared similar with minor variations. Although the water
recovery in the beginning was laggard when d-Limonene was used, the total time
required to achieve complete water recovery was shorter than that of toluene.
Therefore, the excess energy consumption can be compensated by the shorter
processing time. Bertouche et al. (2012) obtained similar kinetics with a-pinene
as an alternative solvent in moisture determination of food products. The new
Deak-Stark procedure using terpenes as solvents has proved to be available for a
wide range of food products, including vegetables, herbs, spices and meat. It has
been found that d-Limonene showed a better performance than that of a-pinene,
especially for moisture in meat.

The traditional extraction of food colors such as carotenoids is usually car-
ried out using organic solvents such as dichloromethane, acetone, chloroform,
etc. The volatility and the dissolving power of these petroleum-origin solvents
make themselves to be preferential for an efficient application. However, these
solvents are harmful to human and environment. Moreover, the solvent residues
may contaminate the end-products. As a consequence, a greener extraction of
lycopene from fresh tomatoes using d-Limonene instead of dichloromethane has
been proposed (Chemat-Djenni et al. 2010) (Fig. 6.3). The d-Limonene showed
its potential value of protecting environment through reduction of volatile organic
compounds even though dichloromethane showed a higher extraction yield. This
proposed approach explores a new solution for the post-processing of by-prod-
ucts in industry.
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Fig. 6.3 The lycopene extraction using dichloromethane and d-limonene as the solvent

6.3 Conclusions

The major monoterpenes in EOs have proved their potency of becoming alter-
natives to petroleum-based solvents in various applications, which are mostly in
line with the 5th principle of green chemistry and green extraction concept. The
procedure using such novel solvents typically involves less energy, less hazardous
substances and renewable solvents, which lead to a real sustainable process with
integration of authorized green techniques. Using terpenes as alternative solvents
is of great interest for future extraction of natural bioactive compounds in food,
cosmetic and medical field.
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Chapter 7
Essential Oils as Synthons
for Green Chemistry

Abstract This chapter briefly presents a historical development of organic synthesis
first and the application of main ingredients in essential oils (EOs) as synthons in
various purposeful syntheses has been provided afterwards for a sustainable future,
which is based on the principle of green chemistry.

Keywords Essential oils + Ingredients + Synthesis *+ Green chemistry

Due to the fact that the starting materials used for current organic synthesis are
mainly petroleum-derived substances, natural components of plant origin have
attracted more attention in greener syntheses for a sustainable chemistry. Essential
oils (EOs) consist of diverse compounds, which can be isolated by distillation
for potential use as renewable building blocks in the synthesis of basic or fine
chemicals. As regards the complex composition of EOs, the volatile fraction (e.g.
linalool, eugenol, limonene, etc.) of these secondary metabolites is essentially ter-
penoid- or phenolic-origin, which mostly has a smaller molecular weight (<350 g/
mol). These compounds with different unsaturated levels contain functional or
asymmetric carbon groups, which can be used as starting materials for functional
modifications in purposeful syntheses.

7.1 Development of the Chemistry of Terpene

Numerous organic syntheses have been carried out since the first urea synthesis
happened in the early of 19th century. This significant progress can help not only
to develop the synthetic methodology and structural elucidation, but also to under-
stand the reaction mechanisms and enantioselectivity so as to make use of them
better. Nevertheless, the majority of starting materials or carbon substrates, which
have been used in organic synthesis nowadays, is petrochemicals. Subsequently,
chemists have attempted to use biomass as renewable source of starting materials

© The Author(s) 2014 63
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in the face of gradually depleted fossil resource. The improvement of syntheses
which mainly focus on the yield of desired products has been lasted until the
famous twelve principles of green chemistry have been enacted in the late 20th
century (Anastas and Warner 1998). The natural substances such as those found
in EOs should be considered in syntheses to ease the energy dilemma, which is
aligned with the 7th principle of green chemistry. For instance, two chiral mol-
ecules (shikimic and quinic acid) from biomass have been proved to facilitate the
hemisynthesis of an achiral molecule (tamiflu). In the meanwhile, new syntheses
such as enzymatic modification of natural origin molecules have been recently
developed (Groussin and Antoniotti 2012).

7.2 Essential Oils as Ingredients in Synthesis

In general, products in industrial chemistry are distinguished with two categories.
The category of commodity includes low value products with simple structures
that usually need for mass production according to the automated and optimized
continuous process, while the category of fine chemicals involves high value-
added products with sophisticated performances which are typically produced
in smaller quantities. The renewable main ingredients in EOs can not only be
reserved for the products in the first category but they can also be synthons for
syntheses of products in the second category. The interest of using them as build-
ing blocks for industrial chemical products has been put into practice in various
applications, some of which have been summarized in Table 7.1. It is worth not-
ing that some of such synthons can also transform in between reciprocally. For
instance, 8-carene and o-pinene can be transformed into dipentene (limonene),
which the latter can be transformed into cymene using various catalytic systems.
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Fig. 7.2 The conversion of linalool from coriander to a-tocopherol

7.3 Conclusions

As can be learned through various applications above, the interest of using major
compounds in EOs as synthons in organic synthesis has represented a signifi-
cant possibility and success. These natural synthons from renewable biomass are
expected to play an important role in the future syntheses of industrial chemicals.
Meanwhile, other less volatile or less refined compounds in EOs which are read-
ily available should be emphasized to study their potential in the total synthesis as
starting materials. Besides, with the aim of maximizing production of interesting
metabolites for purposeful syntheses, the relevant technology of gene combination
for plant metabolisms should also be considered.
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A scanning electron micrograph of untreated caraway seed
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