O

=
=l
V- —

&

Handbook of

ESSENTIAL

Science, Technology,
and Applications

Edited by
K. HisnU Can Baser
Gerhard Buchbauer




Ha nd bOOk OF

ESSENTIAL
OILS adicien™







Handbook of

ESSENTIAL
O I L Science, Technology,

and Applications
Edited by

K. Hisnu Can Baser

Gerhard Buchbauer

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2010 by Taylor and Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number: 978-1-4200-6315-8 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Baser, K. H. C. (Kemal Hiisnit Can)
Handbook of essential oils : science, technology, and applications / K. Hiisnit Can Baser, Gerhard
Buchbauer.
p. cm.
Includes bibliographical references and index.
ISBN 978-1-4200-6315-8 (hardcover : alk. paper)
1. Essences and essential oils--Handbooks, manuals, etc. I. Buchbauer, Gerhard. II. Title.

QD416.7.B37 2010
661'.806--dc22 2009038020

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

BUIEOTS ettt ettt ettt et b et b e a e bt et e bt et e bt e et eaeenbe et e naeeneenbeennen ix

CONETIDULOTS ..ttt ettt ettt ettt ettt s bt et esb e ea b e sb e et e eb e et e esee bt eatesbeeaeesbeemaesbeentesseenseeneanteans xi

Chapter 1  INtrodUCTION ....ooviieciieiieiiieste ettt e ete et e eteesteeebeesaeessbeesseeesseensaesssaeseessseenssenssesnses 1
K. Hiisnii Can Baser and Gerhard Buchbauer

Chapter 2 History and Sources of Essential Oil Research ..........ccccooovevieviecienieceniceeeeeeeen 3
Karl-Heinz Kubeczka

Chapter 3  Sources of Essential OilS ......c.ccccecuerierieiririnininencntcnenesereteeeeeeeeee et 39
Chlodwig Franz and Johannes Novak

Chapter 4 Production of Essential OilS .........ccceciieiiieiieniiiiiienieeiieesieeieenieeeveesee e e seneeveens 83
Erich Schmidt

Chapter 5 Chemistry of Essential OilS .......cccccoevieviirieriiiierie ettt 121
Charles Sell

Chapter 6 Analysis of Essential Oils .......ccccceciririiririnineniicieeceeteeeeeeeesee e 151
Barbara d’Acampora Zellner, Paola Dugo, Giovanni Dugo,
and Luigi Mondello

Chapter 7 Safety Evaluation of Essential Oils: A Constituent-Based Approach .................. 185
Timothy B. Adams and Sean V. Taylor

Chapter 8 Metabolism of Terpenoids in Animal Models and Humans .......c..c.ccoccecevenienene. 209
Walter Jiger

Chapter 9 Biological Activities of Essential Oils .........ccccocevevieiienieiinininininencneseeeeeeae 235
Gerhard Buchbauer



vi

Chapter 10

Chapter 11

Chapter 12

Chapter 13

Chapter 14

Chapter 15

Chapter 16

Chapter 17

Chapter 18

Chapter 19

Contents
Effects of Essential Oils in the Central Nervous System .......c..cccceceeveverenvenuennene 281
10.1  Central Nervous System Effects of Essential Oils in
HUMANS ..o 281
Eva Heuberger
10.2  Psychopharmacology of Essential Oils ........cccccceeveviriinininieninenieneiennn 297

Domingos Sdvio Nunes, Viviane de Moura Linck, Adriana Lourengo da Silva,
Micheli Figueiro, and Elaine Elisabetsky

Phytotherapeutic Uses of Essential Oils .........ccccoeveevirieninieneniencnicicneeieeeenn
Bob Harris

In Vitro Antimicrobial Activities of Essential Oils Monographed in the
European Pharmacopoeia 6th Edition .........c.ccccociiiiiiniiiiniiiceeceeeee

Alexander Pauli and Heinz Schilcher

Aromatherapy with Essential Oils .......cccoocoiiiininiiniiiiiniiieeeeeeeceee
Maria Lis-Balchin

Biotransformation of Monoterpenoids by Microorganisms, Insects,
aANd Mammals ...cc.coceerioiiiniiiiececeeee ettt

Yoshiaki Noma and Yoshinori Asakawa

Biotransformation of Sesquiterpenoids, lonones, Damascones, Adamantanes,
and Aromatic Compounds by Green Algae, Fungi, and Mammals ....................

Yoshinori Asakawa and Yoshiaki Noma

Industrial Uses of ESsential OilS .......cccoccveiiiiiiiieiiiiiiiiieeeeeciieeeee e eeaeeee e

W.S. Brud

Encapsulation and Other Programmed Release Techniques for Essential Oils
and Volatile TEIPENES ......c.cccieriiiiiienie ettt ettt ettt st aee e

Jan Karlsen

ATOMA-VILAl CUISINE  .oevvviiiiiiiiiiiiiiieeeeeee et e e e e e e e e e e e e e e e e e e se s nsnsnnnes

Maria M. Kettenring and Lara-M. Vucemilovic Geeganage

Essential Oils Used in Veterinary Medicine .........ccccceceveeveneeneniceneneeneneenens

K. Hiisnii Can Baser and Chlodwig Franz



Contents vii

Chapter 20 Trade of Essential OilS ......ccccccocerviririninininiinienicececeeeeeese e 895
Hugo Bovill

Chapter 21 Storage and Transport of Essential Oils .........ccoocerierenieniiiieninienieienceeeneeenee. 903
Klaus-Dieter Protzen

Chapter 22 Recent EU Legislation on Flavors and Fragrances and Its Impact on
Essential OllS ......ccccoiiiiiiiiiiiiiiccee e 917

Jan C.R. Demyttenaere






Editors

K. Hiisnii Can Baser was born on July 15, 1949 in Cankiri, Turkey. He
graduated from the Eskisehir LT.I.A. School of Pharmacy with diploma
number 1 in 1972 and became a research assistant in the pharmacog-
nosy department of the same school. He did his PhD in pharmacognosy
between 1974 and 1978 at Chelsea College of the University of London.

Upon returning home, he worked as a lecturer in pharmacognosy at
the school he had earlier graduated, and served as director of Eskisehir
LT.I.A. School of Chemical Engineering between 1978 and 1980. He
was promoted to associate professorship in pharmacognosy in 1981.

He served as dean of the faculty of pharmacy at Anadolu University
(1993-2001), vice-dean of the faculty of pharmacy (1982-1993), head of
the department of professional pharmaceutical sciences (1982-1993),
head of the pharmacognosy section (1982—present), member of the
University Board and Senate (1982-2001; 2007), and director of the Medicinal and Aromatic Plant
and Drug Research Centre (TBAM) (1980-2002) in Anadolu University.

During 1984-1994, he was appointed as the national project coordinator of Phase I and Phase II of
the UNDP/UNIDO projects of the government of Turkey titled “Production of Pharmaceutical
Materials from Medicinal and Aromatic Plants,” through which TBAM had been strengthened.

He was promoted to full professorship in pharmacognosy in 1987. His major areas of research
include essential oils, alkaloids, and biological, chemical, pharmacological, technological, and bio-
logical activity research into natural products. He is the 1995 Recipient of the Distinguished Service
Medal of IFEAT (International Federation of Essential Oils and Aroma Trades) based in London,
United Kingdom and the 2005 recipient of “Science Award” (Health Sciences) of the Scientific and
Technological Research Council of Turkey (TUBITAK). He has published 537 papers in interna-
tional refereed journals (378 in SCI journals), 105 papers in Turkish journals, and 134 papers in
conference proceedings.

For more information: http://www.khcbaser.com

Gerhard Buchbauer was born in 1943 in Vienna, Austria. He studied
pharmacy at the University of Vienna, from where he received his
master’s degree (Mag.pharm.) in May 1966. In September 1966, he
assumed the duties of university assistant at the Institute of Pharma-
ceutical Chemistry and received his doctorate (PhD) in pharmacy and
philosophy in October 1971 with a thesis on synthetic fragrance com-
pounds. Further scientific education was practised as post doc in the
team of Professor C.H. Eugster at the Institute of Organic Chemistry,
University of Zurich (1977-1978), followed by the habilitation (post
doctoral lecture qualification) in Pharmaceutical Chemistry with the
inaugural dissertation entitled “Synthesis of Analogies of Drugs and
Fragrance Compounds with Contributions to Structure-Activity-Relationships” (1979) and
appointment to the permanent staff of the University of Vienna, and head of the first department
of the Institute of Pharmaceutical Chemistry. In November 1991, he was appointed as a full




X Editors

professor of Pharmaceutical Chemistry, University of Vienna; in 2002, he was elected as head
of this institute. He retired in October 2008. He is married since 1973 and was a father of a son
since 1974.

Among others, he is still a member of the permanent scientific committee of ISEO, a member of
the scientific committee of Forum Cosmeticum (1990, 1996, 2002, and 2008), a member of editorial
boards (e.g., Journal of Essential Oil Research, The International Journal of Essential Oil
Therapeutics, Scientia Pharmaceutica, etc.), assistant editor of Flavour and Fragrance Journal,
regional editor of Eurocosmetics, a member of many scientific societies, for example, Society of
Austrian Chemists, head of its working group “Food Chemistry, Cosmetics, and Tensides” (2000—
2004), Austrian Pharmaceutical Society, Austrian Phytochemical Society, vicehead of Austrian
Society of Scientific Aromatherapy, and so on, technical advisor of IFEAT (1992-2008), and orga-
nizer of the 27th ISEO (September 2006, in Vienna) together with Professor Dr. Ch. Franz.

Based on the sound interdisciplinary education of pharmacists, it was possible to establish almost
completely neglected area of fragrance and flavor chemistry as a new research discipline within
the pharmaceutical sciences. Our research team is the only one that conducts fragrance research in
its entirety and covers synthesis, computer-aided fragrance design, analysis, and pharmaceutical/
medicinal aspects. Because of our efforts, it is possible to show and to prove that these small mol-
ecules possess more properties than merely emitting a good odor. Now, this “Viennese Centre of
Flavour research” has gained a worldwide scientific reputation documented by more than 400 sci-
entific publications, about 100 invited lectures, and about 200 contributions to symposia, meetings,
and congresses, as short lectures and poster presentations.



Contributors

Timothy B. Adams
Flavor & Extract Manufacturers Association
Washington, DC

Yoshinori Asakawa
Tokushima Bunri University
Tokushima, Japan

K. Hiisnii Can Baser
Department of Pharmacognosy
Anadolu University

Eskisehir, Turkey

Hugo Bovill

Treatt PLC

Bury St. Edmunds
Suffolk, United Kingdom

W. S. Brud

Warsaw University of Technology and
Pollena-Aroma Ltd

Warsaw, Poland

Gerhard Buchbauer

Department of Clinical Pharmacy and
Diagnostics

University of Vienna

Vienna, Austria

Jan C. R. Demyttenaere

European Flavour and Fragrance Association
(EFFA)

Brussels, Belgium

Giovanni Dugo

Department of Drug-Chemical
University of Messina
Messina, Italy

Paola Dugo

Department of Food Science and the
Environment

University of Messina

Messina, Italy

Elaine Elisabetsky
Laboratory of Ethnopharmacology
The Federal University of
Rio Grande do Sul
Porto Alegre, Brazil

Micheli Figueiré
Laboratory of Ethnopharmacology
The Federal University of
Rio Grande do Sul
Porto Alegre, Brazil

Chlodwig Franz

Institute for Applied Botany and
Pharmacognosy

University of Veterinary Medicine Vienna

Vienna, Austria

Bob Harris
SARL Essential Oil Consultants
Provence, France

Eva Heuberger

Department of Clinical Pharmacy and
Diagnostics

University of Vienna

Vienna, Austria

Walter Jiger

Department of Clinical Pharmacy and
Diagnostics

University of Vienna

Vienna, Austria

xi



Xxii

Jan Karlsen

Department of Pharmaceutics
University of Oslo

Oslo, Norway

Maria M. Kettenring
Neu-Isenburg, Germany

Karl-Heinz Kubeczka
Untere Steigstrasse
Germany

Viviane de Moura Linck

Laboratory of Ethnopharmacology

The Federal University of Rio Grande do Sul
Porto Alegre, Brazil

Maria Lis-Balchin
South Bank University
London, United Kingdom

Luigi Mondello

Department of Drug-Chemical
University of Messina
Messina, Italy

and

Campus-Biomedical
Rome, Italy

Yoshiaki Noma
Tokushima Bunri University
Tokushima, Japan

Johannes Novak

Institute for Applied Botany and
Pharmacognosy

University of Veterinary Medicine Vienna

Vienna, Austria

Domingos Savio Nunes
Departament of Chemistry

State University of Ponta Grossa
Ponta Grossa, Brazil

Contributors

Alexander Pauli
ReviewScience
Zirndorf, Germany

Klaus-Dieter Protzen
Paul Kaders GmbH
Hamburg, Germany

Heinz Schilcher
Immenstadt, Allgdu, Germany

Erich Schmidt
Nordlingen, Germany

and

Kurt Kitzing GmbH
Wallerstein, Germany

Charles Sell
Givaudan UK Ltd.
Ashford, Kent, England

Adriana Lourenco da Silva

Laboratory of Ethnopharmacology

The Federal University of Rio Grande do Sul
Porto Alegre, Brazil

Sean V. Taylor
Flavor & Extract Manufacturers Association
Washington, DC

Lara M. Vucemilovic
Neu-Isenburg, Germany

Barbara d’Acampora Zellner
Department of Drug-Chemical
University of Messina
Messina, Italy



’I Introduction

K. Hiisnii Can Baser and Gerhard Buchbauer

Essential oils (EOs) are very interesting natural plant products and among other qualities they
possess various biological properties. The term “biological” comprises all activities that these mix-
tures of volatile compounds (mainly mono- and sesquiterpenoids, benzenoids, phenylpropanoids,
etc.) exert on humans, animals, and other plants. This book intends to make the reader acquainted
with all aspects of EOs and their constituent aromachemicals ranging from chemistry, pharmacology,
biological activity, production, and trade to uses, and regulatory aspects. After an overview of research
and development activities on EOs with a historical perspective (Chapter 2), Chapter 3 “Sources of
Essential Oils” gives an expert insight into vast sources of EOs. The chapter also touches upon agro-
nomic aspects of EO-bearing plants. Traditional and modern production techniques of EOs are illus-
trated and discussed in Chapter 4. It is followed by two important chapters “Chemistry of Essential
Oils” (Chapter 5) and “Analysis of Essential Oils” (Chapter 6) illustrating chemical diversity of EOs,
and analytical techniques employed for the analyses of these highly complex mixtures of volatiles.
They are followed by a cluster of articles on the biological properties of EOs, starting with “The
Toxicology and Safety of Essential Oils: A Constituent-Based Approach” (Chapter 7). On account of
the complexity of these natural products, the toxicological or biochemical testing of an EO will
always be the sum of its constituents which either act in a synergistic or in an antagonistic way with
one another. Therefore, the chemical characterization of the EO is very important for the understand-
ing of its biological properties. The constituents of these natural mixtures upon being absorbed into
the blood stream of humans or animals get metabolized and eliminated. This metabolic biotransfor-
mation leads mostly in two steps to products of high water solubility which enables the organism to
get rid of these “xenobiotics” by renal elimination. This mechanism is thoroughly explained in
Chapter 8, “Metabolism of Terpenoids in Animal Models and Humans.” In Chapter 9, “Biological
Activities of Essential Qils,” “uncommon” biological activities of EOs are reviewed, such as antican-
cer properties, antinociceptive effects, antiviral activities, antiphlogistic properties, penetration
enhancement activities, and antioxidative effects. The psychoactive, particularly stimulating, and
sedative effects of fragrances as well as behavioral activities, elucidated, for example, by neurophysi-
ological methods, are the topics of Chapter 10 (“Effects of Essential Oils in the Central Nervous
Systemd”), Section 10.2. Here, the emphasis is put on the central nervous system and on psychophar-
macology whereas Chapter 10, Section 10.1 mainly deals with reactions of the autonomic nervous
system upon contact with EOs and/or their main constituents. The phytotherapeutic uses of EOs is
another overview about scientific papers in peer-reviewed journals over the last 30 years, so to say the
medical use of these natural plant products excluding aromatherapeutical treatments and single case
studies (Chapter 11, “Phytotherapeutic Uses of Essential Oils”). Another contribution only deals with
antimicrobial activities of those EOs that are monographed in the European Pharmacopoeia. In
Chapter 12, “In Vitro Antimicrobial Activities of Essential Oils Monographed in the European
Pharmacopoeia 6th Edition,” more than 81 tables show the importance of these valuable properties
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of EOs. Aromatherapy with EOs covers the other side of the “classical” medical uses. “Aromatherapy
with Essential Oils” (Chapter 13), is written by Maria Lis-Balchin, a known expert in this field and
far from esoteric quackery. It completes the series of contributions dealing with the biological proper-
ties of EO regarded from various sides and standpoints.

Chapters 14 and 15 by the world-renown experts Y. Asakawa and Y. Noma are concise treatises
on the biotransformations of EO constituents. Enzymes in microorganisms and tissues metabolize
EO constituents in similar ways by adding mainly oxygen function to molecules to render them
water soluble to facilitate their metabolism. This is also seen as a means of detoxification for these
organisms. Many interesting and valuable novel chemicals are biosynthesized by this way. These
products are also considered as natural since the substrates are natural.

Encapsulation is a technique widely utilized in pharmaceutical, chemical, food, and feed
industries to render EOs more manageable in formulations. Classical and modern encapsulation
techniques are explained in detail in Chapter 17, “Encapsulation and Other Programmed Release
techniques for EOs and Volatile Terpenes.”

EOs and aromachemicals are low-volume high-value products used in perfumery, cosmetics,
feed, food, beverages, and pharmaceutical industries. Industrial uses of EOs are covered in an infor-
mative chapter from a historical perspective.

“Aroma-Vital Cuisine” (Chapter 18) looks at the possibility to utilize EOs in the kitchen, where
the pleasure of eating, the sensuality, and the enjoyment of lunching and dining of mostly processed
food are stressed. Here, rather the holistic point of view and not too scientific way of understanding
EOs is the topic, simply to show that these volatile natural plant products can add a lot of well-
feeling to their users.

EOs are not only appealing to humans but also to animals. Applications of EOs as feed additives
and for treating diseases in pets and farm animals are illustrated in Chapter 19, “Essential Oils Used
in Veterinary Medicine,” that comprises a rare collection of information in this subject.

The EO industry is highly complex and fragmented and the trade of EOs is rather conservative
and highly specialized. EOs are produced and utilized in industrialized as well as in developing
countries worldwide. Their trade situation in the world is summarized in “Trade of Essential Oils”
(Chapter 20), authored by a world-renown expert Hugo Bovill.

Storage and transport of EOs are crucial issues since they are highly sensitive to heat, moisture,
and oxygen. Therefore, special precautions and strict regulations apply for their handling in storage
and transport. “Storage and Transport of Essential Oils” (Chapter 21) will give the reader necessary
guidelines to tackle this problem.

Finally, the regulatory affairs of EOs are dealt with in Chapter 22 in order to give a better insight
to those interested in legislative aspects. “Recent EU Legislation on Flavors and Fragrances and Its
Impact on Essential Oils” comprises the most up-to-date regulations and legislative procedures
applied on EOs in the European Union.

This book is hoped to satisfy the needs of EO producers, traders, and users as well as researchers,
academicians, and legislators who will find the most current information given by selected experts
under one cover.
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2.1 FIRST SYSTEMATIC INVESTIGATIONS

The first systematic investigations of constituents from essential oils may be attributed to the French
chemist M. J. Dumas (1800-1884) who analyzed some hydrocarbons and oxygen as well as sulfur-
and nitrogen-containing constituents. He published his results in 1833. The French researcher

3
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M. Berthelot (1859) characterized several natural substances and their rearrangement products by
optical rotation. However, the most important investigations have been performed by O. Wallach, an
assistant of Kekule. He realized that several terpenes described under different names according to
their botanical sources were often, in fact, chemically identical. He, therefore, tried to isolate the
individual oil constituents and to study their basic properties. He employed together with his highly
qualified coworkers Hesse, Gildemeister, Betram, Walbaum, Wienhaus, and others fractional distil-
lation to separate essential oils and performed reactions with inorganic reagents to characterize the
obtained individual fractions. The reagents he used were hydrochloric acid, oxides of nitrogen,
bromine, and nitrosyl chloride—which was used for the first time by W. A. Tilden (1875)—by
which frequently crystalline products have been obtained.

At that time, hydrocarbons occurring in essential oils with the molecular formula C, H,, were
known, which had been named by Kekule zerpenes because of their occurrence in turpentine oil.
Constituents with the molecular formulas C,jH,,0 and C,,H,;;O were also known at that time under
the generic name camphor and were obviously related to terpenes. The prototype of this group was
camphor itself, which was known since antiquity. In 1891, Wallach characterized the terpenes
pinene, camphene, limonene, dipentene, phellandrene, terpinolene, fenchene, and sylvestrene, which
has later been recognized to be an artifact.

During 1884-1914, Wallach wrote about 180 articles that are summarized in his book Terpene
und Campher (Wallach, 1914) compiling all the knowledge on terpenes at that time and already in
1887 he suggested that the terpenes must be constructed from isoprene units. In 1910, he was hon-
ored with the Nobel Prize for Chemistry “in recognition of his outstanding research in organic
chemistry and especially in the field of alicyclic compounds.”

In addition to Wallach, the German chemist A. von Baeyer, who also had been trained in Kekule’s
laboratory, was one of the first chemists to become convinced of the achievements of structural
chemistry and who developed and applied it to all of his work covering a broad scope of organic
chemistry. Since 1893, he devoted considerable work to the structures and properties of cyclic
terpenes (von Bayer, 1901). Besides his contributions to several dyes, the investigations of polyacety-
lenes, and so on, his contributions to theoretical chemistry including the strain theory of triple
bonds and small carbon cycles have to be mentioned. In 1905, he was awarded the Nobel Prize for
Chemistry “in recognition of his contributions to the development of Organic Chemistry and
Industrial Chemistry, by his work on organic dyes and hydroaromatic compounds.” The frequently
occurring acyclic monoterpenes geraniol, linalool, citral, and so on have been investigated by
F. W. Semmler and the Russian chemist G. Wagner (1899), who recognized the importance of rear-
rangements for the elucidation of chemical constitution, especially the carbon-to-carbon migration
of alkyl, aryl, or hydride ions, a type of reaction that was later generalized by H. Meerwein (1914) as
Wagner—Meerwein rearrangement.

More recent investigations of J. Read, W. Hiickel, H. Schmidt, W. Treibs, and V. Prelog were
mainly devoted to disentangle the stereochemical structures of menthols, carvomenthols, borneols,
fenchols, and pinocampheols, as well as the related ketones (cf. Gildemeister and Hoffmann, 1956).

A significant improvement in structure elucidation was the application of dehydrogenation of
sesqui- and diterpenes with sulfur and later with selenium to give aromatic compounds as a major
method, and the application of the isoprene rule to terpene chemistry, which have been very effi-
ciently used by L. Ruzicka (1953) in Zurich, Switzerland. In 1939, he was honored in recognition
of his outstanding investigations with the Nobel Prize in chemistry for his work on “polymethylenes
and higher terpenes.”

The structure of the frequently occurring bicyclic sesquiterpene B-caryophyllene was for many
years a matter of doubt. After numerous investigations W. Treibs (1952) has been able to isolate the
crystalline caryophyllene epoxide from the autoxidation products of clove oil and F. Sorm et al.
(1950) suggested caryophyllene to have a 4- and 9-membered ring on bases of infrared (IR) investi-
gations. This suggestion was later confirmed by the English chemist D. H. R. Barton (Barton and
Lindsay, 1951), who was awarded the Nobel Prize in Chemistry in 1969.
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The application of ultraviolet (UV) spectroscopy in the elucidation of the structure of terpenes
and other natural products was extensively used by R. B. Woodward in the early forties of the last
century. On the basis of his large collection of empirical data, he developed a series of rules (later
called the Woodward rules), which could be applied to finding out the structures of new natural
substances by correlations between the position of UV maximum absorption and the substitution
pattern of a diene or an o, 3-unsaturated ketone (Woodward, 1941). He was awarded the Nobel Prize
in Chemistry in 1965. However, it was not until the introduction of chromatographic separation
methods and nuclear magnetic resonance (NMR) spectroscopy into organic chemistry, that a lot of
further structures of terpenes were elucidated. The almost exponential growth in our knowledge in
that field and other essential oil constituents is essentially due to the considerable advances in
analytical methods in the course of the last half century.

2.2 RESEARCH DURING THE LAST HALF CENTURY

2.2.1  EssenTIAL O1L PREPARATION TECHNIQUES

2.2.1.1 Industrial Processes

The vast majority of essential oils are produced from plant material in which they occur by different
kinds of distillation or by cold pressing in the case of the peel oils from citrus fruits.

In water- or hydrodistillation, the chopped plant material is submerged and in direct contact with
boiling water. In steam distillation, the steam is produced in a boiler separate of the still and blown
through a pipe into the bottom of the still, where the plant material rests on a perforated tray or in a
basket for quick removal after exhaustive extraction. In addition to the aforementioned distillation at
atmospheric pressure, high-pressure steam distillation is most often applied in European and
American field stills and the applied increased temperature significantly reduces the time of distilla-
tion. The high-pressure steam-type distillation is often applied for peppermint, spearmint, lavandin,
and the like. The condensed distillate, consisting of a mixture of water and oil, is usually separated
in a so-called Florentine flask, a glass jar, or more recently in a receptacle made of stainless steel
with one outlet near the base and another near the top. There the distillate separates into two layers
from which the oil and the water can be separately withdrawn. Generally, the process of steam distil-
lation is the most widely accepted method for the production of essential oils on a large scale.

Expression or cold pressing is a process in which the oil glands within the peels of citrus fruits
are mechanically crushed to release their content. There are several different processes used for the
isolation of citrus oils; however, there are four major currently used processes. Those are Pellatrice
and Sfumatrice—most often used in Italy—and the Brown Peel Shaver as well as the FMC extrac-
tor, which are used predominantly in North and South America. For more details see for example
Lawrence 1995. All these processes lead to products that are not entirely volatile because they may
contain coumarins, plant pigments, and so on; however, they are nevertheless acknowledged as
essential oils by the International Organization for Standardization (ISO), the different pharma-
copoeias, and so on.

In contrast, extracts obtained by solvent extraction with different organic solvents, with liquid
carbon dioxide or by supercritical fluid extraction (SFE) may not be considered as true essential oils;
however, they possess most often aroma profiles that are almost identical to the raw material from
which they have been extracted. They are therefore often used in the flavor and fragrance industry
and in addition in food industry, if the chosen solvents are acceptable for food and do not leave any
harmful residue in food products.

2.2.1.2 Laboratory-Scale Techniques

The following techniques are used mainly for trapping small amounts of volatiles from aromatic
plants in research laboratories and partly for determination of the essential oil content in plant
material. The most often used device is the circulatory distillation apparatus, basing on the
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publication of Clevenger in 1928 and which has later found various modifications. One of those
modified apparatus described by Cocking and Middleton (1935) has been introduced in the
European Pharmacopoeia and several other pharmacopoeias. This device consists of a heated
round-bottom flask into which the chopped plant material and water are placed and which is con-
nected to a vertical condenser and a graduated tube, for the volumetric determination of the oil.
At the bottom of the tube a three-way valve permits to direct the water back to the flask, since it
is a continuous closed-circuit distillation device, and at the end of the distillation process to sepa-
rate the essential oil from the water phase for further investigations. The length of distillation
depends on the plant material to be investigated; however, it is usually fixed to 3—4 h. For the
volumetric determination of the essential oil content in plants according to most of the pharma-
copoeias, a certain amount of xylene—usually 0.5 mL—has to be placed over the water before
running distillation to separate even small droplets of essential oil during distillation from the
water. The volume of essential oil can be determined in the graduated tube after subtracting the
volume of the applied xylene.

Improved constructions with regard to the cooling system of the above-mentioned distillation
apparatus have been published by Stahl (1953) and Sprecher (1963), and in publications of Kaiser
et al. (1951) and Mechler et al. (1977), various apparatus used for the determination of essential oils
in plant material are discussed and depicted.

A further improvement was the development of a simultaneous distillation—solvent extraction
device by Likens and Nickerson in 1964 (cf. Nickerson and Likens, 1966). The device permits con-
tinuous concentration of volatiles during hydrodistillation in one step using a closed-circuit distilla-
tion system. The water distillate is continuously extracted with a small amount of an organic and
water-immiscible solvent. Although there are two versions described, one for high-density and one
for low-density solvents, the high-density solvent version using dichloromethane is mostly applied
in essential oil research. It has found numerous applications and several modified versions including
different microdistillation devices have been described (e.g., Bicchi, 1987; Chaintreau, 2001).

A sample preparation technique basing on Soxhlet extraction in a pressurized container using
liquid carbon dioxide as extractant has been published by Jennings (1979). This device produces
solvent-free extracts especially suitable for high-resolution gas chromatography (HRGC). As a less
time-consuming alternative, the application of microwave-assisted extraction has been proposed by
several researchers, for example by Craveiro et al. (1989), using a round-bottom flask containing the
fresh plant material. This flask was placed into a microwave oven and passed by a flow of air. The
oven was heated for 5 min and the obtained mixture of water and oil collected in a small and cooled
flask. After extraction with dichloromethane the solution was submitted to gas chromatography-
mass spectrometry (GC-MS) analysis. The obtained analytical results have been compared with the
results obtained by conventional distillation and exhibited no qualitative differences; however, the
percentages of the individual components varied significantly. A different approach yielding
solvent-free extracts from aromatic herbs by means of microwave heating has been presented by
Lucchesi et al. (2004). The potential of the applied technique has been compared with conventional
hydrodistillation showing substantially higher amounts of oxygenated compounds at the expense of
monoterpene hydrocarbons.

2.2.1.3 Microsampling Techniques
2.2.1.3.1  Microdistillation

Preparation of very small amounts of essential oils may be necessary if only very small amounts of
plant material are available, and can be fundamental in chemotaxonomic investigations and control
analysis but also for medicinal and spice plant breeding. In the past, numerous attempts have been
made to minimize conventional distillation devices. As an example, the modified Marcusson device
may be quoted (Bicchi et al., 1983) by which 0.2-3 g plant material suspended in 50 mL water can
be distilled and collected in 100 puL analytical grade pentane or hexane. The analytical results
proved to be identical with those obtained by conventional distillation.
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Microversions of the distillation—extraction apparatus, described by Likens and Nickerson, have
also been developed as well for high-density solvents (Godefroot et al., 1981), as for low-density
solvents (Godefroot et al., 1982). The main advantage of these techniques is that no further enrich-
ment by evaporation is required for subsequent gas chromatographic investigation.

A different approach has been presented by Gielelmann et al. (1993) and Kubeczka et al. (1995).
By means of a new developed microhydrodistillation device the volatile constituents of very small
amounts of plant material have been separated. The microscale hydrodistillation of the sample is
performed using a 20 mL crimp-cap glass vial with a Teflon®-lined rubber septum contaning 10 mL
water and 200-250 mg of the material to be investigated. This vial, which is placed in a heating
block, is connected with a cooled receiver vial by a 0.32 mm I.D. fused silica capillary. By temper-
ature-programmed heating of the sample vial, the water and the volatile constituents are vaporized
and passed through the capillary into the cooled receiver vial. There, the volatiles as well as water
are condensed and the essential oil collected in pentane for further analysis. The received analytical
results have been compared to results from identical samples obtained by conventional hydrodistil-
lation showing a good correlation of the qualitative and quantitative composition. Further applica-
tions with the commercially available Eppendorf MicroDistiller® have been published in several
papers, for example, by Briechle et al. (1997) and Baser et al. (2001).

A simple device for rapid extraction of volatiles from natural plant drugs and the direct transfer
of these substances to the starting point of a thin-layer chromatographic plate has been described by
Stahl (1969a) and in his subsequent publications. A small amount of the sample (ca. 100 mg) is
introduced into a glass cartridge with a conical tip together with 100 mg silica gel, containing 20%
of water, and heated rapidly in a heating block for a short time at a preset temperature. The tip of the
glass tube projects ca. 1 mm from the furnace and points to the starting point of the thin-layer plate,
which is positioned 1 mm in front of the tip. Before introducing the glass tube it is sealed with a sili-
cone rubber membrane. This simple technique has proven useful for many years in numerous inves-
tigations, especially in quality control, identification of plant drugs, and rapid screening of chemical
races. In addition to the aforementioned microhydrodistillaion with the so-called TAS procedure
(T = thermomicro and transfer; A = application; S = substance), several further applications, for
example, in structure elucidation of isolated natural compounds such as zinc dust distillation, sulfur
and selenium dehydrogenation, and catalytic dehydrogenation with palladium have been described
in the microgram range (Stahl, 1976).

2.2.1.3.2 Direct Sampling from Secretory Structures

The investigation of the essential oils by direct sampling from secretory glands is of fundamental
importance in studying the true essential oil composition of aromatic plants, since the usual applied
techniques such as hydrodistillation and extraction are known to produce in some cases several
artifacts. Therefore only direct sampling from secretory cavities and glandular trichomes and
poperly performed successive analysis may furnish reliable results. One of the first investigations
with a kind of direct sampling has been performed by Hefendehl (1966), who isolated the glandular
hairs from the surfaces of Mentha piperita and Mentha aquatica leaves by means of a thin film of
polyvinyl alcohol, which was removed after drying and extracted with diethyl ether. The composi-
tion of this product was in good agreement with the essential oils obtained by hydrodistillation. In
contrast to these results, Malingré et al. (1969) observed some qualitative differences in course of
their study on Mentha aquatica leaves after isolation of the essential oil from individual glandular
hairs by means of a micromanipulator and a stereomicroscope. In the same year Amelunxen et al.
(1969) published results on Mentha piperita, who separately isolated glandular hairs and glandular
trichomes with glass capillaries. They found identical qualitative composition of the oil in both
types of hairs, but differing concentrations of the individual components. Further studies have been
performed by Henderson et al. (1970) on Pogostemon cablin leaves and by Fischer et al. (1987) on
Majorana hortensis leaves. In the latter study, significant differences regarding the oil composition
of the hydrodistilled oil and the oil extracted by means of glass capillaries from the trichomes



