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ABSTRACT

A review is given of techniques for sampling,
extraction, separation and analysis of essential oils; and
the effects of each upon the finally determined essential
01l composition. It is concluded that pfesently?available
techniques sﬁch as steam—distillation, solvent extraction,
vapour trapping and even solid-sampling gas chromatographic
injection procedures impose so mény characteristic effects
upon the volatile terpencids in a plant sample, that it is
not practicable to obtain instantaneous measurement of volatiles
as they are released to the atmosphere. In addition, many of
the well-known techniques and approaches to essential oil
analysis 1ead.to many losses and artifacts, and are so
protracted as to mitigate against the feasibility of a routine
analytical procedure for use in a survey of essential oiLs.

A recommended routine analytical procedure was
developed for use in surveys of essential oiis, and its
effectiveness 1s illustrated by the analysis of essential
oils from 7 endemic Tasmanian plants.

Details are given of the development of syringe-
headspace gas chromatographic analysis, which is a novel
method of identifying and monitoring components in vapours
from comminuted plaht tissue as they are released to the
atmosphere at room temperature. The syringe—heédspace
technique 1is recommended as a means of directly using verified

plant species from a botanical gardens as a source of
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reference terpenes, which otherwise may be too unstable to
be stored as pure compounds. This technique allows the
relative retention time of an authentic terpenoid to be
measured in plant material for direct comparison with that
of an unidentified compound. It thereby enables the worker
to justify spending considerable effort in synthesizing,
isolating or purchasing the suspected terpenoid.

Successive injections of vapour from a single sample
of éomminuted foliage, by the syringe-headspace technique,
often exhibit changes in the proportions of some components
with respect to one another. Such changes were observed
between terpenoids-having a common hypothetical precursor
according to the biosynthetic scheme by Ruzicka. This
technique is a novel means of directly measuring biosynthetic
changes. It considerably extends the usefulness of Zavarin's
earlier advocated procedure for utilizing 'quantitative
co-occurrence', which is a basically d;fferent procedure to
supplement the results of tracer studies.

Both the foutine analytical procedure for analysis
of essential oils, and the syringe-headspace technique were
used to compare the compositions of terpenoids in 19 species
of conifer susceptible to attack by the Woodwasp, Sirex
noetilio. An investigation wés also made of earlier inferred
changes in the compositions of_essential oils following the
wounding of trees of Pinus raaiata. Widely varying compositions
are reported for the first time for oils distilled from bark of

felled trees. Variations in o1l composition from a single



injured tree trunk ranged from 15.7 to 20.3 percent c-pinene,
54.8 to 68.2 percent B-pinene, 9.0 to 18.3 percent limonene
and 2.5 to 6.7 percent myrcene. The range of compositions

of oils from within and between trees of a species was very
wide, so that in a‘comparison of each species, no single
insect-attractive opéimum composition could be envisaged.

It appeared more likely that S.‘noctilio could be attracted to
one of the 'temporarily-released' components which appeared to

cause qualitative changes in many oils.
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I

INTRODUCTION

Presently-used methods for the detailed examination
‘of an essential oil are often so protracted as to mitigate
against thg feasibility of a routine analytical procedure for
use in a survey of essential oils. 1In addition, many of the
techniqqes introduce characteristic features, including
artifacts, which affect the finally determined oil composition.

To undertake a sur?ey of Tasmanian essential oil-
bearing plants a study is first required of the characteristics
of each presently?used technique, which might impose some
feature upon an oil composition. From those techniques
considered legs likely to impose a deleterious effect upon an
oil, a recommended procedure should be developed, which would
Ahave general use for a large number of oils. This concept is
contfary to the view thét for each oil there must be a particular
series of techniques.

A comparativé study of the attractiveness of a number
of éonifers attacked by the Woodwasp, Sirex noctilio, would alsc
benefit from'the development of a routine analytical procedure.
However when searching for an insect attractant it must be
remembered that the compound the insect detects will be among the
broad mixture of vapours released to the atmosphere. Analyses
of solvent extracts or even steam-distillate may not yield this
component because of the limitations of each of these

technidues.



A technique is therefore required which will enable
the identification and measurement of components as they are
released to the atmosphere from plant tissues. By such a
procedure it may also be possible to detect any 'temporarily-
released' component, which might be the insect attractant
that renders a tree attractive for a specific period. Madden
has shown th#t upon felling a Pinus radiata it immediately
becomes'attractive and remains so for about 14 days. This
worker has postulated the existence of changes in oil composition
following various degrees of tree injury.

In the‘search for an attractive oil vapour composition
from P. radiata and other conifers, an examination should first
be made of any changes in o0il composition that might be induced
by wounding a tree. This concept is almost unknown, although
R. H. Smith has hinted at the possibility of changes following
wounding during a naval stores operation upon P. ponderosq.

If; as postulated, changes in oil composition can be
found in a single wounded tree, then an examination should also
be made of anylbiosynthetic relationships between changes in the
propoftions of components. Earlier workers have used changes
during plant ﬁatutation as corroborative evidence for a
biosynthetic sequence. Should any changes be found then this
would enable Zavarin's principle of quantitative co-occurrence
to be immediately extended beyond the study of the naturally-

occurring tree-to-tree variations.
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CONCEPTS OF ESSENTIAL OIL COMPOSITION

The multitude of techniques that have been used for
the analysis of essential oils has led researchers to often
report compositions which differ considerably from the
compositions of the oils as they exist, boih in the extracted
state and in living plant tissue. The techniques have appeared
over many years.and have usually been the best available when
introduced. Many have been retained, together with increasing
knowledge of their limitations, as arbitrary techniques
suitable for specific purposes, e.g. quality control analyses
of commercial oils and blends. Soﬁe workers have continued to
use these earlier limited techniques, e.g. distillation at
atmospheric pressure, and have as a result reported both
quantitative and qualitative characteristics which cannot be
confirmed by other analytical techniques. Similarly, other
workers have unquestioningly_accepted the earlier literature
on essential oil compositions that have been determined using
the then available techniques.

| Mor; recent techniques, e.g. gas chromatography (GC),
have sinée been used by workers who have often reported essential
0il compositions as if the techniques used were infallible.
An increasing amount of literature is now appearing which
indicates that many workers are ignorant of the limitations of
recent sophisticated techniques. It would appear that the

enormously-increased amount of information, that may be provided

on essential oil compositions by sophisticated techniques, has



blinded many workers to the fact that these techniques may also
provide misleading information, e.g. from losses and structural
changes in catalytically and thermally unstable components.

A need therefore exists for an examination of the
concepts of essential oil composition that result from the
use of specific analytical techniques. A deta;led study of each
of the characteristic distorting influences on essential oil
composition that has been reported fo; each analytical technique
would possibly lead to a textbook. This discussion is only
intended as an examination of some of the different concepts of
essential oil composition, together with an assessment of their

validity or use for current areas of essential oil research.

A. Summary of Techniques for Extraction and Analysis of

Essential Oils

The origin of the multiplicity of concepts of essential
0il composition results partly from the loose definition of an
essential oil. An essential oil is commonly defined [l]’as a
more or less volatile material extracted from an odorous plant
of a single gpecies by a physical process. Essential oils are
necessarily obtained from plant and animal material by a variety
of processes, biochemical as well as physical. Since an essential
01l consists of a complex mixture of components with a wide
range of volatilities, each extraction technique may be expected
to influence the final composition. The description of the
composition of an essentia} oil is complicated even further when
more than one extraction technique may be used with a particular

. plant species.



It is generally recognized that there are numerous
techniques for essential oil extraction, separation and
isolation of oll components, and qualitative and quantitative

analysis, all of which may influence the determination of the oil
gomposition. Howevgr, there are also some techniques preceding
the extraction step which must be considered.

Pré—extraction techniques that influence essential
oil composition are mostly related to the harvesting process,
which for many plants involves fermentation. For a number of
othér plants no direct fermentation is required to release the
essential oil, but there would appear to be enzymatic processes
which must be controlled during harvest to both increase oil
yield and ensure that the qualitative nature of the o0il does
not change. cher pre-extraction techniques involve '
comninution conditions, autoxidation, physiological changes
associated with extraction steps, e.g. enfleurage and maceratidn,
storage and drying time of plant material, and effects due to
light and time of day when plants are harvested. There is also
vgvidence that sampling of the same plant material from different
plants and parts of the plant may sometimes lead to widely
different éséential oil compositions.

Essential oils have been extracted by dry- and steam-
distillation of tree stumps after industrial processing; dry-
and steam-distillation of cortical olearesin obtained by hand-
picking, by collection from a stimulated or naturally-flowing
open-face cut,'or by trapping in sealed vessels inserted into
the coftex; by enfleurage, maceration, expression or solvent-

extraction of various plant tissues; directly from oil glands



and by solid-sample injection of tissues into a gas chromatograph;
and by various methods of distilling foliage and flowers -
including micro-distillation of individual leaves, steam-
distillation of water and oil from a single flask, conventional
and dry steam-distillation, and distillation in a cohobatioﬁ
still. The volatilized oil in the atmosphere surrounding plant
tissue has been trapped by absorption on an activated material, -
e.g. carbon; condensing from the air passed through a cold trap;
absorbing in non-volatile solvent materials, such as purified
fat or GC liquid phase; and by directly sampling hgadspace
vapours in a gas-tight GC syringe, sample loop or cooled
pre-column.

Techniques for the separation and isolation of essential
oil components have included simple and fractional distillatiqn
at atmospheric and reduced pressures, molecular distillation,
column and paper chromatography, thin-layer chromatography (TLC),
crystallization, liquid-liquid partitioning, acid-neutral-base
extraction, GC with packed and capillary columns, and coupled
GC-TLC. Numerous other GC techniques have been used, e.g. cooled
pre-columns for concentrating trace components, stream-switched
auxiliary cofhmns, irreversibly-absorbing column sections,
reaction-GC and preparative-GC.

Isolated essential oil components have been characterized
by such physical measurements as specific gravity, refractive
index, optical rotation, boiling point, solubility and specific
absorptions in the ultraviolet (UV) and infrared (IR). These
simple'measurement techniques could not be expected to lead to

any distortion of the finally determined essential oil



composition. By comparison, more sophisticated qualitative
techniques which could lead to misleading data, largely through
sample-handling or transfer difficulties, include: GC measure-
ments on packed and. capillary columns, organoleptic tests, and
studies of directly-measured and collected micro-sized fractions
by nuclear magnetic resonance'(NMR), optical rotatory dispersion
(ORD), UV, IR, mass spectrometry (MS), electron paramagnetic
resonance (EPR), and measurements of melting point, boiling
point, refractive index, optical rotation and specific gravity.
The quantitative composition of an essential oil is
determined primarily by GC. Some arbitrary colorimetric and
spectrophotometrié measurements of the products of various
functional group reactions are still used, particularly in
industrial applications. These latter arbitrary techniques,
which were used before GC methods became available, have provided
very precise but not necessariiy accurate determinations of
esters, acids, alcohols, ketones, lactones and aldehydes. They
still form the basis for standardization of quantitative analysis

in the essential oil industry.

B. The effect of various techniques on the composition of

an essential oil

1. Pre-extraction techniques

Most of Che pre—extractibn techniques that influence
essential o0il composition are features of the commercial
harvesting process. Other techniques involved in the sampling

of limited amounts of plant material, for the extraction of



esgsential oils for research purposes, may also lead to differences
in oil composition. The different effects on the composition of
essential oils resulting from the natural variability of plant
material, sampled between and within individual plants, is
discussed separately.

Numerous reports,ofrthe influence of fermentation and
various con&i;ions for comminution and storage of harvested plant
materia;, would suggest that fermentation and enzymatic processes
are responsible for changes in the composition of essential oils
from a larger number of plants than previously envisaged.
Fermentation and enzymatic processes had earlier been thought
of as being pecuiiar to such plant materials as bitter almond
and sweet birch, which required enzyme hydrolysis to liberate
benzaldehyde‘and methyl salicylate, respectively, from the
odourless glycosides. Many of the older techniques for subtly
controlling essential o0il odour and yield from certain flowers,
e.g. storage of rose petals in water at 15—18°C, are now
regarded as conditions for the control of fermentation and

enzyme activity.

(1) Fermentation and enzymatic effects

Essential oils aré closely related to the characteristic
volatile flavour components in fruits and other vegstable
materials [2],v1n that they result %Eom enzymatic aczion upon
other complex components during the maturing stages of plants.

In vitro studies have demonstrated that 42z mes mzy Literate

volatile flavour components frep: zpacific precursors [3—5].

Unless enzyme activity ie arrested, as in food processing,



less desirable flavour materials may also be generated [6].
In some plants however, the characteristic odour does not
appear until enzymes are released during injury to plant
tissue, e.g. in the genus AllZum (onion, garlic, leek, chive)
[7]. Special fermentation procedures, e.g. Aspergillus
ferméntation [8] and fermentation with acid hydrolysis [9],
have also been applied to obtain an additional yield of
essential oil from exhaustively-extracted rose petals.
Fermentation and enzyme activity have been employed
to not only increase the yield of essential oil [8—12], but
have also been found to élter the concentrations of specific
terpene.components [13-15]. The concentrationé of terpene
alcohols, such as phenethyl alcohol, have been found to
increase during fermentation of rose petalsv[16]. Tanasienko
et al. [17, 18] have studied the change in terpene alcohol
concenﬁration dﬁring the time of fermentation and with
pretreatment of the petals, while others have described the
optimum fermentation conditions that produce oils having higher
terpene alcohol content [19] and 'better odour’ [20]. Enzyme
action has been concluded to be the reason for lactarazulene,
verdazulene ;nd other components being found only in the oil
from stored, rather than fresh fruit of Lactariéus delictiosus
[21]. Kepner and Maarse [22] have also noted that enzymes may
have been responsible for terpene artifacts as a result of

injury to tissues during processing of Douglas fir needle

samples. 2-Hexenal and cis-3-hexenol isoléfed by Pauly and
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von Rudloff [67] in leaf o1l of Pinus contorta var latifolia,
were similarly thought to be artifaéts, formed during the i.
cufting of the leaves to obtain a high yield of oil. 2—Hexeﬁa1
found in Douglas fir needles was similarly described as a
possible artifact by Sakai et al. [56], after the suggestion

of Major et al. [68], who observed its formation when leaves

of Ginkgo biloba were ground in an air atmosphere.

(ii) Effects due to handling of plant material, comminution,

storage, drying and autoxidation

* The handling of the plant material before oil extraction
is known to affect the final composition because of interrelated
features of comminution, plant storage, terpene autoxidation
and fermentation. When comminution or tissue damage is begun,
oil is released from the glands and becomes exposed to both
fermentation and air, which increases the rate of autoxidation
[1]. Comminution and storage times therefore require close
control.

Storage of plant material, with varying degrees of
tissue damage and oil release, has been shown to result in
changes (incr;éses and decreases) in oil content [23—28] and
composition [23, 24, 26, 27, 29, 30]. Typical of the changes
which have been reported was the loss of cis-2-hexenol and ité
acetate dufing refrigerated storage of green.tea leaves [31].
Drying has similarly been found to result in changes in yield
and composition of oils [15, 25, 31—34].

 Autoxidation may lead to off-flavour changes in

essential o0il composition in both stored plant material as well
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as extracted oils, particularly where tissue damage during
harvesting has exposed oils to the air. The terpene hydro-
carbons are readily autoxidizable, giving peroxides with
unpleasant flavours that lead to deterioration of the whole

oil [l]. Sato [35] has studied the oxidation of many essential
0ils including lemon, caraway and lavender. Aromatic waters
were shown dﬁring storage to diminish in their concentratfons
of limonene, linalool and menthol [36]. Infrared studies by
Guenther have clearly indicated the oxidation products of
deteriorated lemon oil, such as trans-carveol, carvone and

limonene epoxide [37].

(111) Effect of time of harvesting on composition and

oil content

Changes during the course of the day in the yield
and composition of essential oils in growing plants has led
a number of workers to investigate the best time of day for
harvesting [38—40]. Lozii found that oil content in rose
bldssoms decreased by 50 percent during one hoﬁr after they
were freshly opened [41]. Baslas [421 recommended harvesting
of Mentha aréensis plants on a sunny day during the flowering
season -for high oil yield and menthol content, while Myint
and Gale [43] concluded that the highest yield resulted if

plants were cut at 10 a.m.
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(iv) Effects dur to post-harvesting physiological activity

Continuation of physiological activity, and production
of oil after harvesting of flowers partly led to the earlier
introduction of particular extraction processes. Enfleurage
was Introduced in Grasse (France) by growers who hoped to yield
further amounts of oil from e.g. jasmin and tuberose, which
could be allﬁwed to continue physiological activity for up to
séveral.days while the petals were immersed in a fat chassis.
Steam distillation would otherwise have resulted in poor yields
of oils which would have undergone compositional changes at the
temperature of boiliﬁg water. Maceration has been used to
extract oils from violet, rose, lily of the valley and other
plants whose physiological activity ceases rapidly after
harvesﬁing. ?he petals in this case are quickly exfracted

within an hour or two in molten fat. Rose petals are well

known for their tendency to otherwise soon begin fermenting,

and lead to changes in o0il composition [1].

(v) Factors influencing composition of food flavour

volatiles

Thé'compositions of food flavour volatiles are
particularly susceptible to the steps in food prbcessing
preceding final extraction. The much larger quantities of
food which must be extracted, to yield a minute amount of
flavour concentrate, usually require considerable repetition
of extraction processes, with consequently greater risk of
introducing artifacts and off-aromas from heat damage and

air oxidation. Other interfering contaminants in the flavour
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concentrate may be introduced from solvents, containers,
tubing, lubricants, etc. [44]. Such a complicated extraction
was undertaken by Teranishi et al. [45], who yielded 50 ml

of isopentane flavour solution from 10 tons of condensate
taken from strawberry jam pot stills. The only presently
conceivable means of overcoming such interferences and
artifact forﬁation would appear to be direct GC analysis of

headspace vapours emitted from foods [46].

(vi) Effect of unknown factors upon oil composition

The composiﬁions of oils are subject to variations
from one harvest to the next due to the influence of unknown
factors. Commercial growers endeavour to maintain harvesting
and extractiop conditions as uniform as possible, yet considerable
variations still occur with some essential oils. Similar
variations are experienced from one producér to the other.
Table 1 [1] is a 1list of constituents of bergamot oil,
together with minimum, maximum and average percentages in

fifty samples.

2, Extraction techniques

Numerous techniques have been used in order to present
essential oils ready for analysis. Many of the techniques impose
some characteristic feature upon the final quantitative and/or
qualitative analytical data.

Most essential oils have been extracted directly

from biological material, but an increasing number of reports
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Table 1. . The variation in percentage of constituents
in 50 samples of bergamot oil. Such
differences in composition, due to unknown
factors, may be found in oils from one
harvest to the next or one producer to the

other [1]
Minimum Maximum Average
a -pinene 1.005 1.798 1.387
camphene , 0.027 0.099 0.054
fB-pinene + sabinene (4:1) 5.266 11.861 7.697
myrcene (alloocimene) 0.616 1.320 0.933
a-phellandrene 0.091 0.062
A3-carene 0.096 0.233 0.167
a-limonene 19.411 34.822 28.355
p-cymene 0.399 1.676 0.765
y-terpinene . 4,723 11.758 7.651
terpinolene 0.317 0.830 0.494
octyl acetate 0.121 0.074
aldehyde C9 . 0.067 0.176 0.180
methyl glycollate 0.066 0.226 0.108
citronellol 0.036  0.163 0.075
linalool 7.070 29.120 16.457
aldehyde C10 0.418 0.690 0.542
terpinene-4-ol 0.046 0.093 0.068
dehydrolinalool . 0.143 0.200 0.174
linalyl acetate 23.755 35.624 29.726
neral 0.453  0.641 0.532
a-terpineol , 0.245 0.430 0.309
decyl acetate 0.062 0.156 0.097
geranial 0.472 0.710 0.595
ethyl glycollate 0.429 0.238
terpenyl acetate 0.175 0.537 0.384
citronellol 0.246 0.607 0.341
neryl acetate 0.442 1.189 0.718
~ geranyl acetate 0.322 0.825 0.525
bergamottene 0.039 0.156 0.077
caryophyllene 0.215 0.408 0.286
humulene 0.161 0.395 0.239
bisabolene ) 0.094 0.295 0.173

bisabolene isomer 0.473 0.857 0.649
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are appearing of analyses of essential oils that have been
sampled from the atmosphere. From a consideration of the:
volatilities of essential oil components and the nature of

the biological substrate, it is expehted that there. would

be basic differences between the composition of an essential
0il in the liquid and vapour states associated with a single
plant'specieé. Further compositional differences may also be
found wben considering individual methods of isolating each of

these types of essential oil.

(1) Extraction from biological sources

The anaiysis of essential oils has been based for
many years on the assumption that an oil should first be
isolated in a‘purified form from the biological source material.
Recent GC techniques have shown the feasibility of analyzing
some olls directly from plant material. The latter approach
was qeveloped in an attempt to avoid some of the well known
changes in oil composition that result from techniques iﬁ
isolating the oil. However direct-GC extraction and analysis
may also be shown to involve some characteristic features,
which alter the composition of the oil as it exists in the
living biological material.

Food flavours may also be considered with more
conventionally-known essential oils, since their analyzed
composition may be affected because of the approach taken x
in extracting flavour components. Flavours consist of
terpenoids and other volatiles, which may be analyzed either
directly in the originai bio;ogical material or following

isolation.
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(a) 1Isolation of essential oil preceding analysis

Extraction of essential oils by the major basic:
techniques in each case involves some disprogortionéte
isolation of oil components, i.e. whether extfacted from
collected-oleoresin, by distillation, solvent extraction,
direct physical removal from o1l glands or even micro-scale
isolation and collection oﬁ a GC pre-column. Further changes
in compqsition may subsequently occur in the period between

isolating the essential o0il and analysis.

Oleoresin collection

Methods of collecting oleoresin, for subsequent
isolation of essential o0il or direct analysis, have been
considered to involve losses due to vapourization of more
volatile terpénes [47]. Oleoresin is obtained from trunks of
Pinus species by either collecting drips from an open-face
gash into an unsealed receptacle or by inserting an air-tight
tube into a hole drilled into the.bark [47—49]. Even though
Mirov [47] recognized that the open-face technique allowed
evaporation and loss of compounds possessing a high vapour
pressure, he gnd fellow collaborators chose to follow this
approach becausé most turpentines were at that time obtained
by this technique. Smith, however, has preferred collection
of oleoresin with a closed-face microtap [50].

Bannister et al [51] noted, in his work, that
oleoresin exuded from wood was exposed to sunlight and the
atmosphere for varying periods before final sealing and

refrigeration. The compositions were subsequently regarded
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as only accurate for the sémples at the time of analysis

in the laboratory, and could not be accepted as estimates of
the composition of the volatile fractions which actually
emerged from the trees.

Although loss of terpenes, due to their volatility,
has been considered to be the principal disadvantage of
oleoresin collection, other factors also appear to influence
the finally determined essential oil composition. Bannister
et al [51] noted that of the two terpenes, a- and B-pinene,
the former had the higher vapour pressure and would therefore
have been expected to be lost more rapidly from an exposed
oleoresin. Howevér it was found by these workers that the
ratio of a- to B-pinene had in fact increased in older exposed
oleoresins from pine trees (Table 2).

Table 2. Percentage composition of volatile fractions
of oleoresins from two trees [51]

Tree.
No. Sample o-Pinene B-Pinene Q§Carene Limonene Unidentified
1 (a) oleoresin
from 4
month old v
wound ‘ 58.0 42.0 - trace -
(b) oleoyesin '
from
freshly-
opened
wound 52.5 46.0 - 1.5 -
2 (a) 35.5 ' 64.5 - trace trace
(b) 22.5 71.0 trace 4.5 2.0
oleoresin '

from freshly-
opened bark
blisters 18.5 72.0 2.5 7.0 trace
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In conifers other than Piﬁue-cortic#l oleoresin
has been commonly collected from bark biisters and even by
tapping exposed resin ducts [52]. Resin ducts of Abies
have been tapped by removing the outermost layers of tissue
with a razor blade, allowing a small amount of oleoresin to
flow. It is usually not practicable to obtain a flow of
oleoresin asvfound with Pinus species.

Analysis of oleoresin from Pinus bark blisters has
rarely been reported. It would appear from Table 2 [51]
that the terpene qomposition may differ considerably from
that of freshly exuded oleoresin.

Zavarin and others have bas%d much of their
chemotaxonomic studies of the genus Ab%es upon the analysis
of terpenes iq balsams collected from bark blisters. Balsam
was collécted by perforating the upper part of a blister,
containing up to a few ml of honey-like mixture of terpenes,
sesquiterpenes, resin acids, fatty acids both free and as
glycerides, and neutral non-vélatiles. Pressure under the
perforation assisted the balsam to flow directly into a vial
containing a few crystals of pyrogallol [53].

No &nformation could be found in the literature
which would have indicated whether terpenes in balsams have
undergone changes during storage or whether bark blister

terpenes are freshly synthesized.
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Distillation

Distillation has been used for extraction from -
oleoresin or plant material provided the essential oil is
stable enough to prevent the formation of alteration products.
If the stability of the oil is high, it may be extracted by
distillation with water, steam or dry steam. In some
circumstanceé a less stable oil may be steam distilled at
reduced pressure [1]. No form of distillation is suitable
"for the extraction éf many delicate oils without the formation
of alteration products. Solvent extraction is usually used
for such oils.

Although some form of steam distillation has been
used for the extraction of essential oils from earliest times,
Mirov's monumental work with Pinus turpentines [47] was
undertaken using distillation of oleoresin at reduced pressure,
because it was believed that steam diétillation led to the
isolation of turpentines having a different composition. It
was considered that high-boiling compounds such as ;esquiterpene
derivatives or diterpenes were frequently not removed from
oleoresin by steam distillation; A time of 3 to 4 hours was
considered nécessary to expel most of the turpentine, and that a
much longer and impracticable time would be needéd to distil .
off the high-boiling compounds.

Mirov [47] usually distilled batches of about 1% 1
of oleoresinfrom which most of the turpentine was recovereq
when conditions had reached ~ ZOQO at 0.5 to 1.0 mm.

Many Pinus oleoresins have since been found to

contain highly volatile hydrocarbons, such as n-heptane, which
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could be expected to be lost during distillation, particularly
at reduced pressure. Mirov [47] advised extreme caution when
extracting turpentine from the 8 or so species and

hybrids recognized to contain n—hepténe. The distillation
procedure was then made more complex by the introduction of

a second dry ice trap together with dry ice cooling of the
receiver.

Several workers have drawn attention to advantages,
losses of volatiles and the formation of artifacts that result
from distillation at reduced pressure. Wilson compared the
composition of celery oils produced by distillation and thin
film evaporation énd found quantitative but no qualitative
differences, with the latter oil having an apparently fresher
flavour {54, 55]. quai et al [56] did not find all of the
compounds reported in Guenther's summary of early Qork on Douglas

fir, and considered that some of the reported compounds were

artifacts resulting from the classical isolation and fractional
distillation processes. The camphor found earlier in oil of
cedar (Thuja occidentalis) by Wallach [57-60] was similarly
considered by von Rudloff [61] to be an artifact. Karlsen [62]
noted as a ge;eral statement that direct heating of biological
material or dry extracts may pfoduce artifacts, yet distillation
Qas still a useful procedure, since artifacts did not necessarily
interfere with qualitative and quantitative studies of certain
0il components.

Improvements to the earlier reduced-pressure

distillation, in the form of molecular distillation [63, 64]
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and thin-film rotary evaporation [65] are now widely accepted
metho&s of extracting essential oils relatively free of
artifacts. Smith [66] quantitatively compared Pinus
ponderosa turpentines exfracted from'oieoresin samples in a
Hickman molecular still and as ether solutions, and found
approximately the same monoterpene composition for each type
of preparatibn (Table 3).

Steam distillétion is possibly the most commonly
used method of extracting essential oils, and as a result
its effects upon composition have been closely studied.
The method is well known for its greater efficiency for
extracting more volatile essential oil components [47].
Although the bulk of an essential o0il is steam distilled and
collected within the first few minutes, depending upon the
nature of the biological material, the last few fractions to
be collected in a batch distillation have been found to contain .
a higher proportion of less volatile compounds [17, 18].
Juhasz et al [92] extracted the residue after steam distilling
chamomile and reported nearly 0.5 percent of an oil containing
more alcohols and acids than the distilled oil. Von Rudloff
and Sood [69T reported in their work on leaf oil of Juniperus
communis, that the yield of farmesol could be increased by o
steam distillation of 800 g batches for a further 3-4 hours
beyond the 5-6 hours used to extract the bulk of the oil.

Steam distillation has also been reported to involve
losses of more volatile components due to their evaporation

during the process. Cermak et al [70] concluded in their work

on essential oils in seeds of Abies that evaporation of very



Table 3. Monoterpene composifion of oleoresin of selected ponderosa pine prepared by
ether extract (Ext.) and by molecular distillation (Dis.)

Percentages of monoterpenes:

Tree
no. Preparation a-Pinene a-Pinene A.-Carene Myrcene Limonene f-Phellandrene Unidentified
1 Dis. 5.9 21.0 37.6 19.6 13.2 1.2 1.4
Ext. 5.4 19.8 38.6 17.3 14.6 1.9 2.4
2 Dis. 9.1 22.1 28.6 15.0 21.9 2.5 0.7
Ext. 8.0 20.6 29.1 13.4 25.1 1.7 2.0
3 Dis. 11.8 . 49.2 - 16.5 18.7 3.8 -
Ext. 10.8 52.8 - 14.9 19.2 2.3 -
4 Dis. 6.9 28.9 19.2 16.9 25.2 1.6 1.2
Ext. 6.3 29.5 20.1 14.4 26.2 2.2 1.2
5 Dis. 5.6 21.4 26.5 24.1 19.1 1.8 1.6
Ext. 5.2 21.4 28.2 21.8 20.2 2.0 1.1
6 Dis. 3.8 13.8 26.5 25.5 25.5 3.0 1.9
Ext. 4.2 14.5 27.7 23.3 27.3 1.4 1.6
7 Dis. 4.4 16.9 52.7 - 9.5 11.7 2.0 2.8
Ext. 3.4 15.7 55.5 9.0 12.6 1.1 2.8
g Dis. 8.0 9.0 66.5 8.2 4.5 0.4 3.3
Ext. 7.8 9.1 64.4 9.1 5.3 0.7 3.7

AA
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vélatile compounds during steam distillation led to oils
containing altered ratios of individual compounds. Although
many steam distillation systems may involve losses of volatiles,
an appropriately designed apparatus; with a liquid-air-cooled
cold finger in a closed system boiling at 400, was shown to

bé suitable for 70 to 100% recovery of 0.1 -~ 0.2 ml samples

of chlorinatéd derivatives of methane and ethane [73].
Similar}y, a micro steam distillation apparatus has been
described for the extraction of essential oil in 0.1 - 1 g
samples of plant material [77].

The direct heating of biological material, as in
steam distillatidn, may be expected to produce artifacts
resulting from the alteration of some compounds [71].

Johnson and C?in [72] reported that the 0.07 percent salicylic
acid in steam distillate of leaves and twigs of Douglas fir

was probably a product of hydrolysis. Linalyl acetate and
linalool in clary, bigarade and Bergamot leaves were considered
during steam distillation to lead to the formation of racemic
linalool, d-a-terpineol, geraniol, nerol and ocimene [74, 75].’
During steam distillation of the leaf oil of Pinus pinaster [76)
some alcoholé, mainly a-terpineol and linalool seemed to be
formed, yet were absent when the leaf oil was obtained by
solvent extraction.

Heating and autoxidation effects were recently
considered to be the basis for reports of some norterpenoid
components in Pinus oils [307]. Other workers also reported
norditerpenes té be artifacts formed from the corresponding

4-axial aldehydes during isolation of oils, e.g. from the
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autoxidation of pimara-8(14),15-dien-19—al'[308] Qnd torulosal
(309, 310]. Lu et al [307] confirmed that longifolene may
autoxidize to longicamphenylone and that nopinene was one of
four similarly-derived products from B-pinene. These workers
concluded that hopinene and longicamphenylone and
18-norpimara-8(14),15~-dien-4-0l were very likely to be
artifacts during isolation of oil from Pinus taiwanensis;

The effects upon oil composition resulting from
steam distillation ha#e_been compared with the effects from
other methods of extracting an oil. Several workers haveb
compared oils obtained by steam distillation and solvent
extraction [56, 66, 70, 76, 78-80]. Solvent extracted oils
typically contained a higher proportion of less volatile and
even some non-volatile substances, e.g. mace extracted with
carbon dioxide yielded an oil containing 14.5 percent non-
volatile substances [79]. Other authors have comﬁafed-and
reported quantitative differences between steam distilled oils
extracted directly from oil glands (81, 84], cold- or ﬁandrpressed
oils [82, 83] and oils obtained by molecular distillation [63].'

Various methods of recovering an essential oil from
the distilleé waters have also been shown to lead to differences
in o0il composition. From earliest times many wofkers have been
content to regard an oil as the material which is not miscible
with the aqueous distillate. Different types of glass receiving
apparatus have even been designed to coliect oils which either
float on the water or have a specific gravity greater than that

of water. Other workers have used cohobation stills which
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have yielded oils containing higher concentrations of water-
soluble components than distilled oils [l].

Zavarin et al [85] were content to merely pipette
off the oil from the surface of the équeous distillate from
needles of Pinus ponderosa. Earlier in their procedure,
these workers took various precautions in an attempt to recover
an oil that underwent as few compositional changes as possible,
i.e. by freezing the needles, pulVerizing in the presence of
dry ice, steam-distilling for a limited period in a circulating
apparatus, and finally storing the oil in the presence of an
antioxidant.

More serious attention is now given to the fact that
many components of essential oils are water soluble, and that
a further extraction process must be used to recover the oil
dissolved in distillation waters. Lund et aZ:[86] have reported
quantitative data for 20 water-soluble aromatic compounds from
orange peel. Phenethyl alcohol and citronellol have been shown
to be major components in water of rose dispillate [87],
wheréas distillation waters from citronella grass yielded an
entirely different oil containing among other compounds 12,1
percent perilialdehyde, 10.7 percent f-carvotanacetone, 8.4
percent phellandral and 2.3 percent furfural [88].

A number of workers have reported differences in the
decanted oils and oils extracted from distillation waters.
For example decanted rosemary oil had much less optical activity
than oil extracted from distillation waters [89]; 50 percent

of the oil of cassis leaves is water soluble [90]; the
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composition of pentane extracts from distilled rose water was
found to be highly heterogeneous [91]; while differences wére
reported for the composition of decanted oil and oil recovered
from the distillation water of Mentha arvensis [93].
Procedures recommended for the recovery of oils from distillation
waters include: passing the waters through a layer of poroplast
material and.then extracting the absorbed oil'[94, 106, 107];
use of @ethylene chloride as the best solvent for recovering
rose oil [95, 101, 105]; removal from solution by millipore
memﬁranes of the MF type [96]; and carbon absorption of the
distillate to increase yield of o0il in a two-step procedure
[97, 108].

Cohobation waters are more efficieﬁtly extracted
through re-distillation of the aqueous distillate [102, 103],
but even these waters should be further extracted to recover
an oil with a high proportion of water-soluble steam volatiles.
Juhasz et al recovered residual oils with a different composition,
by absorption>on a bed of activated carbon with subseduent
extraction by 1,2-dichloroethane [98]. These workers also
treated cohobation waters By salting-out to reco&er oils of
lavender and'peppermint buds [99], and by charcoal absorption

for oils of chamomile, lavender and peppermint [100].

Solvent extraction

Plant materials that do not yield appreciable amounts
of essential oil by steam distillation, or which yield oils that
undergo qualitative changes in boiling water, e.g. rose, jasmin

and violet, are extracted with solvents in an attempt to overcome
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these problems. However, solvent extracts often differ
.considerably from essential oils (obtained by a distillatfon
process). The differences are principally due to the presence
of extracted non-volatile plant compdunds [79], but may also
occur through losses of more volatile compounds and chemical
changes of certain others.

Some workers appear to have ignored the concentration
of ndn—vplatile compounds.in solvent extracts, and have
reported the concentrations of individual terpenes in
evaporated extracts as if they were equivalent to essential
oils. The differences in composition between a raw solvent
extract, a concrete and an absoiute are well known. That is,
an absolute contains a considerably smaller concentration of
waxes, colours, etc., than its concrete form. A typical
methylene chloride extract from the bark of Pinus sylvestris
contains free and esterified fatty acids, resin aéids,
ferulic esters, fétty alcohols, alkanes, sterols, monoterpenes,
sesquiterpenes, diterpenes, norditerpenes, triterpenes and
their oxygenated derivatives [1231. Many of these compounds
would not be found in a steam distilled oil.

Eac% evaporation step required to coqcentrate a raw
extract to a concrete, and in turn to an absoluté, also
involves partial or complete losses of some more volatile
components t22, 104, 109, 110]. By contrast, oil of Cedrus
deodara obtained by extraction was similar to steam distilled
oil [111]. Similarly Pinus ponderosa wood yielded an ether

extract with approximately the same monoterpene composition as
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obtained from the oleoresin in a molecular still [66],

while the carbon dioxide eitract from patchouli had essentially
the same composition as the distilled oil [112]. The recovery
advantages of solvent extraction weré particularly apparent

in the case of patchouli, which yielded 2.5 percent of
extracted oil compared with 0.15 to 0.38 percent by
distillation.

In some better documented instances, solvent extraction
has.been concluded to yield oils which a?e both qualitatively
and quantitatively different, even though retaining closely
similar odours. Hefendehl [84] compared microfilm extraction
- of external glandé of Mentha piperita oil with steam
distillation and solvent extraction. Solvent extraction led
to differences in terpenes, sabinene and menthofuran. Steam
distillation gave quantitative differences in cineole, sabinene,
menthol issuers and some ketones. Tarragon carbon dioxide
extraét [80] retained a 'native aroma' and the flavour of the
raw material, and its yield was higher than that of the steam
distilled oil. Acid, neutral, and phenolic compounds, which
were not volatile with steam, together with the essential oil
itself, passeh ihto the carbon dioxide extract and formed a
residue comprising about 8 percent of the weight of the extract.

Improvements to the solvent extraction process,
such as the application of ultrasound to break up plant cells,
have speeded the procedure [1131 and increased the yield [l],
without affecting the final composition. Other workers have
examinéd the effects of.different solvents on the yield and

composition of rose oil [114]. Liquefied butane [1] and other
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highly volatile solvents, such as carbon disulphide [52],
pentane [104, 124], propane and liquid carbon dioxide [115]
have been used 1n preference to conventional less volatile
solvents, which involve greater los;és of components during
the evaporation step. Carbon dioxide was considered in
comparison with propane to be "the more selective and té
result in a product fully retaining the aroma and taste of
the botanical" [115]. Carbon dioxide has sincé been widely
used and reported to yield oils both similar [116] and
different from distilled oils [79, 117].

Chemical changes during tﬁe extraction process have
been discussed by.some workers [22, 44, 118-121]. In a well
authenticated instance, jasmine o0il was found tovcontain
methyl jasmonate [118], butvnot the ketolactone reported
earlier by Naves. Naves and Grampoloff [119, 120] however,
reaffirmed their previous finding with new data, and the three
authors subsequently agreed [121] that the ketolactone actually
occurs in the oil of jasmine, while methyl jasmonate could be
identified in absolute of jasmine.

Numerous other typeslof solvent extracts may be
produced, degending upon the 'clean-up' procedures used, which
may'lead to compositions that differ considerably from one
another and from the ﬂistilled oil. 1In addition to concretes
and absolutes, another commonly produced extract is the acid-
free ether-soluble fraction from an oleoresin or balsam [122].
Other workers have reported the compositions of both extracted
and distilled oils that have been washed with cold 1 percent

caustic soda and/or 0.01N sulphuric acid.
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Direct- and micro-extraction from glands

Isolation of some essential oils, by pricking and
micromanipulation directly from glandular hairs, has been
congsidered as a méans of avoiding.thérmal and hydrolytic
decompositions inherent in other isolation methods. The
essential oil isolated in this way from Mentha aquatica had
some qualitative differences in comparison with the distilled
oil [125].

. In the original report of the technique by Hefendehl

[126], in which oil was extracted from Mentha piperita
.by absorbing and 1iftihg off on a plastic film, it was
considered that the oils obtained by this method and by
distillation were identical. However it was subsequently
shown [84] that extraction with solvents gave different
results, particularly in terpenes, sabinene and menthofuran.
Steam distillation gave some quantitative differences in
cineole, sabinene, and methol isomers, and to some extent

the ketones.

Other workers have compared the compositions of
oils removed from glands and distilled oils [128]. Millet
et al [127] fLund that the oil of orange obtained by puncture
of glands contained carotenoids. Quantitative differences
only were found in the two types of oils from Mentha piperita
and M. aquatica [81], and from other Mentha species [129],
while unspecified differences were reported for oils of
orange [130], lime [83] and mandarin [82].

Although the apparent advantages of directly

puncturing oil glands for removal of oil have interested some
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workers, who have even recommended the micromanipulation
technique for commercial production [131], the question

remains as to whether such oils may be subjected to even
greater effects due to air exposure'and volatilization of

more volatile components.

Extraction and isolation of o1l directly onto a GC column

Trapping of the volatiles from plant material, by
absorption directly onto a GC column, avoids problems
otherwise associated with steam distillation of plant material
prior to GC [132]. The technique usually involves a detachable
and separately héated injector chamber, into which plant
material or oleoresin [53, 135] is inserted, heated, then
flushed onto the main GC column by opéning a special loop in
the carrier gas line. This procedure is to .be distinguished
from solid-sampling GC, in which the plant material is usually
injected directly onto the main GC column.

The procedure has been used to recover considerably
higher yields of volatiles from lavender blossoms, fennel
fruit, peppermint leaflet, etc. [133]. The technique has also
been used to'make feasible the. almost direct analysis byn
capillary column-GC of volatiles from needles of.Pinus
sylvestris and Picea excelsa [134]. Volatile compounds from
needles were frozen out onto a precolumn, which was then
joined to the capillary column without interrupting the carrier

gas flow. A similar system was used by Grob and Grob [136]

for the analysis of trace components that might be lost during
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preliminary extraction, e.g. inéecticides in butter extract,
aroma headspace from liquors and auto exhaust gas. Smedman

et al [135] used the Hamilton injector pre-column system as

a parallelimethod to check on compoéitional changes which may
have occurred in a solvent extraction procedure for the
analysis of Abies balsams. The injector tube system was found
to retain acids and other high-boiling compounds present in
baisams: Hence the volatiles that were flushed onto the maiu
GC column were almost the same compounds that occurred in a

steam or vacuum distillate.

Stability of essential oil components preceding analysis

Even though many precautions may be taken to prevent
changes occurfing in the composition of an o0il during extraction,
‘the 0il may immediately undergo minor qualitative and
quantitative changes due to the instability of some compounds
[61]. Investigations have shown that many of the changes are
initiated or accelerated by light, heat [137] and air [138].
The subtle changes in orange oils that subsequently fail to.
meet pharmacqpeia specifications, yet are indistinguishable
organolepticélly, have been known for many years to depend
upon the degree of exposure to light and air [139]. Wﬁen
protected from light,changes were almost undetectable by
earlier methods; otherwise an orange o0il could undergo extensive
changes within 3 months. The time taken for changes to occur
- may be from as little as a fewbhours to several years,

depending upon the nature of the compounds in the oil.
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One of the most documented alteration products
i8 p-cymene, which has been shown in lemon o0il to form on
standing, not from citral, but from the oxidation of
y-terpinene [141]. Snajberk et al [141] attributed the
presence of p-cymen-8-ene and p-cymen-8-ol in cortical
oleoresin of Pseudotsuga menziesii to the alteration of
terpinolené,'which_was found earlier to autoxidize to these
compoungs [142]. The possibility that 2-hexenal is an
autoxidation product in needle oil of Pseudotsuga menziesii
{56] is suggested by the observation [68]that 2-hexenal is
formed when leaves of Ginkgo biloba are ground in an air
atmosphere.

In oils of Pinus species it has been considered
that the rat19 of a- to B-pinene is not affected by UV light
or storage time [144]. Paraffin hydrocarbons were also
considered to be unaffected upon standing. However the a-
and B-phellandrenes are known to be unstable and to readily
polymerize. Marked decreases in B-phellandrene were shown to-
occur in oil of P. coulteri due to the effects of light and
heat during storage for 2 months [145]. Similarly, B-myrcene
polymerizatién has been thought to account for its seldom
being found in pines [145], as suggested during ﬁhe study of
Podocarpus spicatus [146]. Although a number of artifacts
.'and chemical alterations have been documented, the identity
has not been established of a 1 to 7% component which rapidly
degrades in the steam distillates of P. coulteri, P. ponderosa,

P. contorta, P. patula, P. montezunae and P. muricata [145].
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(b) Direct extraction and analysis of essentilal oils

It is apparent from the preceding discussion that
isolation of an extracted essential oil may involve changes
in oil composition. Other techniqués have been designéd
specifically to omit the 1isolation step, i.e. in which the
oil is analyzed immediately upon extraction from théhplant

material.

Solid-sampling GC

Injection of plant materiai into a GC and direct
analysis of the volatiles, that are driven out of the column
by heat and carrier gas, has provided a means of eliminating
the changes in oil compositién that otherwise result from steam
distillation, solvent extraction or during oleoresin exudation
[104]. This procedure has enabled gas chromatograms to be
produced from the volatiles in only a few mg of sample, yielding
analyses more representative of oils as they exiét in plant
mate¥ial [148]. |

Karlsen and Baerheim Svendsen [71] have compared
the monoterpene hydrocarbons in needle oil of Norwegian spruce

(Picea exceléa), determined directly by solid-sampling GC

and after extraction by steam distillation. As iittle as

10 mg of fresh plant material by direct injection enabled

the identification of 18 monoterpene hydrocarbons, yet only

16 of the 18 could be found in the steam distillate. Stepanov
and Dubovenko [149] also compared direct GC and analysis of

the isolated oil, and showed that the concentration of camphene
in conifer needle oils was lower (by a factor of 2.6), and

those of a-pinene, B?pinene, and A3-carene were higher by
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10,40 and 14 percent when the direct method was used.
Further fundamental quantitative differences were found in
directly injected‘needle material of Picea obovata,

Abies sibirica, Pinus sylvestris and Pinus sibirica.

Even though the injected plant material is
subjected to a high temperature to drive volatiles onto the
GC colum, the percentage evaporation of low-boiling
monoterpene hydrocarbons differs from the higher-boiling
oxygen-containing monoterpenes. It has been claimed however,
that the percentage evaporation of each compound can be |
calculated, providing reproducible results for the analysis
of monoterpenes in a 2 mg sample of leaf of rosemary,
Rosemarinus officinalis [150].

A fyrther comparison of the solid-sampling GC
technique with solvent extraction has éhown that highly
variable results may be expected from the latter technique
[104]. GC analysis of cold pentane extracts of homogenized -
single needles and 0.1 g samples of wood resulted in unequal -
loss of monoterpene hydrocarbons during concentration of the
extracts. Roberts therefore preferred the solid-sampling
technique fo; analysis of pine oleoresin, and questioned the
need to either prepare extracts or even directly’inject
exuded oleoresin, which has been the basis of some well-known
studies [151-153].

A ﬁarticular advantage of solid-sampling GC is the
lack of any apparent thermal degradation of some unstable

compounds. For example a-farnesene in the Dufour gland of
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an ant is known to rearrange above 140°C to an allo-farnesene,
but GC-MS has shown the same compound to be chromatographed

by this technique as found in a pentane glandular extract
(110].

Not only does solid-sampling GC enable the study of
such smail samples as singie insect glands [110, 161], but
there 1s no large solvent peak to obscure rapidly eluted
compoungs that would result from a solvent extract.

Maarse and Kepner [22] considered the advantages
of ﬁhe direct injection techniques of Qon Rudloff [147] and
others [154, 155], i.e. in overcoming both qualitative and
quantitative combosition changes during isolation and
concentration of the oil. However, these workers considered
that solvent gxtraction, with the vacuum transfer technique
of Kubeczka [156], would provide a technique comparable with
direct-sampling.

In spite of the number of workers who have
enthusiastically reported their use of solid-sampling GC,
recently reviewed by Rasmussen and Karlsen [157], these
techniques 1ack the versatility that would allow solid-sampling
GC to be a récommended and much applied method. A widely
accepted technique should allow easy and reproducible sample
introduction, together with treatment of the plant
material to suit the GC system, i.e. to produce a uniform
plant tiésue consistency to allow injection under reproducible
conditions [158—160]. A further problem that does not
appear from the literature to have been studied, is the rate

of loss of more volatile terpenoids from the micro-quantity
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of plant material that must, in most techniques, be comminuted

to render it suitable for injection.

Direct injection GC with glass wool medium

A modification of the direct-injection or solid-
sampling principle, by which a basically non-volatile
liquid mixtpfe is diffused onto glass wool and inserted
into thg injector chamber of a GC, then temperature-programmed,
has enabled the solid-sampling technique to be used for the
‘an;lysis of ng/g concentrations of volatiles. The technique
is particularly amenable to such difficult materials as
oleoresin and vegetable oils, whicﬁ if injected directly onto
a GC column would rapidly block the system or at least alter
the eluting pFoperties of the liquid phase. This application
of the solid-sampling technique differs from an earlier-
described procedure, in which an essential oil is flushed
directly from plant material and isolated on a GC column.

A principle advantage of the glass wool injector
medium is the ease by which the non-volatile residue of a
sample may bg removed, i.e. merely by replacing the medium in
the injector: In the solid-sampling technique described
earlier, plant material residues would accumulaté at the head
of the main column, necessitating its frequent removal for
cleaning purposes. |

Dupuy et al |162, 163| demonstrated the advantages
of the technique By analyzing 10 ng/g concentrations of
volatiles in vegetable oils, without the need for a pre-

concentration step.
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Although a commercial injector block (Hamilton)
has been reported in use as a means of confirming the
presence or absence of artifacts, the convenience of this
modified solid-sampling method has not yet been used to
full advantage.

If fully exploited, i.e. by using a gas
chromatograph fitted with a separate carrier gas loop
through;the injector, a glass wool medium enclosing a
potentially wide range of plant material sizes could be
usea for the routine anlaysis of essential oils, without
any of the features inherent in distillation, solvent
evaporation, tissue damage, or oil storage, which may lead

to artifacts or losses of volatiles.

(¢) Extraction of food flavour components

The much smaller concentrations of often water-
soluble compounds, which constitute the flavour components
of foods, necessitate the use of a number of extraction and
concentrating techniques to yield an isolate. Consequently,
there is a much greater chance of introducing artifacts from
solvents, coﬁtainers, tubing and lubricants, together with
off-aromas resulting from heat damage, air oxidation, etc.
For this reason a food flavour is often not as clearly
defined as the classic concept of an esséntial oil, since
the flavour may be due to compounds which have appeared
during a step in the preparation of the food, e.g. cooked

food odours distinct from fresh fruit flavours,
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Issenberg and Hornstein [44] have discussed the
concepts of food flavour and noted that there is good reason
in. some cases for only considering the flavour as the
volatilized headspace components. Examples were described
of attempts to oStain food flavour extracts using long
sequences of extraction procedures. In some cases, where
10 tons of food eventually yielded a few ml of a solvent
extract;with a strong flavour, the question was raised as
to whether the final extract was meaningful because of the
numﬁer of artifacts and alteration products which must also
have been recovered.

The isolation of meat flavour volatiles by collecting
the total volatiles released under high vacuum distillation
[164], i.e. by using a one-step extraction and so minimising the
chance of altering the flavour composition, has been adopted
by Hornstein et al [165] as an acceptable procedure. However,
even this very simple type of extraction has been found go
discriminate against components of lower volatiiity, which in
turn would Suggest the need for a further step to extract tﬁe
aqueous fract}on [143].

Améng the techniques used to extract food flavours
include flash distillation, fractional distillations, liquid-
liquid extraction, activated charcoal absorption from aqueous
solutions, Soxhlet extraction, freeze-drying and column
chromatography.

Despite the fact that the above techniques may
cause changes in the composition of a food flavour, the

poorly defined nature of the flavour composition may often
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enable such changes to be acceptable, i.e. without altering
the basic flavour. Carson and Wong [166] showed that an -
almost identical onion flavour could be produced by two
different sequences of extraction stéps. In each case the
same disulphides and trisulphides were obtained, but the
accompanying ethanol, normal and iso-propanols differed
quantitatively. Since the alcohols contributed little to
onion f%avour, then eifher of the extraction sequences was
concluded to be satisfactory for extracting onion flavour.

| It is conclﬁded that the validity of specific
techniques for extracting food flavours, i.e. that do not
alter ﬁhe chemical composition of the flavour componenté,
depends upon the nature of the specific flavour compounds in
a fqod materiél. The flavour of some foods has as a result
not been found amenable to any of the usual extraction
procedures, which has led to their identification by direct

GC analysis of headspace volatiles [44].

(11) 1Isolation of eesen;ial oils from the vapour phase

Singe essential oils exist in both the liquid and
. vapour phasesz consideration should be given to the differences
in composition between each type of terpene mixtﬁre.

Numerous reports have appeared of the anélysis of
headspace volatiles above foods that are difficult to extract.
Many of these studies have been by workers who have condensed
volatiles from the atmosphere about plaﬂt material and subsequently
assumed the composition to correspond to that of the volatiles in

the original food or plant material. In some cases the features
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which cause the compositions of vaporized oils to differ from the
liquid phase are poof;y understood. In addition, the techniques
used to isolate and analyze the composition of the volatile
mixture may introduce characteristic effects upon the
composition.

The composition of the headspace volatiles differs
both quantitatively and qualitatively from the total
volatilgs, i.e. the extractable or liquid-phase volatiles.
The composition of the headspace volatiles directly above
a féod depends upon the vapour pressure of the volatile
compounds in their pure state, at the temperature of the

food, and on the interactions of these compounds with the

matrix. Headspace sampling could therefore result in ‘the

omission of trace amounts of high boiling compounds, and

conceivably also those compounds that may be important flavour
contributors [44). In other situations some headspace compounds
with low volatility, which at low concentrations are easily detected
by the olfactory sensory system, may be below the limit of GC
detection. It may therefore be advantageous to attempt to
concentrate hgadspacg volatiles before analysis without

causing chané%s in composition.

Investigations have been made into the>relationship
between vapour concentration and the concentration of a flavour
component in the liquid substrate. Nawar [167] found the
vapour phase concentrations of 2-heptanone in aqueous solutions
to be about 20 times higher than in o0il solutions. The’
volatility in skim milk was shown to be similar to aqueous

solutions in the concentration range 200 to 6,000 ug/g.
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However at concentrations above 2,000 ug/g a nonlinearity

or deviation from Henry's Law bas been found. Buttery et al
[168] evolved a method for estimating the volatility of

organic flavour compounds in food, and hence their contribution
to the aroma, by either calculation or by experimental
determination. These workers [169] had earlier confirmed
theoretical predictions that higher molecular weight

homologues of aldehydes, ketones and esters, up to C in

9°
dilute water solutions are actually more volatile than the
loﬁer molecular weight homologues. It has also been

postulated [22] that the surface structure of new plant

growth (Douglas fir needles) may be more permeable to terpenes
than that of mature growth, since more a- and B-pinene were
found in new than mature, when compared with analysis following
extraction by distillation.

Comparison of headspace with extract analyses has
resulted in some well documented differences. For example,
banana headspace vapour [170] was shown to contain a number
of unidentified higher boiling peaks (not thought to be |
artifacts) that were not detected in banana extracts.

Other workers have used headspace analysis in
parallel with steaﬁ distillation, or solvent extraction, as a
check on formation of artifacts. However it was conceded
by Maarse and Kepner [22] that the analysis of o0il components
by the two methods cannot be cross-related. Although there
is expected to be considerably less chance for artifact

formation during headspace analysis, the value of this

technique as a parallel check on artifact formation is
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questionable. In a further misleading instance, two peaks
reported in a headspace chromatogram were subsequently shown
to be shadows of two major peaks resulting from a dead-space
holdup in the GC injector chamber [171].

Headspace volatiles have been analyzed by both

direct sampling and in combination with a pre-concentration step.

(a) Direct sampling and analysis of vapour

Direct sampling and GC analysis of the volatiles
in fhe atmosphere of a closed container has been a simple,
convenieng and sensitive method for the investigation of
~ volatiles which could not have been easily studied by
distillation/solvent extraction techniques, e.g. changes in
volatiles during ripening of banana species [172],
identification of AllZwn sp. from the proportion of freshly-
reieased volatiles [7], study of hexanal autoxidation product
in processed vegetables [46] and odours emitted by cultures
of micro-organisms [174]. A common procedure has involved a
glass container fitted with a rubber stopper or septum that
is penetrated with a syringe needle.for sampiing [175, 176].

Reﬁeated sampling from a rubber-sealed container
has been reported to produce variations in the relative
proportions of volatiles [177; 178], but no explanation was
given. Absorption of volatiles by the rubber stopper or
septum was suggested by Hoff and Feit [158]. Davis [180]
has since studied the changes in headspace volatiles due to
rubber absorption, and devised a glass stopcock system which

eliminated the losses.
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Since most headspace analyses appear to have been
carried out with probable losses due to some degree of rubber
absorption, reservations must be placed upon reports prior to
1970. Among the terpenes B-pinene and limonene were most
rapidly absorbed. Compounds with higher molecular weights
appeared to be absorbed more rapidly, which correlated with
more rapid losses of compounds with longer skeletal chains.
Other structures with similar molecular weights were also
more readily absorbed, e.g.‘l—pentanol > valeraldehyde > hexane.

Table 4. Decrease in concentration (%) of volatile
compounds in closed containers [180)]

Closed by "~ Closed by
rubber stopper glass stopcock
Type Compound 30 min. 60 min. 60 min.
~ Alkane Ethylene 2.0 2.1 - -
: Hexane 7.6 13.8 - -
Heptane 21.9 30.4 - -
Alcohol Ethanol 6.9 12.6 - -
1-Butanol 26.7 36.0 - -
1-Pentanol 44.0 59.3 - -
Aldehyde Propional 4.6 8.0 - -
Valeraldehyde 26.3 37.6 - -
Heptanal 64.5 77.8 - -
Ketone Acetone 7.4 10.2 - -
" Ester Ethyl acetate 15.8 24.4 - -
, Butyl acetate 48.3 62.2 - -
Terpenes B-linene 60.9 75.1 - -
Limonene 79.5 88.1 - -

Loper and Webster [181) considered that to obtain a
representative sample of headspace volatiles was fraught with
difficulties. Anong such problems included differential
absorption of volatiles on glass wélls and desorption of

contaminants from the container and septum. It was therefore
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conslidered more valid to inject the toﬁal headspace. For

the analysis of volatiles from alfalfa flowers these workers
placed the flowers in a 100 ml heated syringe and injected

the 70 ml1 headspace. The system was however not sensitive
enough for direct analysis and so a cryogenic pre-concentrating
GC trapping loop was used.

Although some investigators have reported headspace
sample bags to be suitable for relatively concentrated
vapours, e.g. of smog [182, 183] and volatiles from plant
soﬁrces [184, 185], others have found plasti;‘materials to
sometimes give rise to contaminant volatiles [186]. Problems
due to absorption and diffusion losses were also encountered
with dilute samples of automobile exhaust [208, 209]. When
whole branch segments of Pinus strobus were stored in plastic
bags in a freezer, after 14 days an unknown compound appeared

in much larger amounts, and was accordingly regarded as a

degradation product [186].

(b) Techniques for trapping and concentrating volatiles

‘Many reports have appeared of the analysis ;f
volatiles that have first been isolated from the atmosphere,
and loosely described as 'headspace volatiles'. Such
analyses should be distinguished from the direct sampling
and analysis previously described for headspace volatiles,
because the techniques employed to trap and concentrate
have often led to changes in the composition of a volatile
mixture of compounds. Difficulties with earlier cold-

trap and solid adsorbent trapping systems have led to
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numerous other attempts to isolate volatiles, which are
present at too low concentrations for the limited sensitiwvity
of currently available detectors.

Since the olfactory sensory system may often detect
low concentrations. of volatiles which cannot be detected by
any current instrument used for headspace analysis, a need
therefore exists for a suitable trapping and concentrating
techniqqe. Numerous trapping techniques have been devised,
particularly for trapping eluted GC fractions for subsequent
ideﬁtification by MS, IR, etc. [187]. Howevér, many of these
techniques have since been shown to lead to both qualitative
and quantitative changes in the microgram to milligram
quantities of compounds isolated.

A suitably-improved volatiles-trapping technique would
also facilitate the quantitative handling of micro-quantities of
odoriferous compounds. Such investigations includg the study of
volatiles from labial glands of bees, from wing scales of

butterflies and from orchids [173].

Cold-trap condensation of volatiles

Alfhough traps cooled with dry ice or liquid nitrogen
have been successfully used to isolate as little as 0.1 ug of
GC fractions with boiling points as low as that of methane [179],
the principle is unsatisfactory for condensing volatiles from
much larger volumes of air. The main difficulty results from
the amount of water that condenses with the sample. The mass
of condensed water usually far exceeds the volatiles [191] and

may lead to a dilute aqueous extract that is difficult to analyze.
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Attempts to separate volatiles from the water
have involved the introduction of a further step, which may
lead to changes in the composition of the volatile mixture.
For example some studies of cold-trap condensed air pollutants
[188, 189, 190] included a step in which volatiles were
recovered by fractional distillation. The problems of
distillation were discussed earlier. Others [192] have
recommepded drying agents prior to condensation,

e.g. potassium carbonate [210, 211]. Unless a particular
dr&ing agent has been demonstrated to not absorb components
from a mixture of volatiles in a particular application then
this step as well could not be recommended.

Cryogenic sampling, however, is the only technique
presently available which reflects a true sample composition
of the low molecular weight end of the range of airborne
volatiles [196]. With this technique secondary reactions éuch

as oxidation or polymerization are also minimized.

Trapping in solvents

Bubbling of a stream of air and volatiles through
aﬁ appropria&e solvent has enabled highly volétile GC fractions
to be condensed for subsequent recording of an IR spectrum [1931.
The technique has also been attempted as a means of trapping
volatiles from the atmosphere [191], however later removal of
solvent has led to significant losses of more volatile compounds.
Higher boiling point compounds may however be recovered with

minimum losses.
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Trapping on solid absorbents

‘ Absorption of volatiles onto several types of solid
absorbents has enabled microquantities of some organic
compounds to be trapped for subsequeht spectroscopic
identification [187], however the recovery from absorbenﬁé
may be incomplete and even accompanied by qualitative changes.
‘Several writers have discussed the use'of different absorBents,
includiyg activated cﬁarcoal [190, 194, 196], talc and silica
[195], and molecular sieves [197].

| ~ Of all the absorbents aétivated charcoal has been
most successfully used for trapping many types of compounds,
although Rasmussen [190] has reported the recovery of
components to be usually incomplete and variabie. Some
compounds were also reported to undergo chemical alteration
catalyzed by charcoal [190]. Iqtenéive investigations of the
absorption of voiatiles, from atmospheres in undersea and
space laboragories, have shown that activated charcoal may be
used in conjunction with appropriate desorption techniques to
efficiently recover most trapped materials [198]. Among
techniques that have been sugcessfully used to quantitatively
recover particular volatiles include vacuum desorption [199-201],
steam desorption [202, 203] and n-decane extraction, e.g. of
chlorinated hydrocarbons [204]. Solvent extraction of charcoal
was found to be most effective with carbon disulphide [205].
Grob and Grob [206] demonstrated the value of the technique by
absorbing and identifying by GC-MS more than 100 compounds,
from C, to C 0’ that had been absorbed from 25m3 of air on as

7 2
little as 25 mg of charcoal, subsequently extracted with
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carbon disulphide. For recovery of less volatile materials
a combination of charcoal and molecular sieve 5A has been
proposed with heat desorption in vacuum [207].

Less use has been made of other adsorbent trap
materials, no doubt because of well-known effects upon
mixtures of adsorbed volatiles. Silica gel has been found
unsuitable because of the conversion of alcohols to olefins
and irreversible adsorption of amines [197]. Molecular sieve
5A under certain conditions has been shown to strongly absorb
str;ight chain molecules but at the same time weakly adsorb

all types of more complex molecules [197].

Adsorption on coated GC supports

DucFing of headspace vapours through a GC column has
enabled microquantities of volatiles to be trapped and
concentrated for subsequent analysis, without somé of the
changes in composition that accompany trapping by other
techniques. Concentration methods bésed upon the equilibrium
of volatile compounds with a liquid stationary phase, have
been recommended [212, 213] because solutes could be easily
recovered, while the more volatile part of the sample would
be lost. The method is not suitable for large volumes of
air, which could only be ducted very slowly through conventional
GC columns [215]. Short lengths of column, with faster flow
rates, have been used to trap toxic organic compounds in air
[214], however the method is selective in only trapping

certain groups of compounds. Kubeczka [217] demonstrated the
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successful use of this technique by trapping the limited amount
of volatiles in the headspace above fungal cultures, using a
short column of 15%SE-30/AW diatomite (60-80),which upon
analysis was found to have trapped a mixture of volatiles
quantitafively and qualitatively similar to a steam distillate
from the culture. Adsorption involving coa;ed GC supports is
not generally applicable [196].

In an attempt to also trap the more volatile
components, particularly on shorter lengths of column, several
workers combined the technique with a cold-trap condénsationv
step. Hornstein aﬁd Crowe [216] passed prepurified nitrogen
over sample in a flask, then through a cooled column in which
volatiles were frozen out. Issenberg and Mysliwy [170]
subsequently Frapped volatiles on a capillary column cooléd in
liquid nitrogen. In this latter adaptation, which was fraught
with difficulty, five 20 ml vapour samples were injected
into a 30 cm length of coiled capillary column, then allowed
to return to room temperature over a 30 min. period before
beginning a very slow temperature-programmed analysis. Use of
this technique to study the total headspéce surrounding alfalfa
flowers [181I, where volatilgs were trapped on a condensing
coil cooled in dry ice-acetone, only produced a éapillary-column
chromatogram in which many of thé early-eluting peaks had to
be ignored bécause of the masking effects of water.

Headspace volatiles have however been successfully
trapped and concentrated on capillary columms, without the

effect of any condensed water upon the finally determined
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composition. In the usual cold-trapping procedure, in which
a short piéce of capillary 1s cooled in dry ice or liquid-
nitrogen [218—221], the practical sample size is greatly
reduced because of the volume of water that is condensed.
Even 1f the technique is ;uccessful in avoiding a water-
blockage in the capillary, condensed droplets may still move
along the column and destroy the coating film [222]. Grob
and Gro§ [223] have subsequently shown that volatiles may

be successfully trapped on a capillary column without the
neea for freezing the column. These workers showed that the
temperature need only be kept to at least 50o below analysis
temperature. In a further improvement, Grob and Grob [136]
devised a detachable injection block containing a short pilece
oé capillary, which could be coated with an appropriately
retentive liquid phase that might differ from the coating in
the analytical column.

Other workers have introduced further improvements
that have enabled headspace volatiles to be trapped on coated
supports without condensing any water. Although packed columns
may tolerate more condensed water than capillary coluﬁns, they
still cannot accommodate the condensation from more than a few ml
of air [182, 183, 224]. Kaiser [225] successfuliy devised a
means of preventing the condensation of water by maintaining
a temperature gradient along a section of packed GC column.
Tyson and Carle [226] designed what might appear to be the
ultimate system, in which a 20% air sample containing as little
as 0.2 ug/% of volatiles could be cryogenically preconcentrated,
separated completely from water in a preparative-scale GC,

then ducted into a GC-MS for analysis. The selectivity of
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the system, and presumably that of any attempt at trapping
and separating volatiles from condensed water, is indicated
in the recoveries for indfvidual terpenes obtained by Tyson
and Carle. In spite of the poor recoveries of some terpenes,
the overall performance of this system appears to be far
superior to any other yet reported.

Table 5. Efficiency of recovery of selected terpenes

concentrated from the air (0.1 uf or 10 ug

terpenes + 200 mg of water in 20 of air)
in the system designed by Tyson and Carle

[226]
Peak height:
Direct Processed. Recovery

Component - injection sample (%)
a-Pinene 101 , 99 98
Camphene 121 133 110
B-Pinene 114 95 83
Myrcene ' 42 40 95
8,-Carene 50 46 92
Limonene 90 84 .93
Linalool 37 33 89
Thujone i 27 16 60
Menthone 36 41 114
Isomenthone 51 30 59
Estragol 47 _ 41 87
Bornyl écetate 34 10 30

-

Adsorption on porous polymer GC supports

Columns of non-polar uncoated porous polyaromatic
polymer beads, e.g. of the Porapak series by Waters Associates,
have enabled organic compounds to be trapped while water is
largely eluted from such a column [191]. The technique has

been used successfully to isolate several previously unidentified
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organic components of orange jui