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Abstract 

Thymus vulgaris is a common Mediterranean vegetal species often involved in 
forest fires. The aim of this work is to characterize the VOCs emitted by the 
needles of this plant as functions of temperature. Experiments are performed 
using a flash pyrolysis apparatus. The influence of two parameters, namely the 
heating time and heating rate are studied: the highest VOCs’ emissions are found 
for a heating time of 30 s at 5000 K/s. Two major compounds are identified for 
all the temperatures, thymol and p-cymene. The total amount of VOCs emitted 
increases with temperature and except for the three lowest temperatures, thymol 
represents more than 50% of the gas mixture. Results are compared to literature 
available data and to the emissions behaviour of other vegetal species.  
Keywords: Thymus vulgaris, VOCs emission, flash pyrolysis, forest fires. 

1 Introduction 

Vegetation is the engine of combustion in forest fires and its characterization is 
important to accurately modelling fires propagation. Before the pyrolysis 
temperature, many Volatile Organic Compounds (VOCs) are emitted by most of 
the vegetal species. These VOCs are mostly monoterpenes (C10H16) and 
sesquiterpenes (C15H24) and they have very low values of lower flammability 
limits, namely less than 1% vol. in air [1]. For this reason, they are much more 
flammable than typical pyrolysis products (CO, CH4, etc.) and they should be 
taken into account for the characterization of vegetation. We can find several 
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works in the literature dealing with the VOCs’ emissions of various vegetal 
species at ambient temperature. Indeed, Owen et al. [2] studied the emissions of 
forty Mediterranean plant species and observed thirty two compounds. Ormeño 
et al. [3] investigated the emissions of three typical Mediterranean plants for 
atmospheric conditions. The VOCs’ emissions of Pinus pinea needles, branches 
and female cones were analyzed by Macchioni et al. [4] at ambient temperature 
and they have shown that limonene is the major constituent emitted by these 
three plant parts. There is a lack in the literature on the VOCs’ emissions of 
plants as functions of temperature, which is essential for forest fire models 
because large amounts of VOCs are emitted for temperatures higher than the 
ambient temperature. We can note the studies of Chetehouna et al. [5] and 
Barboni et al. [6] for respectively the emissions of Rosmarinus officinalis in a 
hermetic enclosure and the emissions of Pinus laricio, Pinus pinaster and Cistus 
monspeliensis using an Automatic Thermal Desorber (ATD). In a previous work 
[7], we characterized the emissions of Rosmarinus officinalis in a flash pyrolysis 
apparatus and identified -pinene as the main component between 343 and 453 
K and the maximum emission temperature has been found around 440 K. 
     Thymus vulgaris is a well known aromatic plant, which is a typical species of 
the Mediterranean basin involved in forest fires [8]. Its emissions as function of 
temperature have never been studied. The characterization of the VOCs emitted 
by this species will therefore be useful to better understand forest fires behavior.  
     The main purpose of this paper is to characterize the VOCs’ emissions of 
heated needles of Thymus vulgaris in order to extend the existing literature 
database on plants VOCs’ emissions at different temperatures. The second 
section is devoted to the presentation and to the description of the VOCs’ 
emissions experimental setup. The emissions of Thymus vulgaris needles as 
function of preheat temperature are presented and discussed in the third section. 

2 Experimental setup and procedures 

This section deals with the characterization of the VOCs emitted by needles of a 
typical Mediterranean region species, namely Thymus vulgaris. The needles 
emission measurements are performed using a flash pyrolysis apparatus (CDS 
Pyroprobe 5150). This device is widely used to characterize the thermal 
degradation of various materials [9–11]. Needle samples with an average mass of 
2.3 mg are placed inside a 40 mm x 2 mm i.d. quartz tube and heated up to the 
desired temperature during a variable lapse of time. The temperature rise can 
also be varied up to a maximum heating rate of 5000 K.s−1. The flash pyrolysis 
device consists of an inductively heated coil to heat the samples from room 
temperature to the selected temperature. Helium is used as carrier gas to 
transport the emitted VOCs to the gas chromatograph coupled with mass 
spectrometer (GC/MS) apparatus via a heated (553 K) transfer line. GC/MS 
analyses are realized with a Trace Ultra GC-Thermo DSQ II equipped with a 
DB5 capillary column (30 m long, 0.25 mm i.d., film thickness 0.25 µm). The 
column temperature was programmed from 333 to 473 K at a rate of 5 K.min-1  
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Figure 1: Schematic overview of the emission experimental setup. 

and held for 5 minutes at 473 K. Mass spectra are recorded in the electron impact 
mode with ionization energy of 70 eV. Figure 1 shows a schematic overview of 
the described experimental facilities. 
     Identification of VOCs is based on a comparison of their mass spectra with 
the NIST mass spectral library, with data from literature and with mass spectra 
and retention times of reference compounds (-pinene, limonene). These 
reference compounds can also be used to make calibration curves for 
quantification. The range of temperature selected is between 343 and 453 K in 
order to determine VOCs’ emissions before their pyrolysis phase. Three 
experiments are performed for each temperature in order to ensure the 
repeatability. 

3 Results and discussions 

As indicated in the introduction, we studied in a previous work the emissions of 
Rosmarinus officinalis needles between 343 and 453 K and large amounts of 
VOCs were emitted for temperatures higher than 400 K [7]. In this study, we 
have selected the temperature 453 K to study the effects of two parameters: the 
heating time and heating rate. They are varied respectively from 20 to 60 s for a 
heating rate of 5000 K/s and from 1 to 5000 K/s for a heating time of 30 s. A 
mixture of 13 compounds is identified and these VOCs are the same for different 
values of heating time and heating rate. They are presented in Table 1 along with 
their retention times and molecular formulas. 
     We can see in this table that six families of molecules are identified: 
monoterpenes (C10H16, C10H14), sesquiterpenes (C15H24), and oxygenated 
compounds: monoterpenic alcohols, monoterpenic phenols, monoterpenic ether 
(C10H14O, C10H16O and C10H18O). It can be noticed that this species present a 
wider range of chemical families than Rosmarinus officinalis, which emits only 
five different families [7]. 
     Figures 2 and 3 illustrate the influence of the heating time and heating rate on 
the emissions of VOCs by Thymus vulgaris species. It is clear in Figure 2 that 
the three major compounds, namely thymol (C10H14O), p-cymene (C10H14) and -
terpinene (C10H16) are the same for the four heating times. Moreover, they 
represent more than 85% of the mixture for each heating time. We can also 
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notice that the amounts emitted for each compound are the largest for a heating 
time of 30s indicating that this value can be chosen for the study of the 
temperature effect on the VOCs’ emissions. 
     We can see in Figure 3 that there are three major compounds, which are the 
same as those identified for different heating times, and the same for all the 
heating rates. They represent more than 70% of the mixture for the five studied 
heating rates. Let us notice that the evolution of the VOCs relative emission has 
a non-monotonic behaviour with a maximum emission for 5000 K/s. This 
heating rate is the maximum value that can be provided by the flash pyrolysis 
apparatus (CDS Pyroprobe 5150) and will be selected for the study of the 
temperature effect on the VOCs’ emissions. 

Table 1:  VOCs emitted by Thymus vulgaris: name, retention time and 
molecular formula. 

Compound Retention time 
[s] 

Molecular 
formula 

Molecular 
family 

-phellandrene 8.72 C10H16 Monoterpene 
-pinene 8.96 C10H16 Monoterpene 
2-thujene 10.38 C10H16 Monoterpene 
-myrcene 10.55 C10H16 Monoterpene 

p-mentha-1,4,8-diene 11.45 C10H16 Monoterpene 
p-cymene 11.75 C10H14 Monoterpene 

eucalyptol 11.96 C10H18O Monoterpenic 
ether 

-terpinene 12.7 C10H16 Monoterpene 

-linalool 13.95 C10H18O Monoterpenic 
alcohol 

2-isopropyl-1-
methoxy-4-

methylbenzene 
18.03 C10H16O 

Monoterpenic 
ether 

thymol 19.68 C10H14O Monoterpenic 
phenol 

carvacrol 19.86 C10H14O 
Monoterpenic 

phenol 
caryophyllene 22.97 C15H24 Sesquiterpene 

 
     After studying the heating time and heating rate effects on the emission of 
VOCs, it becomes interesting to investigate the influence of the preheat 
temperature on these emissions. To proceed, we have selected a heating time of 
30 s and a heating rate of 5000 K/s where the VOCs amounts are the largest as 
stated above. 
     Figure 4 exhibits the VOCs’ emissions of Thymus vulgaris needles for 
different temperatures: the two major compounds, thymol and p-cymene, and the 
total VOCs are presented. It is clear reading this Figure that the emissions are 
important for temperature higher than 398 K and they increase with temperature. 
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The total amount emitted at 453 K is one thousand times higher than the total 
amount emitted at 343 K, whereas the amount of thymol emitted is 10,000 times 
higher between 343 and 453 K. The total amount of VOCs emitted is multiplied 
by 220 between 398 and 453 K and by 14 between 423 and 453 K. The 
emissions start to be really important from this last temperature. However, even 
if it is hard to see it in figure 4 due to the normalization process, a mixture is 
emitted for low temperatures and is illustrated in the next figure. 
     Figure 5 presents the composition of VOCs mixture emitted by Thymus 
vulgaris needles at different temperatures. It is interesting to note that thymol 
represents more than 50% of the total emissions for the temperatures where high 
amount of VOCs are emitted (i.e. after 398 K). The highest percentage of thymol 
in the mixture is reached at 423 K, where it represents more than 72% of the total 
VOCs. Thymol is the major component whatever the temperature is, even if it 
represents only 24% of the mixture at 363 K. The percentage of the second more 
important compound, p-cymene, is more constant and is between 15 and 25% for 
all the temperatures. Except thymol and p-cymene, the other compounds 
represent more than 40% of the total mixture for temperatures lower than 398 K, 
but above this temperature they never represent more than 18% of all of the 
compounds. 
     We can notice here the contributions of Parra et al. [12] and Nezhadali 
et al. [13] for the emissions of Thymus vulgaris under natural conditions. 
Parra et al. [12] estimated the magnitude of non-methane volatile organic 
compounds emitted by vegetation in Catalonia, Spain, along with their  
 

 

 

Figure 2: VOCs’ emissions of Thymus vulgaris needles at 453 K for different 
heating times. 
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Figure 3: VOCs’ emissions of Thymus vulgaris needles at 453 K for different 
heating rates. 

 

 

Figure 4: VOCs’ emissions of Thymus vulgaris needles for different 
temperatures. 

temporal distribution. They first defined mathematically an emission factor and 
then found that for Thymus vulgaris it was lower for monoterpenes than for other 
VOCs. This result is in agreement with our study. In their recent paper, 
Nezhadali et al. [13] compared the composition of Thymus vulgaris emissions 
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using two different extraction methods: hydrodistillation and headspace solid 
phase microextraction. They found that for both of the methods, the major 
compounds were thymol, p-cymene, -terpinene, myrcene, -pinene and 
caryophyllene. They found similar results for the two studied methods and 
concluded that hydrodistillation needs more time and much more amount of 
plant. They studied the emissions at 298 and 323 K and we can say that they 
obtained results very similar to those of our study, even if they only work at low 
temperatures. 
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Figure 5: Composition of VOCs mixture emitted by Thymus vulgaris needles 
at different temperatures. 

     Another study about the natural emissions of Thymus vulgaris is the one of 
Owen et al. [2]. These authors studied the VOCs emitted from 40 Mediterranean 
plant species. They found that the two major compounds for Thymus vulgaris 
were p-cymene and thymol; the following ones were -pinene and -myrcene. 
We can see slight differences between their results and ours, especially for the 
major compound. These differences can be explained by the differences in the 
plant characteristics and in the experimental protocol. Indeed, they used plants in 
the field and ours were grown in a greenhouse and they used a sampling 
technique called Teflon branch enclosure. This technique is very efficient for 
natural conditions but is impossible to use while simulating the conditions of an 
ongoing forest fire. 
     The emissions behaviour of Thymus vulgaris heated needles is similar to the 
one of other heated vegetal species that can be found in the literature, with slight 
differences. The emissions of Rosmarinus officinalis also increase with 
temperature and we can see two peaks: one around 393 K and one around 450 K 
(Chetehouna [5] and Courty et al. [7]). The first one is due to the water 
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evaporation process that increases the transport of VOCs and the second one 
corresponds to the boiling point of these VOCs. A similar evolution has been 
observed for Pinus laricio and Pinus pinaster by Barboni et al. [6] with a steep 
decrease of the emissions after 448 K [6]. On the contrary, the emissions of 
Cistus monspeliensis species do not reach a maximum and start to be important 
at 473 K [6]. We can say the behaviour of Thymus vulgaris is closer to the 
evolution of Cistus monspeliensis than to the one of Rosmarinus officinalis, 
Pinus laricio or Pinus pinaster. This behaviour probably depends on the boiling 
point value of the major compounds. Indeed, above the boiling point, thermal 
cracking phenomena can be observed. Oxygenated compounds, which are the 
major compounds of Cistus monspeliensis and Thymus vulgaris, have boiling 
point values much higher than monoterpenes. For instance, the boiling points of 
monoterpenes like -pinene or -myrcene are respectively 428 and 440 K, 
whereas the boiling point of thymol is 506 K [14]. 

4 Conclusion 

The main purpose of this paper was to characterize the VOCs’ emissions as 
functions of temperature of a typical Mediterranean plant usually involved in 
forest fires, namely Thymus vulgaris. The emissions are studied in a flash 
pyrolysis device from 343 to 453 K. The influence of two parameters, namely 
the heating time and heating rate is studied. Maximal emissions were obtained 
for a heating time of 30 s and a heating rate of 5000 K/s. Two major compounds 
were identified for all the temperatures, thymol (C10H14O) and p-cymene 
(C10H14). The total amount of VOCs emitted increased with temperature and 
except for the three lowest temperatures, thymol represented more than 50% of 
the gas mixture.  
     Under certain conditions (wind, moisture content or topography), forest fires 
behave in a surprising way, starting suddenly to propagate with a rate of spread 
and an energy released very important Chetehouna [5, 7]. Such fires are named 
accelerating forest fires and a possible explanation of this phenomenon can be 
the ignition of a VOCs cloud, emitted by fire heated vegetation and accumulated 
in flammable conditions. The present study can be useful to better understand 
this phenomenon as it presents for the first time the VOCs emitted by heated 
Thymus vulgaris needles. 
     The strong smell of the VOCs emitted by fire heated vegetation is synonym 
of high risk for firefighters. They can cause accelerating forest fires and even if 
they are not in concentration high enough to create a flammable mixture, they 
contribute to the combustion process during seasons where the plants are highly 
flammable. The present study could be the first step of the creation of VOCs 
remote sensors that could become equipment to protect firefighters. To do so,  
other studies must be conducted on the emissions of VOCs by heated vegetal 
species.   
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