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SUMMARY

The thermo-oxidative decomposition of lovage (Levisticum
officinale) and davana (Artemisia pallens) essential oils has
been studied by pyrolysis-gas chromatography/mass
spectrometry in 9% oxygen and 91% nitrogen atmosphere
at 300 °C to simulate low-temperature tobacco heating
conditions. Both lovage and davana oils contain numerous
chemical substances; the main components of both oils are
various oxygen-containing compounds. Isobenzofuranones
are the most important constituents of lovage oil, and their
relative intensity changed significantly during oxidative
pyrolysis. (Z)-ligustilide underwent two kinds of decompo-
sition reactions: an aromatization reaction resulting in the
formation of butylidenephthalide and the scission of the
lactone ring with the elimination of carbon dioxide or
carbon monoxide. Davanone is the main component of
davana oil, which did not decompose considerably during
low-temperature oxidative pyrolysis. However, the relative
yield of the second most intensive component, bicyclo-
germacrene, reduced markedly due to bond rearrangement
reactions. Davana ether underwent oxidation reactions
leading to the formation of various furanic compounds. The
changes in the composition of both essential oils could be

interpreted in terms of bond splitting, intramolecular
rearrangement mechanisms and oxidation reactions of
several constituents during low-temperature oxidative
pyrolysis. The applied thermo-oxidative method was found
to be suitable to study the stability of the essential oils and
monitor the decomposition products under simulated
tobacco heating conditions. In spite of the complicated
composition of the essential oils, no evidence for interac-
tion between the oil components was found. [Beitr. Tabak-
forsch. Int. 29 (2020) 27–43]
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ZUSAMMENFASSUNG

Entspechend den Bedingungen, die bei niederen Tempera-
turen beim Erhitzen von Tabak gegeben sind, wurde der
thermisch-oxidative Abbau der ätherischen Öle des Lieb-
stöckels (Levisticum officinale) und der Davana (Artemisia
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pallens) in einer Atmosphäre von 9% Sauerstoff und 91%
Stickstoff bei 300°C mittels der Kombination Pyrolyse-Gas-
chromatographie/Massenspektrometrie untersucht. Lieb-
stöckel- und Davanaöl enthalten jeweils eine Vielzahl von
Substanzen, wobei die Hauptkomponenten beider Öle
verschiedene sauerstoffhaltige Verbindungen sind. Isobenzo-
furanone sind die wichtigsten Bestandteile des Liebstöckel-
öls. Ihre relative (geschmacklich/geruchliche) Intensität
veränderte sich während der oxidativen Pyrolyse signifi-
kant. Bei den (Z)-Ligustiliden wird auf zwei Wegen
abgebaut: über eine Aromatisierungsreaktion, die zur
Bildung von Butylidenephthalid führt, sowie eine Spaltung
des Lactonrings mit Abspaltung von Kohlendioxid oder
Kohlenmonoxid. Der Hauptbestandteil des Davanaöls ist
Davanon. Bei der oxidativen Pyrolyse bei niedriger Tempe-
ratur wird Davanon nur geringfügig abgebaut. Im Gegen-
satz dazu reduzierte sich die relative Ausbeute von Bicyclo-
germacren, der Komponente mit der zweitstärksten geruch-
lich/geschmacklichen Intensität, aufgrund von Bindungs-
umgruppierungen deutlich. Oxidation des Davan-Äthers
führte zur Bildung verschiedener Furan-Derivate. Die Ver-
änderungen  in der Zusammensetzung beider essentiellen
Öle bei der nieder-Temperatur Pyrolyse kann durch
Bindungsspaltung,  intramolekularer Umgruppierungen und
Oxidationsreaktionen einer Vielzahl ihrer  Bestandteilen
erklärt werden. Die beschriebene, thermisch-oxidative
Methode,  erwies sich für die Untersuchung der Stabilität
ätherischer Öle und zur Bewertung ihrer Abbauprodukte
unter Bedingungen, die Gegebenheiten im Tabak bei
mittelstarker Temperaturbelastung  simulieren, als geeignet.
Es wurde, trotz der komplexen Zusammensetzung der
ätherischen Öle, kein Hinweis auf Wechselwirkungen
zwischen den verschiedenen Komponenten der Öle gefun-
den. [Beitr. Tabakforsch. Int. 29 (2020) 27–43]

RESUME

La décomposition thermo-oxydative des huiles essentielles
de livèche (Levisticum officinale) et de davana (Artemisia
pallens) fut étudiée au travers d’une spectrométrie de masse
accompagnée d’une chromatographie des gaz de pyrolyse
dans une atmosphère à 9% d’oxygène et 91% d’azote
portée à 300°C afin de simuler les conditions de chauffe à
basse température du tabac. La composition chimique des
huiles de livèche et de davana est complexe et inclut divers
composés oxygénés parmi ses constituants principaux. Les
isobenzofuranones sont les constituants principaux de
l’huile de livèche et leur intensité relative changea de façon
significative durant la pyrolyse oxydative. Le (Z)-ligustilide
subit deux types de réactions de décomposition : Une
réaction d’aromatisation menant à la formation du butylide-
nephthalide ainsi que la scission de l’anneau de lactone
avec élimination du dioxyde ou du monoxyde de carbone.
Le davanone est le constituant principal de l’huile de
davana, qui ne subit aucune décomposition importante
durant la pyrolyse oxydative à basse température. Toute-
fois, le rendement relatif du deuxième composé le plus
intensif, à savoir le bicyclogermacrène, chuta de façon
marquée en raison des réactions de réarrangement des
liaisons. Le davana-éther subit des réactions d’oxydation
provoquant la formation de divers dérivés furaniques. Les

modifications apportées à la composition des deux huiles
essentielles purent être interprétées comme des clivages de
liaisons, des mécanismes de réarrangement intramoléculai-
res et des réactions d’oxydation de divers constituants
durant la pyrolyse oxydative à basse température. La
méthode thermo-oxydative appliquée s’avéra utile à l’étude
de la stabilité des huiles essentielles et à l’observation des
produits de décomposition dans des conditions simulées de
chauffe du tabac. En dépit de la composition complexe des
huiles essentielles, aucune preuve d’interaction entre les
constituants des huiles ne fut découverte. [Beitr. Tabak-
forsch. Int. 29 (2020) 27–43]

INTRODUCTION

Essential oils of plants are widely used to add fragrance to
perfumes and cosmetics or as flavours in food, beverage,
and tobacco industries (1–3). Essential oils are very
complex mixtures; hence the identification of the numerous
aroma components is a great challenge. Hundreds of
components have been identified in various essential oils;
a few hundred compounds are common in several oils (4). 
Lovage and davana are aromatic herbs, and the essential
oils of both plants are applied in the tobacco industry (3).
Lovage (Levisticum officinale) has been long cultivated in
Europe and southwestern Asia, the leaves being used as an
herb, the roots as a vegetable, and the seeds as a spice. The
essential oil is mostly produced by steam distillation and
solvent extraction from the roots and leaves of the plant,
although the application of supercritical extraction was also
suggested (1, 5). The essential oil from the leaves is fairly
thin and has a sweet and spicy aroma, while the oil from the
roots is quite resinous and has a strong floral aroma with a
slight bitterness. The leaf oil is principally used as a
fragrance in cosmetics, while the root oil is a flavouring
agent in food, drinks, cigarettes etc. The compositions of
the oils extracted from different anatomical parts of lovage
are fairly different (6–9). The essential oil from the leaves
contains alpha-terpinyl acetate, ligustilides, pentyl cyclo-
hexadiene, α-phellandrene and α-terpineol, while the root
oil has (Z)-ligustilide, senkyunolide, various phthalides,
terpenoids and coumarins (9–12). (Z)-Ligustilide, which is
known as a major lovage constituent, has been found in
amounts of 37–68% in European lovage root oils (13). The
content of (Z)-ligustilide in the leaf oil is lower compared
with the root oil. The essential oil composition varies signi-
ficantly on the production site and harvesting time
(6, 13–14). Pure Z-ligustilide is a very unstable compound
and it degrades rapidly in daylight. About 15% of it
degraded when stored at 4 °C in the refrigerator for
15 days; however, the other components of the oil might
have stabilising effects (15–16). 
Davana (Artemisia pallens) is an aromatic herbaceous
plant, which is native to the Southern part of India. Davana
is commercially cultivated for its fragrant leaves and
flowers. The essential oil is produced from the leaves and
flowers by steam distillation and it has a pleasant herbal
and fruity fragrance (17–18). Davana oil is used in the
production of perfumes, cosmetics and is also widely used
in the food industry for flavouring tobacco, cakes, pastries
and some beverages. Davana oil has been widely investi-
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gated by GC/MS, IR and NMR; however, its composition
is so complex that not all of its major components have
been identified (17, 19). The major component of davana
oil is a sesquiterpene ketone, davanone, which represents
30–65% of the oil. Eight davanone isomers have been
identified (20–21), but (+)-davanone dominates among
them. The purified davanone compound is practically
odourless; however, within the mixture it is thought to
enhance the overall odour of the oil. The characteristic
aroma of davana oil originates mainly from davana furan,
but davana ether and other furan derivatives were also
reported as odoriferous constituents (22). Davanone, bicyclo-
germacrene, davana ether, davana furan, cinnamates, and
linalool are the major constituents (20, 23). The composi-
tion of the oil depends on the plant growth stage and the
part of the plant; however, the essential oil yield and
composition have been shown not to vary from year to year
(20). Among the components of davana oil, bicyclo-
germacrene appears to be unstable. NJOROGE et al. (24)
observed that bicyclogermacrene was the main sesquiter-
pene hydrocarbon of the fresh cold-pressed yuzu oil;
however, other authors reported bicycloelemene and
sesquiterpene alcohols as the main sesquiterpenoid compo-
nents. Bicyclogermacrene practically disappeared and was
converted to spathulenol during the storage of yuzu oil at
25 °C for a few weeks (25). 
The aim of the present work was to screen the thermal
stability of the flavours to be applied in heated tobacco
products, which is an important issue in the product safety
assessment (26). Natural and synthetic flavouring com-
pounds are applied during tobacco processing for cigarettes
(27–28) and for low-temperature heated tobacco products
(29–30). Oxidative pyrolysis can be performed to assess the
thermal stability of the flavour compounds and to monitor
the reaction products. In a previous paper, the thermo-
oxidative degradation of lime, bergamot and cardamom
essential oils has been described (31). In this study, we
monitored the changes in the composition of lovage and
davana essential oils during low-temperature oxidative de-
composition in order to reveal the major reaction pathways
under simulated conditions of low-temperature tobacco
heating. 

MATERIALS AND METHODS

Materials 

Two flavour samples, lovage root oil (Levisticum officinale)
and davana oil (Artemisia pallens) were obtained from
Hertz Flavors GmbH & Co. KG (Reinbek, Germany). The
samples were stored in amber essential oil dropper bottles
at 4 °C in the refrigerator prior to analysis. All experiments
were performed within a 10-day time window after first
breaking the seal on the bottles, to minimize oxidation
during refrigerated storage.

Analysis of the as-received samples 

The gas chromatography/mass spectrometry (GC/MS)
experiments were performed using an Agilent 6890 A/
5973 GC/MS (Agilent Technologies, Santa Clara, CA,

USA). The essential oil samples were dissolved in dichloro-
methane to obtain 30 mg/mL concentration on the day of
the measurements. Aliquots of 1 µL solution were injected
to the GC/MS operating with helium carrier gas with a split
ratio of 100:1. 
The separation of the compounds was carried out on a DB-
1701 capillary column (30 m × 0.25 mm, 0.25 µm film
thickness). The GC oven was programmed to hold at 40 °C
for 7 min before increase to 280 °C at a rate of 10 °C/min.
The mass spectrometer was operated in electron impact
ionization mode at 70 eV in a range of m/z 29–400. The
identification of the compounds was performed using
NIST 2011 and Wiley 2009 mass spectral libraries. For the
correct identification of the isomers, literature data
(4, 12–13, 19) were also taken into account. Five parallel
experiments were carried out for both samples.

Low-temperature pyrolysis-GC/MS 

The pyrolysis experiments were carried out using a Pyro-
probe 2000 (CDS Analytical, Oxford, PA, USA) coupled
on-line to the Agilent 6890/5973 GC/MS. The pyrolyser is
equipped with a platinum coil and a quartz tube. Aliquot of
0.05 µL essential oil sample was dispensed on a piece of
quartz wool placed in the middle of the quartz tube. The
Pyroprobe was immediately inserted into the pyrolysis
chamber preheated to 250 °C. The sample was then heated
to 300 °C (calibrated temperature) and kept there for 5 min
in 9% oxygen and 91% nitrogen atmosphere using
276 mL/min flow rate. The temperature was chosen as
300 °C in order to mimic the heating conditions for the
low-temperature tobacco heating products (30). The gas
mixture purged the volatile molecules to the DB-1701
capillary column and then the carrier gas was switched to
helium. A solvent delay of 7 min was applied to protect the
mass spectrometer from oxygen. The parameters of GC/MS
analysis were the same as for the analysis of the essential
oil solutions. Five parallel runs were performed on both
samples. 

RESULTS AND DISCUSSION

Lovage oil 

Figure 1(a) presents the chromatogram of the lovage root
oil solution. The identification of the compounds, the
relative intensities (area %) and the standard deviations cal-
culated from five parallel experiments are listed in Table 1.
Compounds having relative intensities higher than 0.1%
were considered for evaluation. The quantification of the
oil components by using reference compounds was not the
purpose of this study. Therefore, the relative intensity data
calculated from the integrated total ion current values were
used for evaluating the composition of the essential oils.
The area percent-values of the chromatograms provide a
good estimate of the changes in the compositions during the
thermo-oxidative decomposition. 
The main component of lovage root oil was (Z)-ligustilide
[50], which had 58% relative intensity calculated as area-
percentage. (E)-Ligustilide [56] represented only 4%, while
the relative intensity of 2-pentylcyclohexa-1,3-diene [10] 
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Figure 1.  (a) GC/MS and (b) Py-GC/MS total ion chromatogram of lovage oil (numbered peak identities are given in Table 1 and are
shown in square brackets in the text).

and (Z)-3-butylidenephthalide [45] amounted to 6 and 4%,
respectively. Eleven other compounds had relative intensity
between 1 and 2%, altogether representing 15% of the oil.
These components belonged to various types of com-
pounds: monoterpenes, sesquiterpenes, alkylbenzenes, iso-
benzofuranone derivatives, and long-chain alcohol and
ester. All the other compounds were minor components of
relative concentrations between 0.1 and 1%, altogether
amounting to 13%.
The components of lovage oil have been categorized into
classes, as shown in Table 2. It can be established that
isobenzofuranones were the most significant constituents of
lovage oil including alkyl- and alkenyl-dihydroisobenzo-
furanones, tetrahydroisobenzofuranones, and phthalides,
altogether representing a relative intensity of 74%. Ter-
penoids constituted 9.5% of the oil; slightly more than half
of them were monoterpenoids, with the rest being sesqui-
terpenoids. Hydrocarbon terpenes dominated among the
terpenoids, oxygen-containing terpene alcohols and acetate
constituted only about 11 and 24% of monoterpenoids and
sesquiterpenoids, respectively. Cyclohexadiene and benze-
ne with aliphatic side chains represented another important
group of hydrocarbon components constituting about 7% of
the oil. Lovage oil contained long-chain aliphatic com-
pounds as well, such as fatty acid, fatty acid esters, and
alcohol. 
During oxidative pyrolysis at 300 °C, the relative composi-
tion of lovage oil altered, as the pyrolysis-gas chromato-
gram (pyrogram) illustrates in Figure 1(b). The differences
in the relative intensity data of the as-received and the pyro-
lysed oil are shown in Table 1. It should be noted that the 

evaporation of the compounds played a considerable role
due to the volatility of the oil components, the moderate
pyrolysis temperature, and the high gas flow rate. Neverthe-
less, the relative intensities of numerous compounds were
changed and a few new products were formed during
pyrolysis. Changes in composition were assessed for sta-
tistical significance using two tailed, two-sample t-tests
with an alpha risk of 0.05. For instances, where a compound
was absent in either sample group, significance was evalu-
ated using a one-sample t-test with an alpha risk of 0.05. 

Table 2.  Relative intensities (area-%) of the compound classes of
lovage oil as received (injection) and after Py-GC/MS experiment
(pyrolysis).

Compound classes
Injection
area-%

Pyrolysis
area-%

Difference
in area-%

Monoterpenoids 5.05 4.02 !1.03
Alkyl-, alkenyl-benzenes
   and cyclohexadienes

7.26 9.01 +1.75

Alkyl-, alkenyl-
   dihydroisobenzofuranones

65.00 59.60 !5.40

Alkyl-, alkenyl-phthalides 6.57 11.06 +4.49
Alkyl-, alkenyl-
   tetrahydroisobenzofuranones

2.46 2.58 +0.12

Cyclic anhydrides (benzene,
   cyclohexadiene)

0.86 1.74 +0.88

Sesquiterpenoids 4.46 5.32 +0.86
Fatty acid and alcohol
   derivatives

4.36 1.71 !2.65

Alkenes and alkenyl oxo
   compounds

0.17 0.83 +0.66
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Table 1.  Composition of lovage oil and pyrolysis products at 300 °C in 9% oxygen / nitrogen atmosphere. 

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a

1 10.45 136 α-Pinene 0.74 ± 0.10 0.22 ± 0.08 !0.52 ***

2 11.03 136 Camphene 0.21 ± 0.03 0.10 ± 0.03 !0.11 ***

3 11.74 114 Heptanal 0 0.49 ± 0.10 +0.49 ***

4 11.86 136 β-Pinene 1.23 ± 0.15 0.66 ± 0.18 !0.57 ***

5 13.14 136 D-Limonene 0.22 ± 0.03 0.33 ± 0.06 +0.11 *

6 13.31 136 β-Phellandrene 1.57 ± 0.14 1.42 ± 0.20 !0.15 N

7 13.51 134 p-Cymene 0.07 ± 0.00 0.14 ± 0.02 +0.07 **

8 13.85 136 γ-Terpinene 0.15 ± 0.01 0.29 ± 0.05 +0.14 **

9 14.37 136 Terpinolene 0.29 ± 0.02 0.32 ± 0.04 +0.03 N

10 15.69 150
2-Pentylcyclohexa-
   1,3-diene

6.00 ± 0.29 6.56 ± 0.52 +0.56 N

11 15.97 148 n-Pentyl-benzene 1.22 ± 0.05 2.12 ± 0.13 +0.90 ***

12 17.12 148 C5-benzene 0.01 ± 0.00 0.13 ± 0.01 +0.12 ***

13 17.28 164 1,3,5-Dodecatriene 0.17 ± 0.01 0.20 ± 0.01 +0.03 *

14 17.30 146 1-Phenyl-1-pentene 0.02 ± 0.00 0.20 ± 0.01 +0.18 ***

15 17.35 154 α-Terpineol 0.08 ± 0.01 0.12 ± 0.01 +0.04
***

16 18.81 204 α-Copaene 0.20 ± 0.01 0.32 ± 0.03 +0.12 ***

17 19.15 196 α-Terpinyl acetate 0.49 ± 0.03 0.44 ± 0.09 !0.05 N

18 19.22 204 β-Elemene 0.44 ± 0.02 0.55 ± 0.06 +0.11 *

19 19.48 152 2,4-Decadienal 0 0.14 ± 0.01 +0.14 **

20 19.54 204 β-Funebrene 0.10 ± 0.01 0.16 ± 0.02 +0.06 ***

21 19.68 204 γ-Elemene 0.08 ± 0.01 0.17 ± 0.02 +0.09 ***

22 19.83 150 2-Methoxy-4-vinylphenol 0.41 ± 0.09 0.67 ± 0.12 +0.26 **
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Table 1.  Continued

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a

23 19.91 162 Valerophenone 1.32 ± 0.06 1.77 ± 0.14 +0.45 ***

24 20.03 204 α-Bulnesene 0.23 ± 0.01 0.34 ± 0.02 +0.11 ***

25 20.40 204
2-Isopropenyl-4a,8-
   dimethyl-1,2,3,4,4a,5,6,7-
   octahydronaphthalene

0.12 ± 0.01 0.30 ± 0.03 +0.18 ***

26 20.56 204 β-Selinene 1.00 ± 0.06 1.04 ± 0.11 +0.04 N

27 20.63 204 α-Selinene 0.39 ± 0.02 0.41 ± 0.04 +0.02 N

28 20.83 204 δ-Cadinene 0.66 ± 0.04 0.64 ± 0.05 !0.02 N

29 20.95 148 Phthalic anhydride 0.08 ± 0.00 0.85 ± 0.11 +0.77 ***

30 21.03 204 α-Gurjunene 0.07 ± 0.01 0.12 ± 0.03 +0.05 **

31 21.09 204 β-Himachalene 0.10 ± 0.01 0.15 ± 0.02 +0.05 **

32 21.12 238 Bornyl isovalerate 0.20 ± 0.02 0.19 ± 0.02 !0.01 N

33 21.24 238 Bornyl pentanoate 0.17 ± 0.01 0.19 ± 0.01 +0.02 N

34 21.51 150
1,3-Cyclohexadiene-1,2-
   dicarboxylic anhydride

0.77 ± 0.04 0.89 ± 0.08 +0.12 *

35 22.14 222 Elemol 0.28 ± 0.03 0.33 ± 0.05 +0.05 N

36 22.44 222 Carotol 0.13 ± 0.01 0.17 ± 0.02 +0.04 *

37 23.02 222 γ-Eudesmol 0.13 ± 0.01 0.12 ± 0.02 !0.01 N
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Table 1.  Continued

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a 

38 23.10 222 τ-Muurolol 0.25 ± 0.02 0.27 ± 0.05 +0.02 N

39 23.33 222 Unidentified sesquiterpene 0.19 ± 0.01 0.18 ± 0.03 !0.01 N

40 23.40 174 3-Propylidenephthalide 0.15 ± 0.01 0.27 ± 0.04 +0.12 **

41 23.42 222 β-Eudesmol 0.29 ± 0.02 0.24 ± 0.05 !0.05 N

42 23.45 222 Unidentified 0.54 ± 0.05 0.43 ± 0.06 !0.11 *

43 23.50 176 3-Propylphthalide 0.06 ± 0.00 0.33 ± 0.05 +0.27 ***

44 24.27 176
(Z)-3-propylidene-4,5-
   dihydroisobenzofuran-
   1(3H)-one

1.45 ± 0.12 1.50 ± 0.09 +0.05 N

45 24.49 188 (Z)-3-Butylidenephthalide 4.19 ± 0.30 7.69 ± 0.44 +3.50 ***

46 24.56 192
(Z)-Sedanonic acid lactone

0.20 ± 0.04 0.17 ± 0.03 !0.03 N

47 24.61 190 3-n-Butylphthalide 1.04 ± 0.07 1.22 ± 0.08 +0.18 **

48 25.21 192
(E)-Sedanonic acid lactone

0.20 ± 0.01 0.36 ± 0.03 +0.16 ***

49 25.26 188 (E)-3-Butylidenephthalide 0.94 ± 0.06 1.42 ± 0.08 +0.48 ***

50 25.37 190 (Z)-Ligustilide 58.05 ± 1.90 51.57 ± 2.14 !6.48 **
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Table 1.  Continued

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a 

51 25.47 270
Hexadecanoic acid 
   methyl ester

0 0.20 ± 0.03 +0.20 ***

52 25.54 194
3-Butyl-4,5,6,7-
   tetrahydroisobenzofuran-
   1(3H)-one

2.07 ± 0.16 2.05 ± 0.10 !0.02 N

53 25.59 218
Isobenzofuranone
   derivative

0 0.18 ± 0.02 +0.18 ***

54 25.65 192 Senkyunolide 1.45 ± 0.09 1.29 ± 0.09 !0.16 *

55 26.09 284
Hexadecanoic acid, 
   ethyl ester

0.42 ± 0.03 0.41 ± 0.04 !0.01 N

56 26.36 190 (E)-Ligustilide 4.06 ± 0.24 5.23 ± 0.22 +1.17 ***

57 26.99 186 Ficusin (Furocoumarin) 0.22 ± 0.07 0.21 ± 0.03 !0.01 N

58 27.55 244 Falcarinol 1.02 ± 0.22 0.34 ± 0.10 !0.68 **

59 27.74 218
5-Methoxy-3-
   butylidenephthalide

0.19 ± 0.01 0.13 ± 0.01 !0.06 ***

60 27.83 308 Linoleic acid ethyl ester 0.79 ± 0.07 0.76 ± 0.11 !0.03 N

61 28.47 280 Linoleic acid 0.37 ± 0.25 0 !0.37 *

62 29.47 224 Unidentified 0.75 ± 0.14 0.31 ± 0.11 !0.44 ***

63 29.72 Fatty acid ester 1.76 ± 0.35 0 !1.76 ***

a p-values (t-test): N, no significant change (p > 0.05); *, 0.05 $ p > 0.01; **, 0.01 $ p > 0.001; ***, p # 0.001.
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Scheme 1.  Proposed conversion reactions of (Z)-ligustilide during low temperature pyrolysis of lovage oil. Compound numbers
correspond to those in Table 1. The percentage data indicate the change in composition (area-%) (Table 1).

The significance of the changes in the area-percent values
of the components is listed in Table 1. The relative intensity
of the main component, (Z)-ligustilide [50] reduced from
58.1 to 51.6% (0.01 $ p > 0.001). The levels of (Z)-3-butyl-
idenephthalide [45] and other alkyl- and alkylidene-
phthalides were enhanced during pyrolysis. Scheme 1
presents the reaction routes proposed for the conversion of
(Z)-ligustilide [50] during low-temperature oxidative py-
rolysis. The cyclohexadiene ring of (Z)-ligustilide was
transformed (aromatised) via dehydrogenation leading to
the formation of (Z)-3-butylidenephthalide [45]. Similarly
to our previous studies (30–32), it is likely that oxygen
radicals initiated the cleavage of the CSH bonds, resulting
in the release of water molecules, because the pyrolysis
temperature was considered low for dehydrogenation with
the formation of hydrogen molecules. Our previous study
on flavour ingredients (30) demonstrated that the dehydro-
genation reactions were more pronounced in the oxidative
than in the inert atmosphere. (Z)-3-Butylidenephthalide
[45] could be further oxidized at the alkylidene group
forming phthalic anhydride [29]. The scission of the
furanone ring of (Z)-ligustilide [50] also took place as the
increased yields of valerophenone [23] and 1-phenyl-1-
pentene [14] indicated. The elimination of carbon dioxide
from the furanone ring followed by hydrogen transfer could
result in the formation of 1-phenyl-1-pentene [14]. The
removal of CO groups and hydrogen transfer led to the
release of valerophenone [23]. Valerophenone could also be
formed via the oxidation of 1-phenyl-1-pentene [14].
Similar reactions were observed in the case of alkyl
cinnamate compounds during oxidative pyrolysis: the
double bonds were oxidised forming oxo-compounds (32).
Cinnamaldehyde underwent transformation to benzalde-
hyde at as low a temperature as 60 °C, as described by
FRIEDMAN (33).
As Table 2 shows, the relative intensity of dihydroiso-
benzofuranones generally decreased due to the aromatisa-
tion of the cyclohexadiene rings; however, the cyclohexene
rings of alkyl and alkenyl-tetrahydroisobenzofuranones did
not undergo aromatisation. The relative intensity of fatty

alcohol, acid and esters decreased, while the intensity of
shorter-chain alkenes and alkenyl-oxo compounds in-
creased, indicating oxidation reactions and chain scissions.
Small changes took place in the distribution of cyclic
monoterpenes during low-temperature pyrolysis (Table 1).
The total intensity of the bicyclic monoterpenes like α- and
β-pinene [1 and 4] was reduced, while the relative yield of
monocyclic monoterpenes slightly increased. The four-
membered ring of pinenes was cleaved next to the tertiary
carbon atom, resulting in the formation of limonene [5] and
γ-terpinene [8] similarly to what we observed in lime
essential oil previously (31). 

Davana oil 

The chromatogram of davana oil solution can be seen in
Figure 2(a) and the identification of the compounds is
found in Table 3. Furthermore, Table 3 lists the relative
intensities and standard deviations considering the peaks
having > 0.1 area-percent either in the as-received oil or in
the pyrolysate. In the as-received oil, 75 peaks were identi-
fied, two peaks [42 and 63] among those contained two
unresolved compounds and one peak [24] contained three
unresolved compounds. Five peaks contained two slightly
resolved compounds each [16–17, 19–20, 32–33, 34–35,
and 43–44] and their intensity ratios were estimated based
on the selected ion chromatograms. Additionally, 29 un-
identified peaks were taken into account in the area-percent
calculations, which had a relative intensity of > 0.1%. As
Table 3 indicates, the majority of the constituents belonged
to furan derivatives of different oxygen contents as well as
to sesquiterpenes and oxygen- and sulphur-containing
sesquiterpenoids. (+)-Davanone [59] was the main com-
ponent of davana oil representing 29.5 area-percent of the
total ion chromatogram. Other davanone isomers [54, 55
and 56] represented only a total of 3.4 area-percent. The
second-most intense peak in the chromatogram was
bicyclogermacrene [41], amounting to 11.7 area-percent.
The intensity of bicyclogermacrene was relatively high,
while that of the two bicycloelemene isomers [16 and 18] 
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Figure 2.  (a) GC/MS and (b) Py-GC/MS total ion chromatogram of davana oil (numbered peak identities are given in Table 3).

was very low (below 0.2 area-percent) indicating that the
as-received davana oil had been kept fresh (24). 
The oil components were categorised into groups according
to their chemical structure; and the summed intensities of
the compounds in the groups are listed in Table 4. The
furan derivatives were grouped into davanones, hydroxy-
isodavanones, davana ethers and the remaining compounds
of smaller molecular mass were referred to as ‘other furan
derivatives’. 
The furan derivatives constituted about 48% of davana oil,
while sesquiterpenes and sesquiterpenoids were the other
main components amounting to about 27%. Davana oil
contained several aliphatic and aromatic esters; however,
most of them at low concentrations with the exceptions of

geranyl acetate [25] and methyl [37] and ethyl cinnamates
[34 and 47], representing about 1, 1 and 8%, respectively.
Ethyl trans-cinnamate [47] was the third-most intense peak
in the chromatogram, amounting to 6.3%.
During oxidative pyrolysis at 300 °C, the majority of
davana oil components evaporated unchanged due to the
moderate temperature and the high flow rate. Nevertheless,
there were substantial alterations in the intensity of several
compounds, as Figure 2b and Table 3 demonstrate. The
significance of the intensity increase of the main con-
stituent, (+)-davanone [59] appears marginal as determined
by t-test. However, the second-most important component
of davana oil, bicyclogermacrene [41] underwent a sub-
stantial decrease in its relative intensity from 11.7 to 6.5%,
while the relative concentrations of other sesquiterpenes 
increased (Table 4). These observations can be explained
by rearrangement reactions of bicyclogermacrene [41] as
illustrated in Scheme 2a. Since the intensity of a bicyclo-
elemene isomer [18] was increased from 0.18 to 2.03% and
another isomer [16] was formed as a result of pyrolysis,
these appear logical candidates for the products from
conversion of bicyclogermacrene. It is proposed that the
rearrangement reaction of bicyclogermacrene [41] took
place by a pericyclic reaction referred to as sigmatropic
shift. A σ-bond was formed between the tertiary and sec-
ondary carbon atoms at the double bonds, a double bond
was shifted, and a single bond was broken leading to the
formation of bicycloelemene, as demonstrated in Scheme 2a.
Other rearrangement reactions of bicyclogermacrene [41]
occurred to a smaller degree. The scission of the strained 3-
membered ring probably took place with the creation of a 

Table 4.  Relative intensities (area-%) of the compound classes of
davana oil as received (injection) and after Py-GC/MS experiment
(pyrolysis).

Compound classes
Injection
area-%

Pyrolysis
area-%

Difference
area-%

Esters 12.56 12.49 !0.07
Bicyclogermacrene 11.68 6.46 !5.22
Other sesquiterpenes 7.59 10.45 +2.86
O-,S-containing
   sesquiterpenoids

8.09 8.72 +0.63

Davanones 32.95 35.72 +2.77
Hydroxyisodavanones 1.75 2.00 +0.25
Davana ethers 10.43 5.83 !4.60
Other furan derivatives 3.13 4.43 +1.30
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Table 3.  Composition of davana oil and pyrolysis products at 300 °C in 9% oxygen / nitrogen atmosphere.

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a 

1 9.40 130 Ethyl 2-methylbutanoate 0.20 ± 0.03 0 !0.20 ***

2 9.60 130 Ethyl 3-methylbutanoate 0.14 ± 0.02 0 !0.14 ***

3 12.04 144 Propyl 2-methylbutanoate 0.29 ± 0.03 0.06 ± 0.04 !0.23 ***

4 12.18 144 Propyl 3-methylbutanoate 0.21 ± 0.03 0.03 ± 0.03 !0.18 ***

5 13.51 134 p-Cymene 0.41 ± 0.04 0.13 ± 0.09 !0.28 **

6 13.71 106 Benzaldehyde 0.07 ± 0.00 0.18 ± 0.06 +0.11 *

7 15.04 112 5,5-Dimethylfuran-2(5H)-one 0.13 ± 0.01 0.37 ± 0.04 +0.24 ***

8 15.16 154 cis-Arbusculone 0 0.12 ± 0.02 +0.12 ***

9 15.17 172
2-Methylbutyl 2-
methylbutanoate

0.46 ± 0.03 0.23 ± 0.10 !0.23 **

10 15.28 172 2-Methylbutyl pentanoate 0.23 ± 0.01 0.10 ± 0.05 !0.13 **

11 15.54 154 trans-Arbusculone 0.03 ± 0.00 0.20 ± 0.02 +0.17 ***

12 15.72 154 Linalool 0.50 ± 0.02 0.28 ± 0.10 !0.22 **

13 16.36 126
5-Ethenyl-5-methyl-
   dihydrofuran-2(3H)-one

0.13 ± 0.01 0.25 ± 0.03 +0.12 ***

14 16.71 138
4-(Propan-2-ylidene)
   cyclohexanone

0 0.11 ± 0.03 +0.11 ***

15 16.88 154 Terpinen-4-ol 0.35 ± 0.01 0.24 ± 0.06 !0.11 *

16 18.18 204

 

Bicycloelemene (isomer 1) b 0 0.37 ± 0.04 +0.37 ***

17 18.19 182 Nordavanone b 0.24 ± 0.01 0.31 ± 0.03 +0.07 **

18 18.36 204 Bicycloelemene (isomer 2) 0.18 ± 0.01 2.03 ± 0.10 +1.85 ***

19 18.71 164 Methyl 3-phenylpropanoate b 0 0.12 ± 0.01 +0.12 ***

20 18.73 204 Isoledene b 0.12 ± 0.00 0.04 ± 0.00 !0.08 ***

21 18.81 204 α-Copaene 0.17 ± 0.00 0.18 ± 0.02 +0.01 N

22 18.84 210
4-(5-Ethenyl-5-
   methyltetrahydrofuran-
   2-yl)pentan-2,3-dione

0.05 ± 0.01 0.37 ± 0.04 +0.32 ***
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Table 3.  Continued

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a 

23 19.23 204 β-Elemene 0.52 ± 0.01 0.49 ± 0.04 !0.03 N

24 19.28

162

204

204

 +

+

 

Methyl cis-cinnamate  + 

α-Gurjunene + 

δ-Selinene 

0.19 ± 0.09 0.34 ± 0.04 +0.15 *

25 19.57 196 Geranyl acetate 1.03 ± 0.02 0.82 ± 0.07 !0.21 **

26 19.63 178 Ethyl 3-phenylpropanoate 0.20 ± 0.00 0.19 ± 0.03 !0.01 N

27 19.69 204 β-Caryophyllene 0.33 ± 0.01 0.33 ± 0.02 0 N

28 19.74 204 Eudesma-3,7(11)-diene 0.06 ± 0.01 0.13 ± 0.01 +0.07 ***

29 19.82 204 Aromadendrene (isomer 1) 0.75 ± 0.03 0.91 ± 0.06 +0.16 **

30 19.85 204 Eudesma-5,11-diene 0.05 ± 0.00 0.23 ± 0.07 +0.18 **

31 19.90 220 Davana furan 0.70 ± 0.01 0.67 ± 0.05 !0.03 N

32 20.10 192 Benzyl isovalerate b 0.20 ± 0.03 0.15 ± 0.05 !0.05 N

33 20.12 204 Aromadendrene (isomer 2) b 0.51 ± 0.08 0 !0.51 ***

34 20.15 176 Ethyl cis-cinnamate b 2.02 ± 0.13 2.45 ± 0.15 +0.43 **

35 20.16 204 α-Humulene b 0 0.24 ± 0.01 +0.24 ***

36 20.28 204 γ-Muurolene 0.13 ± 0.00 0.10 ± 0.02 !0.03 *

37 20.37 162 Methyl trans-cinnamate 1.02 ± 0.02 1.05 ± 0.04 +0.03 N

38 20.45 204 Isobicyclogermacrene 0.23 ± 0.04 0.66 ± 0.14 +0.43 **
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Table 3.  Continued

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a 

39 20.49 204 Ledene 1.27 ± 0.03 1.48 ± 0.06 +0.21 ***

40 20.57 204 β-Selinene 2.50 ± 0.05 2.30 ± 0.08 !0.20 **

41 20.76 204 Bicyclogermacrene 11.68 ± 0.10 6.46 ± 0.26 !5.22 ***

42 20.81

204

204

δ-Cadinene + 

γ-Cadinene

0.77 ± 0.05 0.96 ± 0.06 +0.19 ***

43 20.96 236 Davanone (isomer 1) b 0 0.55 ± 0.01 +0.55 ***

44 20.97 234 Davana ether (isomer 1) b 1.94 ± 0.06 1.10 ± 0.03 !0.84 ***

45 21.08 190 Precocene 0.04 ± 0.00 0.17 ± 0.02 +0.13 ***

46 21.27 234 Davana ether (isomer 2) 5.41 ± 0.20 2.78 ± 0.12 !2.63 ***

47 21.34 176 Ethyl trans-cinnamate 6.34 ± 0.14 7.12 ± 0.04 +0.78 ***

48 21.45 234 Davana ether (isomer 3) 0.24 ± 0.07 0.16 ± 0.04 !0.08 *

49 21.55 234 Davana ether (isomer 4, 5) 2.84 ± 0.07 1.79 ± 0.11 !1.05 ***

50 21.67 224 Geranyl isobutyrate 0.23 ± 0.01 0.16 ± 0.05 !0.07 *

51 21.87 250 Artedouglasia oxide (isomer 1) 0.70 ± 0.02 0.82 ± 0.05 +0.12 **

52 21.95 222 Nerolidol 0.50 ± 0.04 0.45 ± 0.05 !0.05 N

53 22.07 250 Artedouglasia oxide (isomer 2) 0.88 ± 0.03 0.99 ± 0.01 +0.11 ***

54 22.11 236 Davanone (isomer 2) 0.50 ± 0.03 0.61 ± 0.05 +0.11 **

55 22.23 236 Davanone (isomer 3) 1.83 ± 0.15 1.69 ± 0.09 !0.14 N

56 22.43 236 Davanone (isomer 4) 1.11 ± 0.02 1.09 ± 0.10 !0.02 N

57 22.53 220 Spathulenol 3.67 ± 0.18 3.90 ± 0.22 +0.23 N
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Table 3.  Continued

No. tret /min MW Structure Compound
Injection /area-%
aver. ± std. dev.

Pyrolysis /area-%
aver. ± std. dev.

Difference 
in area-%

Significance
level a 

58 22.58 222 Viridiflorol 0.62 ± 0.08 0.95 ± 0.05 +0.33 ***

59 22.69 236 (+)-Davanone 29.50 ± 0.63 31.77 ± 1.72 +2.27 *

60 22.87 250 Artedouglasia oxide (isomer 3) 0.26 ± 0.02 0.33 ± 0.03 +0.07 **

61 23.05 222 Cadinol (isomer 1) 1.77 ± 0.03 1.77 ± 0.06 0 N

62 23.17 220 Isospathulenol 0.58 ± 0.05 0.62 ± 0.03 +0.04 N

63 23.32

222

220

Cadinol (isomer 2) + 

4,8a-Dimethyl-6-(prop-1-en-
   2-yl)-1,2,3,5,6,7,8,8a-
   octahydronaphthalen-2-ol

0.51 ± 0.02 0.49 ± 0.04 !0.02 N

64 23.42 222 β-Eudesmol 0.94 ± 0.02 0.99 ± 0.03 +0.05 *

65 23.92 224 Methyl jasmonate 0.28 ± 0.01 0.33 ± 0.03 +0.05 **

66 24.00 202 Desmethoxy encecalin 0.09 ± 0.02 0.20 ± 0.07 +0.11 *

67 24.13 236 Mintsulfide 0.12 ± 0.01 0.18 ± 0.01 +0.06 ***

68 24.72 252
2-Hydroxyisodavanone
   (isomer 1)

0.18 ± 0.02 0.17 ± 0.03 !0.01 N

69 24.81 252
2-Hydroxyisodavanone 
   (isomer 2)

0.19 ± 0.01 0.18 ± 0.03 !0.01 N

70 24.93 252
 

2-Hydroxyisodavanone
   (isomer 3) b 

0.14 ± 0.01 0.13 ± 0.01 !0.01 N

71 24.96 268 Hexahydrofarnesyl acetone b 0.14 ± 0.01 0.18 ± 0.01 +0.04 ***

72 25.11 252
2-Hydroxyisodavanone 
   (isomer 4)

1.08 ± 0.03 1.36 ± 0.15 +0.28 *

73 25.14 252 Hydroxyisodavanone 0.16 ± 0.01 0.15 ± 0.03 !0.01 N

74 26.40 296 Heneicosane 0.12 ± 0.01 0.06 ± 0.05 !0.06 N

75 27.50 296 Phytol 0.31 ± 0.03 0 !0.31 ***

29 unidentified peaks 8.68 11.06 +2.38

a p-values (t-test): N, no significant change (p > 0.05); *, 0.05 $ p > 0.01; **, 0.01 $ p > 0.001; ***, p # 0.001.
b The intensities of the slightly resolved peaks were estimated based on the selected ion chromatograms.
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Scheme 2.  Proposed reactions occurring in davana oil during oxidative pyrolysis. (a) Conversion of bicyclogermacrene and (b) oxidation
reactions of davana ether. Compound numbers correspond to those in Table 3. The percentage data indicate the change in composition
(area-%) (Table 3).

new double bond resulting in α-humulene [35]. A σ-bond
could be formed between the two secondary carbon atoms
at the double bonds leading to the formation of ledene [39].
The intensity of isobicyclogermacrene [38] was increased
from 0.23 to 0.66%. Both isobicyclogermacrene and
bicyclogermacrene are stereoisomers of 3,7,11,11-tetra-
methylbicyclo[8.1.0]undeca-2,6-diene, so the transforma-
tion between them can be explained by ring-opening and -
closing reactions. The relative intensity of a few sesqui-
terpene alcohols, e.g., [58] and [64] slightly increased,
indicating that sesquiterpenes undergo certain oxidation
reactions during pyrolysis. The depletion of bicyclo-
germacrene and the increased concentration of bicyclo-
elemene and sesquiterpene alcohols are in agreement with
the observations of SAWAMURA and co-workers (24, 25),
who detected similar changes in the composition of yuzu
oil during aging.
Five davana ether stereoisomers [44, 46, 48–49] were found
in the chromatogram, which had altogether 10.4% relative
intensity in the as-received davana oil (Tables 3 and 4). The
intensity of each isomer was reduced, representing only a

total of 5.8 area-percent in the pyrolysate. On the other hand,
the intensity of other furan derivatives increased. These
changes can be mostly explained by the oxidation of davana
ethers, as illustrated in Scheme 2b. cis-Arbusculone [8] was
not detected and trans-arbusculone [11] had a minor
concentration in the as-received oil; however, their amount
was increased by 0.12 and 0.17 area-percent in the pyroly-
sate, respectively. The relative intensity of 5,5-dimethyl-
furan-2(5H)-one [7] was almost tripled during pyrolysis. It is
assumed that these compounds were formed in an oxidation
reaction as depicted in Scheme 2b. The electron withdrawing
capability of the oxygen atom made the double bond between
the two furanic rings of davana ether more reactive; hence it
could take up two oxygen atoms, while the CSC bond was
cleaved, resulting in the formation of arbusculone and
dimethylfuranone. The increased yield of 5-ethenyl-5-methyl-
dihydrofuran-2(3H)-one [13] could be explained by scission
of davana ether and oxygen uptake of the tetrahydrofuranic
ring. The formation of artedouglasia oxide [51, 53, 60] can
be rationalised by the following mechanism: An O-atom
reacted with the reactive double-bond followed by the
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opening of the furanic ring and the ring closure took place to
the tertiary carbon atom. 
Several components of davana oil did not change sig-
nificantly during pyrolysis. Although the relative intensity
of a few esters changed, the total intensity of esters did not
alter (Table 4).

CONCLUSION

The composition of the as-received oils was characterised
by GC/MS. In lovage oil, nearly 60 compounds were
identified having relative intensities higher than 0.1% either
in the original oil or in the pyrolysate. (Z)-Ligustilide was
the major component with relative concentration of 58 area-
percent and dihydro- and tetrahydroisobenzofuranones
altogether represented 67.5 area-percent. The relative
amount of (Z)-Ligustilide was lower in the pyrolysate,
while the yield of alkenyl-phthalides was increased. This
observation was explained by the dehydrogenation reaction
of the cyclohexadiene ring, probably initiated by oxygen
and followed by water release, resulting in the formation of
the aromatic ring (butylidenephthalide). Butylidene-
phthalide was prone to oxidation at the double-bond,
leading to the release of phthalic anhydride. The scission of
the lactone ring probably took place with the evolution of
carbon monoxide and carbon dioxide as the increase of
valerophenone as well as alkenyl- and alkylbenzenes
indicated. 
More than 70 compounds were identified in davana oil. The
major component, (+)-davanone constituted nearly 30 area-
percent of the total ion chromatogram. Bicyclogermacrene 
represented almost 12%, while bicycloelemene had relative
concentration below 0.2%. The concentration ratio of these
compounds was indicative of the freshness of davana oil.
During pyrolysis, the relative concentration of davanone
did not change significantly. Nevertheless, the intensity of
bicyclogermacrene decreased markedly, while that of two
bicycloelemene isomers increased considerably, which can
be explained by a sigmatropic reaction. Probably, other
rearrangement reactions of bicyclogermacrene also
occurred as shown by the increased yield of several cyclic
sesquiterpenes. Furthermore, oxidation of bicyclogerma-
crene or other sesquiterpenes might take place, as the
increased intensity of sesquiterpene alcohols indicated. Five
stereoisomers of davana ether were found in the as-received
davana oil, representing altogether more than 10 area-
percent. During pyrolysis, the relative concentration of
davana ethers was reduced, probably due to oxidation
reactions. The double-bond next to the ether-bond appeared
to be susceptible to oxidation, leading to the formation of
various monocyclic or bicyclic furanic compounds. 
In summary, the applied method is suitable for the first-pass
screening of flavour ingredients under simulated tobacco
heating conditions, as part of a multi-tiered product
assessment approach. It is concluded, that several products
were detected due to thermo-oxidative decomposition.
Although various intramolecular reactions had likely taken
place, no evidence was observed for interactions between
components resulting in dimer or intermolecular adduct
formation.
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