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INVESTIGATION OF THE PHYSICAL PROPERTIES OF EUCALYPTUS
AND Pinus halepensis ESSENTIAL OILS USING DIELECTRIC SPECTROSCOPY
AND GAS CHROMATOGRAPHY-MASS SPECTROMETRY™
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The gas chromatography-mass spectrometry and dielectric spectroscopy techniques are used to charac-
terize the thermodynamic properties of the essential oils extracted from two main Mediterranean wildland
fuels, namely eucalyptus leaves and Pinus halepensis needles. These oils are assumed to be representative of
the fuels organic volatile components that exhibit different fire behaviors. The relaxation frequencies deter-
mined from the peak of the imaginary permittivity spectra using the Havriliak—Negami empirical law re-
vealed the Arrhenius dependence on temperature. Two activation energies are obtained: the first is around
4.13 kJ /mol for both species, and the second activation energy is around 1.27 kJ/mol for the Pinus halepen-
sis essential oil and around 2.15 kJ/mol for the eucalyptus essential oil. Qualitative and quantitative compo-
sition differences are observed with GC-MS measurements for eucalyptus leaves and Pinus halepensis nee-
dles essential oils.
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(Illocmynuna 8 aszycma 2019)

Memoowl 2a30601ti Xpomamozpapuu-macc-cneKmpomempuy U OUINeKMpULecKoli CNeKmpoCcKonuu Uc-
NONb306AHL 0N XAPAKMEPUIAYUY MEPMOOUHAMUYECKUX CEOUCME IQUPHBIX MACEN, U3BNIEUEHHbIX U3 08YX
OCHOBHBIX UCMOYHUKO8 80320paHus 1ecos 8 CpeduseMHOMOpbe, a UMEHHO JTUCHbes I8KAUNMA U Ul COCHbL
anennckou. dmu macia npedcmagnsaiom coboll iemyyue opeaHudecKue KOMHOHEHMbL, KOMOopble NO-PAZHOMY
npossnalomcsa npu nodicape. Yacmomul penaxcayuu, onpeoeieHHvle HO NUKY MHUMBIX CHEKMPO8 OUdJieK-
MPUYECKOU NPOHUYACMOCU C UCHONb308AHUEM dIMnUpudeckozo 3akona I aspunaka—Hezamu, eviaguiu 3a8u-
cumocms Appenuyca om memnepamypul. Ilonyuenst snepeuu akmusayuu: ~4.13 xllic/mons ons oboux eu-
008, ~1.27 u 2.15 x/{oc/monv 05 3pupHbix Macen cochvl anennckou u sskarunma. Kawecmeennvle u Konu-
yecmeeHHble pasiuils 8 COCMAase dPUPHBIX MACel TUCMbES IGKANUNMA U UL COCHbL NOOMBEPICOAIOMCSL C
HOMOWBIO UIMEPEHUL MEMOOOM 2A30801 XPOMAMOZPAPUU-MACC-CREKMPOMEMPUU.

** Full text is published in JAS V. 88, No. 3 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 88, No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Knrwouesvle cnosa: ousnexmpuueckas CcneKmpocKonus, 2a3o8as Xpomamocpagus-macc-cnekmpo-
Mempusi, 3QupHvle MACAA, TeCHbIE NOAICADDI.

Introduction. The chemical composition of a plant and its moisture content determine the delay time
before ignition and fire spread [1]. The emitted volatile organic components (VOCs) during the fuel heating
process might lead to a generalized conflagration, in particular wildland conflagrations [2—4]. Most Mediter-
ranean species produce highly flammable volatiles such as monoterpenes. The flammability of fuels is corre-
lated to their monoterpenoids content [5—8]. Hence, it is important to identify the major organic components
involved in wildfire fuel flammability. The gas chromatography technique coupled with mass spectrometry
(GC-MYS) is the most used technique for this [9]. One of the most recent experimental methods for the char-
acterization of materials is dielectric spectroscopy. This technique is known to be simple, fast, and nonde-
structive. However, it is very difficult to use this technique to investigate VOCs in their gaseous phase.
Hence, it is easier to use essential oils whose components are assumed to be representative of VOCs [10].

Pinus halepensis needles — the most available fuel in Algeria — are among the major fuels affected by
wildfire in this country. Indeed, they are known to exhibit a high fire susceptibility index, contrary to euca-
lyptus leaves that are less easily flammable but, nevertheless, contributed significantly to the extreme wild-
fires of 2017 in Portugal (where they are the major fuel) [11-19].The identification of the composition of the
oils extracted from these fuels using the GC-MS technique and the characterization of the oils thermodynam-
ic properties using dielectric spectroscopy are the aims of the present work.

Materials and methods. Eucalyptus leaves (EU) and Pinus halepensis (PH) needles were harvested
from the Campus of USTO University, near the LEPM Laboratory of Material Physics (Oran, Algeria). The
experimental design of this work is composed of three steps: oil extraction, measurement of oil dielectric
spectra, and chromatograph-mass spectroscopy.

Oil extraction. The extraction was performed by the hydrodistillation technique, where 300 g of PH
needles and EU leaves were used separately in 3 L of water during 4 h. The principle of this hydrodistilla-
tion, which is the simplest and oldest technique used for oil extraction, corresponds to heterogeneous distilla-
tion involving Dalton’s and Raoult’s laws [19]. The process consists of immersing the plant raw material in a
flask filled with water placed on a heat source until boiling. The heat allows the bursting of plant cells and
the release of odorous molecules contained in the plant materials. These aromatic molecules form an iso-
tropic mixture with the water vapor [20-23]. The released vapor is condensed in a refrigerant, and the essen-
tial oil is separated from water by density difference with the use of the Clevenger device [24].

Measurement of oil dielectric spectra. The dielectric spectral measurements were realized mainly at IEP
(University of Leipzig, Germany), using a Novocontrol high-resolution dielectric Alpha A10 analyser (pre-
liminary measurements were realized at LEPM with the same equipment at room temperature) [25, 26]. The
sample cell was formed by 0.1 mm silica spacers attached to the lower electrode, on which a drop of 1 ml of
essential oil is placed. The upper electrode is then set, and the assembly is fixed on the module BDS 1200 of
the dielectric analyser (Fig. 1).
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Fig. 1. Principle of dielectric or impedance measurement.

The complex dielectric function
g (0)=¢(0)-ic"(0), (1)

where ® denotes the frequency, €' and & represent the real and imaginary part of the complex dielectric
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function, and i symbolizes the imaginary unit (i* = —1), was measured by varying the temperature in the
range 100-300 K, while the frequency ranged from 10~ to 10° Hz.

Various empirical models can be used to describe either the time or the frequency dependence of the
complex dielectric permittivity of polar liquids like essential oils. In the time domain, the stretched exponen-
tial empirical law is generally used, whereas in the frequency domain, the general relaxation model of Hav-
riliak and Negami (HN) is usually chosen [27]:

Ag

g (@ =g , +—,
HN( ) (1+(inHN)ﬁ)V

where Ag =g, — & is the dielectric strength with & = £(0) and &, = g(). The relaxation time in the HN
model (2) is tun, and the exponents 3 and y describe respectively the symmetric (Cole and Cole) and asym-
metric (Cole and Davidson) broadening of the complex dielectric function compared to the half-circle of the
Debye model. These exponents are less than unity. These broadenings depend on the distribution of the rela-
xation time in the material [28, 29]. The Debye model is recovered with =y = 1. Contrary to the Debye
model, where the maximum strength of the imaginary part of the dielectric permittivity (loss) corresponds to
the relaxation time, the maximum loss for the HN model is fitted at a frequency fmax that is related to tun by [30]:

/B -1/B
Sonax = o __1 sin i sin By . 3)
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Chromatographic analysis. A sample of each extracted essential oil was analyzed using a Bruker gas
chromatography model equipped with a DB-5 capillary column and a Varian Saturn 2000 ion trap mass de-
tector. The GC-MS was operated under the following conditions: column length 30.00 mm; column diameter
0.250 mm; gas He; flowrate 37 cm/s; injection 1puL; inject type split; inject temperature 250°C; split fellow
60 ml/min; pressure 7 psi.

The identification of the constituents was based on the comparison of the retention times with those of
the authentic compounds, comparing their linear retention indices relative to the series of n-hydrocarbons,
and on computer matching against The National Institute of Standards and Technology (NIST) and home-
made library mass spectra built up from pure substances and components of the known oils and the MS liter-
ature data of Adams [31-37].

Results and discussion. Dielectric measurements of the extracted essential oils. The experimental re-
sults of the imaginary part ¢” for the two species are presented in Figs. 2a,b as a function of frequency at dif-
ferent temperatures. For the selected temperatures the dielectric loss spectra are dominated by a huge in-
crease in &'’ towards low frequencies for both species. This behavior is ascribed to the conductivity contribu-
tions of the electrodes, which is assumed constant, e.g., a frequency-independent conductivity, o(®) = oqc,
leading to the power-law behavior €”~ ca/®. Beyond the effect of the electrodes shown at low frequencies,
the relaxation process corresponds to the maximum value of €. This maximum is shifted towards higher
frequencies with increasing temperature. For both species, this relaxation process is not observed above
270 K. In Figs. 2¢,d the imaginary part €' is plotted for only the temperatures where the relaxation process is
clearly observed. In both figures, an asymmetric behavior appears with two different slopes on each side of
the spectrum. Therefore, the relaxation process is characterized by a distribution of the relaxation frequency
as expected, and the parameters can be fitted using the HN model.

The spectra in Figs. 2¢,d revealed well-developed relaxation peaks, shifting through the frequency win-
dow with temperature. At 185 K it seems that the PH oil spectrum exhibits three relaxation processes and
only two processes for the EU oil. Now let us investigate the activation energies of phase transitions for
these species by analyzing their temperature-dependent HN fitted relaxation frequency. Two different laws
are known for the temperature dependence of the relaxation time: the Arrhenius for single activation energy
and the Vogel-Fulcher—Tammann (VFT) laws describing multiple activation energy [30]:

1,exp(E, / RT), Arrhenius,
T (T) = “4)
1,exp[DT, /(T —T,)], VFT,
where E, is the activation energy, R is the gas constant, 1o is a pre-exponential factor, 7 is the Vogel tem-
perature, and D is called the “fragility” parameter and provides a quantitative measure of the deviation from
the Arrhenius law. The activation plot (—logTmax vs. 1000/T) is shown in Fig. 3 for the PH and EU oils. A lin-
ear trend corresponds to the Arrhenius law.

)
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The two relaxation processes of the EU oil and the first process of the PH oil seem clearly well de-
scribed by Arrhenius [28]. The second process for the PH oil is ignored in this analysis because it cannot be
well fitted in Fig. 2¢,d. Finally, due to the lack of data, the third process of the PH oil may either follow the
VFT model or the Arrhenius law. If the Arrhenius behavior is fitted for all processes, the activation energies
are shown in Table 1. From the results presented in Table 1, the same first activation energy observed for the
PH and EU essential oils is a signature of common components in these oils. The second activation energy
of the PH essential oil seems smaller than that of the EU oil, which indicates that some non-common com-
ponents may have smaller phase transition energy for the PH oil than the EU one. Differential scanning calo-
rimetry measurements may identify the phase transition temperatures related to these activation energies.
Note in a similar way that the critical ignition energy of the PH needles was found to be much smaller than
that of the EU leaves, although the ignition phase transition occurs at higher temperatures than that of the
measured second activation energy appearing in Table 1 [38]. The components responsible for the second
activation energy might be the major components contributing to the ignition process.
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Fig. 2. ¢"” vs. o presented for selected temperature for PH (a, ¢) and EU (b, d).
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Fig. 3. Activation plot of the HN fitted relaxation time for PH () and EU (4) oils.
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TABLE 1. Activation Energies of the PH and EU Oils Estimated from the Arrhenius Model

Essential oil Ea1, kJ/mol E.», kJ/mol
EU 4.13 2.15
PH 4.13 1.27

GC-MS of the extracted essential oils. The above-discussed contribution of the oils components to vari-
ous phase transitions led us to investigate the composition of the two essential oils. The GC-MS technique is
the most common method, where the amounts of the components from the oil are determined by the peak ar-
ea normalization method. The retention time (Rt), molecular formula (MF), and concentration percentage (%)
of chemical constituents of the two essential oils of EU and PH are listed in Table 2.

TABLE 2. Composition of the Main Components of the EU and PH Essential Oils

Compound MF Rt(EU) | Rt(PH) | EU,% | PH,%
o-Pinene CioHis 7.511 7.71 2.34 1.69
B-Pinene CioHis 11.98 12.28 1.36 10.44
p-Cymene C10H14 15.67 — 15.75 —
1,8-Cineole CioHis 16.56 - 25.21 -
v-Terpinene CioHis 19.08 - 2.12
B-cis-Ocimene CioHis - 18.36 — 1.15
o-Terpinolene CioHis - 22.07 — 4.52
Caryophyllene CisHo4 - 46.78 — 7.58
Humulene C15H24 — 48.88 — 2.13
Phenethylisovalerate Ci3H130, - 51.62 — 12.51
Caryophyllene oxide Ci5H240 - 56.48 — 1.39
Cembrene CxoH32 - 74.59 - 1.76
Thunbergol CxH340 | 80.11 80.15 2.86 5.67
bis(2-Ethylhexyl)phthalate C24H3304 | 101.16 | 100.92 | 15.285 | 18.98

After the comparison of the results, some qualitative and quantitative differences in the compositions of
the oils were observed. In the essential oils of the PH needles, the principal constituent was
bis(2-ethylhexyl)phthalate (18.98%), followed by phenethylisovalerate (12.51%) and B-pinene (10.44%).
1,8-Cineole appears as the main compound (25.21%) of the EU essential oil, followed by p-cymene
(15.75%), and bis(2-ethylhexyl)phthalate (15.28%). The PH essential oil seems to be more heterogeneous
compared to the EU essential oil. Actually, B-pinene, known for its high flammability [2, 3], is among the
major compounds in the PH essential oil compared to the EU essential oil, where its composition is ten times
smaller (Table 2). This composition difference of B-pinene can explain the relatively high flammability of
the emitted VOCs by the PH needles compared to the EU leaves.

Conclusions. The essential oils of Eucalyptus leaves and Pinus halepensis needles extracted by hydro-
distillation were analyzed using dielectric spectroscopy and GC-MS analysis. Despite the effect of elec-
trodes, the frequency dependence of €'’ at a low frequency for the two essential oils at different temperatures
(above 270 K) shows two relaxation processes for each essential oil. The model of Havriliak and Negami fit-
ted relaxation frequencies revealed the Arrhenius behavior with two activation energies for each oil. The first
activation energy is around 4.13 kJ/mol identically for both essential oils. The second activation energy of
the Pinus halepensis essential oil is around 1.27 kJ/mol, much smaller than that of the Eucalyptus leaves es-
sential oil, which is around 2.15 kJ/mol. The differential scanning calorimetry technique is expected to ex-
plain the nature of phase transitions related to the activation energies of these essential oils. The GC-MS
analysis of the Pinus halepensis and Eucalyptus leaves essential oils revealed that 1,8-cineole is the major
component of the Eucalyptus leaves essential oil, whereas the Pinus halepensis essential oil seems more het-
erogeneous, with three major components. B-Pinene appears to be among the major components of the
Pinus halepensis essential oil but is a minor component in the Eucalyptus leaves essential oil. This compo-
nent is known to have high flammability properties. This could explain the flammability difference between
Pinus halepensis needles and Eucalyptus leaves.
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