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A B S T R A C T

The flash point (FP) is a critical property for assessing fire and explosion hazards of flammable liquids. However, 
reliable FP data for terpene-rich mixtures are scarce, despite their relevance as the major constituents of com
mercial essential oils. This work provides a comprehensive investigation of the FP behavior of four naturally 
abundant monoterpenoids—p-cymene, linalool, carvacrol, and eugenol—and their binary and ternary mixtures. 
Experimental measurements were performed using the ASTM D6450 closed-cup procedure, revealing a quasi- 
linear relationship between the FP and the normal boiling point for the pure compounds. The mixtures, how
ever, exhibited complex structure-property relationships, where specific intermolecular interactions play a key 
role in the FP behavior. To complement the experimental studies, the predictive capabilities of the Liaw-UNIFAC 
and COSMO-RS models were benchmarked against the ideal approach for the mixtures. COSMO-RS provided the 
best overall representation, with a global RMSE of 0.9 K. The Liaw-UNIFAC (global RMSE = 2.9 K) outperformed 
the ideal approach (RMSE = 3.6 K) in six of the ten mixtures studied, highlighting that its performance is highly 
system-dependent. This work delivers crucial experimental data and validates a modeling framework for 
assessing the FP of multicomponent monoterpene mixtures, providing valuable insights for process safety and 
fire risk assessment in the EO industry.

1. Introduction

Essential oils (EOs) are predominantly hydrophobic, volatile liquid 
mixtures obtained from aromatic plant materials, typically by distilla
tion processes (Ivanova et al., 2025). These naturally derived mixtures 
typically exhibit characteristic aromas and interesting biological and 
pharmacological properties, finding applications in numerous fields, 
including the food, pharmaceutical, and cosmetic industries (Al-Maqtari 
et al., 2022; Carvalho et al., 2016; Cimino et al., 2021; Sharmeen et al., 
2021). The economic relevance of the EOs is reflected in their market 
size, valued at USD 23.74 billion in 2023, with a projected growth of 
7.5% from 2024 to 2030 (Baser and Bonello, 2025). From a chemical 
perspective, EOs exhibit high diversity, often comprising more than 200 
individual components, including terpenes, hydrocarbons, alcohols, 

aldehydes, acids, esters, ketones, phenols, lactones, and their derivatives 
(Hanif et al., 2019). Despite the notable complexity, monoterpenes and 
their oxygenated derivatives—the monoterpenoids—typically represent 
the dominant fraction, frequently accounting for over 50% of the total 
composition of the EO profile (Yu, 2025; Zielińska-Błajet and 
Feder-Kubis, 2020).

Monoterpenes and monoterpenoids are characterized by distinct 
aromas and a wide range of biological and pharmacological properties, 
such as antioxidant, anti-inflammatory, antifungal, and analgesic ac
tivities (Jávega-Cometto et al., 2025). This multifunctionality supports 
their extensive use as natural ingredients in the fragrance, cosmetic, and 
food industries (Masyita et al., 2022; Paulino et al., 2022; Zielińska-
Błajet and Feder-Kubis, 2020; Zuzarte et al., 2024). Moreover, recent 
studies have highlighted the potential of these compounds as renewable 
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feedstocks for the production of fine chemicals (Sánchez-Velandia et al., 
2025), biofuels (Lapuerta et al., 2023), bio-based polymers (Mukhtar 
Gunam Resul et al., 2023), and alternative solvents (Lindokuhle et al., 
2026; Zhang et al., 2025). Taken together, these applications underscore 
the role of monoterpenes and their derivatives as emerging platform 
molecules within the modern biorefinery framework (Sánchez-Velandia 
et al., 2025). Despite their industrial versatility, however, many of these 
compounds are flammable.

To prevent accidents and mitigate fire and explosion (F&E) risks 
when handling flammable materials, adopting specific safety measures 
is essential (Sun et al., 2025). In this context, understanding key 
safety-related properties is paramount. One of the most widely recog
nized indicators for assessing F&E hazards is the flash point (FP), 
defined as the lowest temperature at which a liquid or liquid mixture 
releases sufficient vapor to form an ignitable mixture in the presence of a 
spark (Costa do Nascimento et al., 2024; Crowl and Louvar, 2011). This 
parameter is applied by regulatory institutions, such as the U.S. National 
Fire Protection Association (NFPA), to classify the flammability of liq
uids and to define standard safety protocols for the handling and storage 
of these substances and their mixtures (Costa do Nascimento et al., 2024; 
Vidal et al., 2006).

According to the Occupational Safety and Health Administration 
(OSHA), from the USA, any liquid or a liquid mixture with a FP at or 
below 93 ◦C is classified as flammable and subject to strict storage, 
handling, and transportation requirements (Occupational Safety & 
Health Administration [OSHA], 2012). Other agencies/legislations have 
their own thresholds, including differentiation between flammable (FP 
below 60◦C) and combustible liquids (60◦C < FP < 93◦C), such as the US 
Department of Transportation, the European Union CLP Regulation, and 
the UN Globally Harmonized System. Although many industrially rele
vant substances fall into these categories, experimental FP data on 
complex organic mixtures remain scarce in the literature. Most available 
studies focus on the FP of fuel blends (Di Benedetto et al., 2018; Huo 
et al., 2022; Sosa et al., 2024) or organic solvent systems (De Liso et al., 
2024; Lakzian and Liaw, 2021; Liaw et al., 2022; Liaw and Tang, 2025). 
Consequently, reliable data on other important high-added-value flam
mable mixtures are rarely reported in the open literature.

While the number of studies investigating the FP behavior of raw EOs 
is very limited (Cho et al., 2018; Guerrero et al., 2022; Rahman et al., 
2019), systematic investigation into the FP of multicomponent mixtures 
representing their major terpenoid constituents remains remarkably 
scarce. To the best of our knowledge, there is only one previous study 
from our group (Vilas-Boas et al., 2023) that addressed the FP behavior 
of binary and ternary mixtures containing (R)-(+)-limonene, linalool, 
eucalyptol, and L-(–)-carvone, which are commonly found in EOs from 
citrus, caraway, and mint species. Many other commercial EOs are 
mainly composed of other monoterpenes, including mixtures of strongly 
associating phenolic monoterpenoids and aromatic hydrocarbons. The 
intricate structural features of these compounds introduce significant 
nonidealities and complex phase behavior that have not yet been sys
tematically explored, currently limiting the reliability of F&E risk as
sessments for processes that handle such highly valuable materials.

To bridge this literature gap and build upon our previous work, this 
study investigates the FP behavior of four highly valuable and struc
turally complex monoterpenoids: p-cymene, linalool, carvacrol, and 
eugenol, alongside their binary and ternary mixtures over the entire 
composition range. These monoterpenoids are ubiquitous in commer
cially important EOs, supporting their use as representative model sys
tems. For instance, linalool and eugenol are major constituents of 
cinnamon and basil EOs (Chericoni et al., 2005; Ilić et al., 2018; 
Muráriková et al., 2017; Raina et al., 2001; Schmidt et al., 2006; Sta
nojevic et al., 2019), while p-cymene and carvacrol are characteristic 
components of EOs from Mexican oregano (Lippia origanoides) (da Silva 
et al., 2024; Guimarães et al., 2021; Uc-Cachón et al., 2024) and various 
Origanum species (Baycheva and Dobreva, 2021; Kordali et al., 2008). 
Essential oils from winter savory (Satureja montana L.) are also notably 

rich in p-cymene, linalool, and carvacrol (Capdevila et al., 2025; Milos 
et al., 2001). Owing to their prevalence, mixtures of monoterpenes and 
monoterpenoids are often used as surrogate systems for studying EO 
thermophysical behavior (Vilas-Boas et al., 2023).

Although experimental thermophysical data are usually the 
preferred source, their acquisition is time-consuming and resource- 
intensive, especially for multicomponent mixtures requiring 
composition-dependent data (Costa do Nascimento et al., 2024). To 
overcome this challenge, various predictive approaches have been 
developed, including empirical, group contribution, quantitative 
structure-property relationship (QSPR), and thermodynamic-based 
models (Banihashemi and Movagharnejad, 2018; Jalaei Salmani et al., 
2018; Le et al., 2015; Nazari et al., 2019; Phoon et al., 2014; Reinisch 
and Klamt, 2015; Torabian and Sobati, 2017). Among the thermody
namic approaches, the model proposed by Liaw et al. (Liaw et al., 2004, 
2002), which integrates Le Chatelier’s Rule with vapor-liquid equilib
rium (VLE) principles, is widely applied to describe the FP of numerous 
systems (Costa do Nascimento et al., 2024; Phoon et al., 2014). This 
framework can be enhanced by coupling it with activity coefficient 
models to account for liquid-phase non-idealities, such as the UNIFAC 
(Fredenslund et al., 1975) or the quantum-chemistry-based COSMO-RS 
model (Eckert and Klamt, 2002; Klamt, 1995; Klamt et al., 1998). These 
combined approaches are particularly effective for complex, non-ideal 
systems.

In this work, we conducted experimental FP measurements for the 
four selected monoterpenes and their binary and ternary mixtures using 
the ASTM D6450 closed cup procedure, a method previously employed 
by our group for similar systems (Vilas-Boas et al., 2023). Whenever 
possible, the FP data obtained in this work were compared to data 
retrieved from the literature. Additionally, we performed FP predictions 
using the Liaw model (Liaw et al., 2004, 2002), considering both the 
ideal solution behavior and the UNIFAC model (Fredenslund et al., 
1975) to represent liquid fugacity, and the COSMO-RS model (Reinisch 
and Klamt, 2015). This dual methodology enables a comprehensive 
evaluation of the FP of these important mixtures across experimental 
and theoretical approaches.

2. Materials and methods

2.1. Chemicals

Table 1 lists the compounds used in this work, including their CAS 
number, chemical structure, supplier, purity, and normal boiling point 
(NBP). All monoterpenoids were used as received from the suppliers, 
without further purification, and stored at room temperature in amber 
flasks.

2.2. Mixture preparation

All binary or ternary monoterpene mixtures were prepared gravi
metrically to cover the entire composition range. Each mixture, with a 
total mass of approximately 5 g, was prepared in sealed amber flasks. 
The mass of each component was measured using an analytical balance 
(Shimadzu, AX200, reproducibility of ±1 ×10− 4 g). After preparation, 
each mixture was homogenized by gentle stirring for 15 min and then 
allowed to reach thermal equilibrium at room temperature before use. 
To prevent moisture contamination, samples not immediately analyzed 
were stored in a desiccator until the measurements were performed.

2.3. Flash point measurements

The FP measurements were conducted using a Miniflash FLP/H/ 
Touch analyzer (Grabner Instruments) following the ASTM D6450 
continuously closed cup procedure (ASTM D6450–05 (2010)), an 
approach previously employed by our group (Costa do Nascimento 
et al., 2021; Vilas-Boas et al., 2023). The measured FP values were then 
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corrected to the standard atmospheric pressure (101.3 kPa) using Eq. 
(1): 

FPcorrected = FPobserved +0.25 ∗ (101.3 − p) (1) 

where p is the ambient pressure (kPa) registered during each experi
ment. The atmospheric pressure data were provided for the Meteoro
logical and Climatic Research Applied to Agriculture (CEPAGRI) at the 
Universidade Estadual de Campinas.

To ensure data reliability, each reported FP datapoint is the average 
of at least three independent measurements. Furthermore, the method 
accuracy was verified at the beginning of each workday by measuring 
the FP of a dodecane standard.

3. Modeling

3.1. The Liaw-UNIFAC combined approach

Among the frameworks for modeling the FP of homogeneous 
multicomponent mixtures, the method proposed by Liaw and co-authors 
(Liaw et al., 2004, 2002) is a benchmark approach due to its wide 
applicability (Costa do Nascimento et al., 2021; Phoon et al., 2014). The 
model is fundamentally based on combining the Le Chatelier empirical 
mixing rule with the vapor-liquid equilibrium (VLE) iso-fugacity crite
rion, where the VLE is described by the modified Raoult's law. For a 
mixture containing only flammable components, the Liaw method is 
expressed as (Liaw et al., 2004; Liaw and Yang, 2020): 

∑n

i=1

xiγipsat
i,FPmix

psat
i,FP

= 1 (2) 

where xi and γi are, respectively, the mole fraction and the activity co
efficient of the component i in the liquid mixture, psat

i,FPmix 
is the vapor 

pressure of the pure component i at the mixture flash point temperature, 
and psat

i,FP is the vapor pressure of the pure component i at its individual FP 
temperature.

The Liaw model accounts for liquid-phase nonidealities through the 
activity coefficients, γi, while assuming ideal behavior for the gas phase. 
This assumption is appropriate for the low-pressure conditions inherent 
to flash point measurements (Liaw et al., 2002). In this approach, the 

activity coefficients were estimated using the well-established UNIversal 
Functional Activity Coefficient (UNIFAC) model (Fredenslund et al., 
1975). This group-contribution model was selected due to its predictive 
capabilities, as it does not require a regression of binary interaction 
parameters, unlike correlative approaches such as the NRTL and the 
Wilson models (Costa do Nascimento et al., 2020). A more detailed 
description of the Liaw-UNIFAC approach is available elsewhere (Liaw 
et al., 2011). For comparison, flash point predictions assuming ideal 
solution behavior (i.e., γi = 1 for all components) were also performed 
with the Liaw model.

Moreover, the vapor pressure data required for the Liaw model, psat
i 

and psat
i,FP, were calculated using the Antoine equation, expressed as fol

lows: 

ln(psat) = A −
B

T + C
(3) 

where psat is the vapor pressure (in Pa), T is the absolute temperature (in 
K), and A, B, and C are the Antoine's parameters for the component i. The 
vapor pressure of the pure component i at its own FP temperature (psat

i,FP) 
and at the mixture FP temperature (psat

i,FPmix
) are obtained by applying the 

corresponding temperatures (Ti,FP and TFPmix) in Eq. (3). This empirical 
approach is widely used due to its simplicity and accuracy when its 
coefficients are regressed from data within the temperature range of 
interest (Costa do Nascimento et al., 2024). The Antoine parameters for 
each monoterpenoid were determined by regressing experimental vapor 
pressure data collected from an extensive literature survey (Clará et al., 
2009; Deng et al., 2002; Lecat, 1927; Linder, 1931; Mcdonald et al., 
1959; Qin et al., 2022; Rodrigues et al., 2022; Russo et al., 2019; Štejfa 
et al., 2023; Stull, 1947; Vilas-Boas et al., 2019; Zaitsau et al., 2015). The 
resulting regressed Antoine coefficients are provided in Table S1 of the 
Supplementary Material (SM). All the Liaw-UNIFAC calculations were 
performed using the Flash Point Multicomponent – Methods and Algo
rithm (FLAMMA) software, described in detail in our previous work 
(Costa do Nascimento et al., 2021). This algorithm has been successfully 
applied to describe the FP of several binary and multicomponent mix
tures (Sosa et al., 2024; Vilas-Boas et al., 2023).

Table 1 
CAS number, chemical structure, source, purity, and normal boiling point of the compounds used in this work. (Kobe et al#, 1941), (Lecat, 1928), (Kobe et al#, 1941), 
(Lecat, 1928), (Perry and Thodos, 1952).

aThe values correspond to the minimum purities granted by the manufacturer.
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3.2. COSMO-RS

The Conductor-like Screening Model for Real Solvents (COSMO-RS) 
is a predictive thermodynamic model that combines quantum chemistry 
with statistical thermodynamics to calculate the chemical potential of 
molecules in liquid systems (Eckert and Klamt, 2002; Klamt, 1995; 
Klamt et al., 1998). The method relies on two sequential steps. First, a 
quantum-chemical calculation is performed for each individual mole
cule using the COSMO solvation model, which embeds the molecules 
within a virtual perfect conductor. This initial step yields the molecule's 
screening polarization charge density (σ) on its surface and its corre
sponding geometry and energy. The charge density information is then 
converted into a histogram, known as the σ-profile, which serves as a 
detailed descriptor of the molecule's polarity. In the second step, sta
tistical thermodynamics is applied to compute the chemical potentials, 
based on pairwise interactions between the surface segments of the 
molecules in the ensemble (Klamt et al., 2019, 2010). From the chemical 
potentials, the activity coefficients of each compound in the mixture are 
derived (Klamt and Eckert, 2000), enabling the prediction of other 
important physicochemical properties (e.g., partition coefficients, sep
aration factors, solubilities). Furthermore, the model is also capable of 
predicting pure component thermophysical properties, such as vapor 
pressures and enthalpies of vaporization, from the chemical potential 
difference between the liquid and ideal gas phases (Lin et al., 2004). 
More details on COSMO-RS fundamentals are available in previous 
works from Klamt and co-authors (Klamt, 2011, 2005; Klamt et al., 
2010).

A key advantage of COSMO-RS is its ability to predict a wide range of 
physicochemical and equilibrium properties without extensive sets of 
experimental data or system-specific fitted parameters. For terpene- 
containing mixtures, the model has been successfully applied to 
describe properties such as activity coefficients at infinite dilution 
(Vilas-Boas et al., 2023a; Zambom et al., 2023), solubilities (Vilas-Boas 
et al., 2023b, 2022), solid-liquid phase diagrams (Teixeira et al., 2022), 
partition coefficients (Lorenzo-Llanes et al., 2025; Vilas-Boas et al., 
2025), liquid-liquid equilibrium (Ozturk and Gonzalez-Miquel, 2019), 
boiling points (Dupeux et al., 2022), and flash point (Vilas-Boas et al., 
2023).

To compute the FP for mixtures of flammable compounds, COSMO- 
RS employs a modified version of Liaw's approach, expressed as 
(Reinisch and Klamt, 2015): 

1
(
Tf − T FPmix

)
∑

i

xiγipsat
i,FPmix

(
Tf − T i,FP

)

psat
i,FPi

= 1 (4) 

where Tf is the flame temperature (a parameter set by default at 
1573 K), TFPmix is the mixture FP temperature, Ti,FP is the FP temperature 
of the pure compound i, psat

i,FPi
is the vapor pressure of the pure compound 

i at Ti,FP, psat
i,FPmix 

is the vapor pressure of the pure compound i at TFPmix , 
and xi and γi are the mole fraction and the activity coefficient of the 
component i, respectively.

In this framework, the γi values are calculated as a function of 
composition (xi) and temperature (T) directly from the chemical po
tentials predicted for each individual compound in the mixture. 
Regarding the pure component parameters (and Ti,FP), the model offers 
flexibility: they can either be experimental values or purely predictive 
estimates. When considering predicted Ti,FP values, they are obtained 
from a direct correlation between the compound's vapor pressure and its 
molecular surface area derived from the COSMO optimization (Reinisch 
and Klamt, 2015).

The COSMO-RS calculations were performed using its implementa
tion in the COSMOtherm software package (version 21.0) (BIOVIA 
COSMOtherm, 2021; Eckert and Klamt, 2002) with the 
BP_TZVPD_FINE_21.ctd parametrization. Since the files with the 
required input information (i.e., screening polarization charge density, 

geometry coordinates, and energies) were not available in the default 
COSMOtherm database, they were generated using the COSMOConf 
(version 2021) (BIOVIA COSMOconf 21, 2021) coupled with TmoleX 
software (Steffen et al., 2010), following the COSMO-BP-TZVPD-FINE 
template. The full set of generated conformers by COSMOconf was 
considered in all COSMOtherm calculations.

The experimental FP values of the pure monoterpenes measured in 
this work were used as input in the COSMO-RS calculations for the 
mixtures, as there is evidence that this procedure leads to substantially 
improved description of the FP behavior of terpene mixtures (Vilas-Boas 
et al., 2023). The vapor pressures and activity coefficients predicted by 
the model were used to compute the FP of mixtures via Eq. (4). Further 
details on the calculation procedure are available in the COSMOtherm 
reference manual (BIOVIA COSMOtherm, 2020, 2020).

3.3. Statistical analysis

To quantitatively assess the performance of the thermodynamic 
models, deviations between the experimental (Texp

FP,j) and predicted (Tcalc
FP,j) 

flash point values were calculated. In this work, the primary metric was 
the root-mean-square error (RMSE), calculated as: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎡

⎢
⎢
⎣

∑

j

(
Texp

FP,j − Tcalc
FP,j

)2

n

⎤

⎥
⎥
⎦

√
√
√
√
√
√
√ (5) 

where superscripts ́ éxṕʹ and "calćʹ correspond to the experimental and 
calculated values, respectively, n is the total number of data points, and j 
denotes each specific datapoint.

4. Results and discussion

4.1. Pure compounds

In Table 2, the experimental FP values measured for the four mon
oterpenoids (p-cymene, linalool, carvacrol, and eugenol) and the refer
ence compound (n-dodecane) are compared with data collected from the 
literature. Each value reported from herein represents the average of at 
least three independent measurements, with the standard deviations 
indicated by the ± signs. Due to the scarcity of data for the mono
terpenoids in peer-reviewed scientific papers, values from suppliers' 
technical reports were also included to provide a broader comparison.

The high precision of the experimental measurements is confirmed 
by the low coefficients of variation, which were below 0.2% for all the 
compounds. Furthermore, the FP value obtained for n-dodecane showed 
excellent agreement with literature data, confirming the reliability of 
the experimental procedure. Regarding the pure monoterpenoids, the 
available FP data exhibit some variability. For eugenol, literature values 
range from 377.2 to 400.2 K, and the value obtained in this work (394.7 

Table 2 
Overview of the experimental FPs measured in this work (at 101.3 ± 0.5 kPa) 
and values found in the literature.

Compound FP – this 
work (K)

FP – literature (K)

p-cymene 328.4 ± 0.1 325.2 (Sigma-Aldrich, 2024)
linalool 354.6 ± 0.5 353.1 ± 0.1 (Vilas-Boas et al., 2023); 350.4 (

Sigma-Aldrich, 2022); 349.15 (Clark, 1988); 344.3 (
Api et al., 2015)

carvacrol 385.1 ± 0.5 379.2 (ThermoFisher Scientific, 2022)
eugenol 394.7 ± 0.8 400.2 (University of Hertfordshire, 2025); 397.2 (

Sigma-Aldrich, 2023); 377.2 (Yuwono et al., 2002)
dodecane 354.2 ± 0.3 354.5 ± 0.6 (Vilas-Boas et al., 2023); 354.4 ± 0.1 (

Henriques et al., 2020); 354.4 ± 0.4 (Costa do 
Nascimento et al., 2021); 354.2 (Li et al., 2014); 
352.5 ± 2 K (Luning Prak et al., 2017)
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± 0.8 K) falls within this range. In the case of linalool, our measured FP 
(354.6 ± 0.5 K) is in close agreement with our previous work (353.1 
± 0.1 K), and slightly higher than the values found in other sources (Api 
et al., 2015; Clark, 1988; Sigma-Aldrich, 2022). For p-cymene and 
carvacrol, no data were found in peer-reviewed manuscripts; however, 
values reported in technical reports from suppliers are slightly lower 
than those measured in this study.

Variations among reported FP values in the literature are common 
and often attributable to the experimental methodology employed 
(Rowley et al., 2010). The most common methodologies to determine 
experimental FP data are generally categorized into open-cup and 
closed-cup tests. While open-cup methods are suitable for less volatile 
substances, closed-cup methods are recommended for volatile com
pounds as they prevent the loss of flammable vapors, thus providing 
more consistent and reliable data (Hshieh and Hshieh, 2005; Phoon 
et al., 2014). Consequently, FP values for the same substance measured 
by different techniques can differ by several degrees (Haghtalab et al., 
2016; Phoon et al., 2014). This context is crucial for evaluating the data 
presented in Table 2, as most of the cited sources do not specify the 
method used.

Notably, the values from the sources that explicitly employed the 
closed-cup methods, namely our previous work (Vilas-Boas et al., 2023) 
and the technical reports from Sigma-Aldrich, are in excellent agree
ment with the data reported here, exhibiting relative deviations below 
1.2%. Furthermore, the overall variability observed for the mono
terpenoids in this study is comparable to that reported in previous work 
for other flammable substances, which further supports the reliability of 
our results (Lakzian and Liaw, 2021, 2024; Liaw et al., 2022; Sosa et al., 
2024; Vilas-Boas et al., 2023).

Nonetheless, notable differences are observed when comparing our 
data with certain literature values, particularly for carvacrol and 
eugenol. Regarding carvacrol, the experimental FP measured in this 
work (385.1 ± 0.5) K is approximately 6 K higher than the value listed 
in the ThermoFisher Scientific (2022) technical report. For eugenol, 
while our result (394.7 ± 0.8) K aligns well with the value reported by 
Sigma-Aldrich (397.2) K, which was measured through a closed-cup 
method, substantial deviations are found regarding the values re
ported by Yuwono et al., (2002) (377.2 K) and the University of Hert
fordshire database (400.2) K. Crucially, neither the ThermoFisher report 
for carvacrol nor the sources presenting the most divergent values for 
eugenol (University of Hertfordshire, 2025; Yuwono et al., 2002) specify 
the experimental apparatus or methodology employed. Moreover, it is 
well established that FP is a method-dependent property (Rowley et al., 
2010); consequently, values obtained using different operational pro
cedures or apparatuses cannot be readily correlated. Therefore, the 
observed differences in the FP values of these monoterpenoids are likely 
attributable to differences in testing protocols or variations in sample 
purity.

The FP values obtained in this work for the monoterpenoids follow 
the same trends as their normal boiling point (NBP) values: p-cymene 
< linalool < carvacrol < eugenol. This observation is consistent with 
our previous work, which reported a similar behavior for the other three 
monoterpenoids: (R)-(+)-limonene, eucalyptol, and L-(–)-carvone 
(Vilas-Boas et al., 2023). Indeed, strong empirical correlations between 
FP and NBP have been proposed for various organic families, including 
hydrocarbons, alcohols, acids, esters, ketones, and aldehydes (Carroll 
et al., 2011; Patil, 1988). To illustrate this behavior for the mono
terpenoids investigated, Fig. 1 compares the experimental FP values 
from this study and our previous work with their respective NBP values. 
A strong linear relationship (R2 = 0.983) was observed, and the 
regression of the data resulted in the following correlation: FP =

0.876 × NBP − 65.680. This correlation holds across a diverse set of 
chemical families, including an alcohol (linalool), phenols (eugenol and 
carvacrol), a ketone (carvone), an ether (eucalyptol), and hydrocarbons 
(p-cymene and limonene). Although the number of datapoints is limited 

(n = 7), the simple correlation offers a valuable tool for providing a 
rapid, first-estimate of the FP for other monoterpenes with known 
boiling points in the 420–530 K range.

As noted in Section 3.2, COSMO-RS can also be applied to predict the 
FP behavior of pure compounds (Reinisch and Klamt, 2015). For com
parison, the FP data predicted with the proposed linear FP-NBP corre
lation are benchmarked against the values predicted with COSMO-RS in 
Figure S1 of the SM. Two scenarios were considered for the COSMO-RS 
predictions: Approach 1 (fully predicted FP data from the molecular 
surface) and Approach 2 (FP predicted using experimental NBP as input 
data).

The linear FP-NBP correlation yielded the lowest global deviations 
(RMSE = 3.5 K), followed by COSMO-RS Approach 2 (RMSE = 4.1 K) 
and Approach 1 (RMSE = 5.0 K). Notably, these deviations are compa
rable to discrepancies often found between experimental data from 
different sources (Table 2), particularly when different experimental 
methodologies are employed. Furthermore, since deviations up to 5–8 K 
are not unusual for experimental FP data obtained using well- 
established methods (Phoon et al., 2014), these results suggest that 
these approaches are valid for estimating the FP of monoterpenes, 
especially given the scarcity of reliable experimental data.

4.2. Binary mixtures

The experimental FP data measured for the six binary mixtures 
studied in this work (i.e., p-cymene + linalool, p-cymene + carvacrol, p- 
cymene + eugenol, linalool + carvacrol, linalool + eugenol, and 
carvacrol + eugenol) are presented in Table 3. For each system, six 
mixtures were analyzed, covering a mole fraction range from (0.1 ≤ xi ≤

0.9). The high precision of the measurements was confirmed by the low 
standard deviations (≤ 1.3 K) and a maximum coefficient variation of 
0.34%.

Fig. 2 presents a comparison of the experimental FP values with the 
predictions from the three studied modeling approaches investigated in 
this work: the ideal approach, the Liaw-UNIFAC model, and the COSMO- 
RS model. In all plots, the x-axis represents the mole fraction of the 
component with the lower FP value in the mixture. A quantitative 
overview of each model's performance is presented in Fig. 3, which 
summarizes the RMSE for each binary system. The list of RMSE values 
obtained for all predictive approaches is presented in Table S2 of the SM.

For all binary systems, the experimental FP value decreases as the 
mole fraction of the volatile component increases, a trend commonly 
reported for binary mixtures of terpenes (Vilas-Boas et al., 2023) and 
other compounds (Dias et al., 2019; Li et al., 2014; Sosa et al., 2024). 
However, the deviations from the ideal model prediction reveal crucial 

Fig. 1. Correlation between the experimental flash point and the normal 
boiling point for the studied monoterpenoids. Data sourced from Table 1 and 
(Vilas-Boas et al., 2023).
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information about the governing intermolecular interactions.
The three systems with p-cymene exhibit experimental FP values 

lying significantly below the ideal prediction (2.7 K ≤ RMSE ≤ 5.3 K). 
Such observations indicate a positive deviation from Raoult's law (γi >

1), suggesting that repulsive forces predominate and the interactions 
between p-cymene and the other components are weaker than the self- 
interactions of the pure compounds. The observed behavior is consis
tent with our previous work on hydrocarbon/oxygenated monoterpene 
mixtures (Vilas-Boas et al., 2023).

A different behavior is observed for the mixtures composed solely of 
oxygenated monoterpenes. The linalool + carvacrol mixture shows 
experimental FP values substantially above the ideal curve (RMSE = 4.4 
K), indicating a negative deviation from Raoult's law (γi < 1). In this 
system, attractive forces are dominant, likely due to hydrogen bonding 
between the hydroxyl (–OH) groups of linalool and carvacrol. 
Conversely, the linalool + eugenol and carvacrol + eugenol systems 
exhibit experimental FP lying slightly below the ideal prediction, 
achieving RMSE values of 1.5 and 1.1 K, respectively. The latter reflects 
a near-ideal behavior, suggesting that repulsive forces are only 
marginally dominant. This likely occurs because the eugenol's ability to 
form intermolecular hydrogen bonds is reduced by a competing intra
molecular bond formed between its hydroxyl (–OH) and methoxy 
(–OCH3) groups (Shen et al., 2023).

When comparing the performance of the predictive models, COSMO- 
RS provides the best overall description for all binary mixtures. This is 
evidenced by its low global RMSE of 0.8 K and individual RMSE values 
that did not exceed 1.5 K for any system. The model's strength is 
particularly evident in describing the FP of the mixtures with strong 
deviation from ideality (i.e., p-cymene + eugenol, linalool + carvacrol, 
p-cymene + carvacrol), where it achieved RMSE values that were more 
than 70% lower than those from the ideal approach. These results align 
well with our previous work, which also reported superior performance 
of COSMO-RS for binary mixtures containing terpenes, including (R)- 
(+)-limonene, eucalyptol, linalool, and L-(–)-carvone (Vilas-Boas et al., 

2023).
On average, the Liaw-UNFICAC model offers a slight improvement 

over the simple ideal approach, with global RMSE values are 2.7 K and 
3.0 K, respectively. Its performance varies across the different studied 
systems. For mixtures containing p-cymene, the Liaw-UNIFAC model 
successfully captures the direction of the non-ideality, providing accu
rate descriptions for the p-cymene + linalool (RMSE = 0.8 K) and p- 
cymene + carvacrol (RMSE = 1.6 K). The model is less accurate, how
ever, for the p-cymene + eugenol mixture, where it overestimates the 
repulsive interactions, resulting in a comparatively high RMSE of 6.4 K. 
For the oxygenated mixtures, the Liaw-UNIFAC provides a better rep
resentation than the ideal approach for the linalool + carvacrol mixture 
(RMSE = 3.5 K vs 4.4 K). Conversely, for the two mixtures containing 
eugenol (linalool + eugenol and carvacrol + eugenol), the model was 
slightly less accurate than the ideal approach.

The comparison of models' performances in describing the FP 
behavior of binary mixtures aligns well with theoretical fundamentals. 
The ideal approach assumes that interactions between unlike molecules 
are energetically equivalent to those of the individual compounds 
(Prausnitz et al., 1999). Consequently, this model provides accurate 
descriptions only for mixtures with similar polarity. Experimental FP 
data confirm this expectation: while eugenol + oxygenated mono
terpene mixtures are well described, significant deviations are observed 
for the linalool + carvacrol and the p-cymene-containing systems. These 
deviations stem from factors ignored by the ideal framework: the 
repulsive interactions between nonpolar hydrocarbon and polar hy
droxyl groups in systems with p-cymene, and the strong attractive in
teractions (hydrogen bonding) in the linalool + carvacrol mixture. In 
contrast, in the eugenol + carvacrol/linalool systems, eugenol's ten
dency to form intramolecular hydrogen bonds (Shen et al., 2023) likely 
attenuates the overall intermolecular interactions, resulting in behavior 
closer to ideality.

Unlike the ideal approach, UNIFAC accounts for solution non- 
idealities via activity coefficients obtained from group-contribution 
parameters (Poling et al., 2001). However, the model assumes that 
functional group contributions are additive and independent 
(Fredenslund et al., 1975), which limits its accuracy for systems with 
strong specific interactions (e.g., hydrogen bonds) or proximity effects 
(Kontogeorgis and Folas, 2010; Poling et al., 2001). While the 
Liaw-UNIFAC performs well where cross-association is absent (p-cym
ene + linalool/carvacrol), it overpredicts associative interactions when 
hydrogen bonding dominates. Notably, the model's inability to account 
for intramolecular shielding is evident for the p-cymene + eugenol 
mixture. By treating the hydroxyl as fully available, the model strongly 
overpredicts repulsion, yielding FP predictions lower than the experi
mental values. Furthermore, standard UNIFAC parameters are regressed 
from a large database of equilibrium data that may lack sufficient rep
resentation of structurally similar species to the monoterpenes studied 
here. While this broad generalization is a major advantage for systems 
lacking experimental data, it inherently limits the model precision when 
describing nuanced, highly specific interactions of intricate molecules.

In contrast, COSMO-RS predicts mixture non-idealities based on the 
screening charge density (σ) of the molecular surfaces determined by 
quantum chemistry (Klamt et al., 2010). This allows it to capture 
structural features that empirical methods miss, including the role of 
multiple conformers in flexible molecules like eugenol (Olbert-Majkut 
and Wierzejewska, 2008). The capability explains its superior perfor
mance for the p-cymene + eugenol system: by incorporating conformers 
stabilized by intramolecular hydrogen bonds, COSMO-RS correctly 
predicts a reduced surface polarity and a more accurate representation 
of repulsive interactions. Similarly, for the linalool + carvacrol model, 
where cross-association is dominant, the model offers a significantly 
improved representation of the FP behavior compared to Liaw-UNIFAC 
and the ideal approach.

It is noteworthy that flammable mixtures with FP profiles below the 
ideal behavior require special attention from safety and handling 

Table 3 
Experimental flash points of the binary terpene mixtures studied in this work.a.

linalool (1) þ p-cymene (2) carvacrol (1) þ p-cymene (2)

x1 FP (K)b x1 FP (K)b

0 328.4 ± 0.1 0 328.4 ± 0.1
0.101 329.7 ± 0.4 0.101 330.3 ± 0.5
0.201 330.8 ± 0.5 0.202 332.0 ± 0.5
0.400 333.5 ± 0.1 0.402 335.0 ± 0.7
0.599 337.2 ± 0.5 0.602 340.2 ± 0.5
0.801 342.6 ± 0.1 0.800 350.5 ± 0.1
0.901 347.2 ± 0.5 0.901 361.7 ± 0.5
1 354.4 ± 0.1 1 385.1 ± 0.5
eugenol (1) þ p-cymene (2) carvacrol (1) þ linalool (2)
x1 FP (K)b x1 FP (K)b

0 328.4 ± 0.1 0 354.4 ± 0.1
0.101 329.8 ± 0.5 0.104 356.1 ± 0.9
0.208 332.2 ± 0.5 0.200 358.5 ± 0.1
0.403 335.6 ± 0.7 0.400 364.2 ± 0.5
0.600 340.3 ± 0.5 0.599 371.0 ± 0.5
0.795 349.4 ± 0.5 0.797 378.7 ± 0.1
0.901 366.3 ± 1.3 0.901 381.9 ± 0.8
1 394.7 ± 0.8 1 385.1 ± 0.5
eugenol (1) þ linalool (2) eugenol (1) þ carvacrol (2)
x1 FP (K)b x1 FP (K)b

0 354.4 ± 0.1 0 385.1 ± 0.5
0.103 356.0 ± 0.9 0.101 385.8 ± 0.5
0.201 357.4 ± 0.5 0.202 386.5 ± 0.1
0.400 361.7 ± 0.1 0.402 388.2 ± 0.5
0.603 367.0 ± 0.5 0.706 390.7 ± 0.1
0.800 375.7 ± 0.7 0.798 391.8 ± 0.8
0.897 382.7 ± 0.7 0.901 393.1 ± 0.5
1 394.7 ± 0.8 1 394.7 ± 0.8

aRelative standard uncertainty on the mole fractions is: ur(x) = 0.003. bStandard 
deviations are placed after the plus-minus sign.
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perspectives, as a failure to account for such non-idealities could lead to 
an underestimation of the actual fire hazard. This study provides key 
examples of this situation. One is the p-cymene + carvacrol binary 
mixture, common in essential oils from Lippia origanoides and Origanum 
species (Baycheva and Dobreva, 2021; Guimarães et al., 2021; Kordali 
et al., 2008; Uc-Cachón et al., 2024), which exhibits FP values signifi
cantly lower than those ideally predicted; relying on the ideal model 
would lead to an overestimation of the FP by up to 5 K. Similarly, the 
linalool + eugenol mixture, abundant in EOs from cinnamon and basil 
species (Chericoni et al., 2005; Ilić et al., 2018; Muráriková et al., 2017; 

Raina et al., 2001; Schmidt et al., 2006; Stanojevic et al., 2019), also 
exhibits experimental FPs lower than the ideal values. In both cases, 
underestimating flammability can lead to unsafe handling conditions, 
underscoring the importance of applying a robust thermodynamic 
model, such as COSMO-RS, for accurate industrial safety assessments.

4.3. Ternary mixtures

The experimental FP data measured for the four ternary mono
terpene mixtures (i.e., p-cymene + linalool + carvacrol, p-cymene +

Fig. 2. Comparison of the experimental FP values with the predicted profiles for the studied mixtures.
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linalool + eugenol, p-cymene + carvacrol + eugenol, linalool + carva
crol + eugenol) are listed in Table 4. To efficiently map the composi
tional space of these systems, a simplex-lattice design method strategy 
(Cornell, 2002) was adopted. A lattice degree of m = 5 was selected, 
establishing a primary grip spacing of Δx ¼ 0.2. In addition to the pri
mary nodes, a few extra measurements were conducted for intermediate 
compositions (i.e., Δxi ≈ 0.1). This methodological approach has 
already been employed in previous works from our group (Costa do 
Nascimento et al., 2021; Sosa et al., 2024; Vilas-Boas et al., 2023). The 
high precision of the measurements was confirmed by the low standard 
deviations (always below 1.2 K) and a maximum coefficient variation of 
0.33%.

The three modeling approaches previously used for the binary sys
tems (COSMO-RS, Liaw-UNIFAC, and the ideal approach) were also 
applied to the ternary mixtures. The results are presented in Figs. 4–6, 
where the experimental FP data are compared with the values predicted 
by the models. A quantitative overview of each model's performance is 

presented in Fig. 7, which summarizes the RMSE values for each ternary 
system (detailed results are listed in Table S3).

The experimental and modeling results for the ternary mixtures 
confirm the trends observed for the binary systems. The mixture FP 
decreases as the mole fraction of the more volatile component increases, 
a trend captured by all three modeling approaches. COSMO-RS again 
provided the best representation of the FP profiles, achieving a low 
global RMSE of 1.0 K. Its individual RMSE values ranged from a highly 
accurate 0.6 K (p-cymene + linalool + carvacrol) to a maximum of 1.7 K 
(p-cymene + carvacrol + eugenol). The Liaw-UNIFAC model (global 
RMSE = 3.2 K) was, once more, superior to the ideal approach (global 
RMSE = 4.2 K). The model performed particularly well for the mixtures 
containing p-cymene and linalool, achieving RMSE values of 0.9 K for p- 
cymene + linalool + carvacrol and 2.2 K for p-cymene + linalool 
+ eugenol.

The performance of the models varied significantly with the chemi
cal nature of the mixture. For the three systems containing the hydro
carbon p-cymene, the ideal model performed more poorly (RMSE 
ranging from 3.4 to 6.1 K) than the other two models. As with the binary 
mixtures, it consistently predicted FPs that were higher than the 
experimental values; however, both COSMO-RS and Liaw-UNIFAC 
correctly predicted FPs lower than the ideal values, providing better 
FP descriptions of these systems (Fig. 7).

A distinct behavior was observed in the ternary system containing 
only oxygenated terpenes (linalool, carvacrol, and eugenol). In this case, 
the ideal model (RMSE = 2.2 K) outperformed the Liaw-UNIFAC model 
(RMSE = 4.4 K).

As previously discussed for the binary mixtures, the trends observed 
in the predictive performance of the assessed models agree with their 
thermodynamic fundamentals. Once more, the ideal approach exhibits a 
poor performance in describing the FP behavior of the ternary systems 
containing p-cymene, a direct consequence of its inability to predict the 
repulsive interactions between this nonpolar hydrocarbon and the 
oxygenated monoterpenes. Conversely, its better performance in 
describing the linalool + carvacrol + eugenol FP behavior is likely a 
consequence of eugenol's intramolecular hydrogen-bonding effect (Shen 
et al., 2023). This shielding effect partially reduces the overall attractive 
forces within the complex multicomponent matrix, bringing the system 
closer to ideality than the binary carvacrol + linalool system.

While the Liaw-UNIFAC model correctly captures the direction of the 
deviations from ideality across all ternary systems, its quantitative ac
curacy is highly system-dependent. For mixtures with p-cymene, the 
model offers a very good representation of the p-cymene + linalool 
+ carvacrol system, where intramolecular interactions are absent. Its 
performance drops considerably when eugenol is introduced to the 
system. While the model generally underpredicts the FP of ternary 
mixtures containing p-cymene and eugenol, as a result of an over
estimation of the repulsive forces, the opposite effect is observed for the 
mixture composed solely of the three oxygenated compounds. For this 

Fig. 3. Overview of the root-square mean errors (RMSE) obtained between the experimental and predicted FP values of the binary terpene mixtures.

Table 4 
Experimental flash point data of the ternary mixtures studied in this work.a.

p-cymene (1) þ linalool (2) 
þ carvacrol (3)

p-cymene (1) þ linalool (2) 
þ eugenol (3)

x1 x2 FP (K)b x1 x2 FP (K)b

1 0 328.4 ± 0.1 1 0 328.4 ± 0.1
0 1 354.4 ± 0.1 0 1 354.4 ± 0.1
0.201 0.200 348.7 ± 0.1 0.210 0.209 347.0 ± 0.5
0.200 0.405 346.0 ± 0.5 0.205 0.410 345.7 ± 0.7
0.201 0.602 343.8 ± 0.8 0.201 0.603 344.0 ± 0.5
0.401 0.200 338.9 ± 0.5 0.408 0.205 338.4 ± 0.2
0.399 0.402 337.2 ± 0.5 0.402 0.402 337.4 ± 0.5
0.603 0.199 333.4 ± 0.5 0.604 0.201 333.7 ± 0.5
0.798 0.102 330.8 ± 0.7 0.803 0.100 331.0 ± 0.9
0.097 0.805 348.9 ± 0.4 0.099 0.803 348.6 ± 0.9
0.101 0.098 360.3 ± 0.5 0.105 0.105 358.0 ± 0.5
0 0 385.1 ± 0.5 0 0 394.7 ± 0.8
p-cymene (1) þ carvacrol (2) 
þ eugenol (3)

linalool (1) þ carvacrol (2) 
þ eugenol (3)

x1 x2 FP (K)b x1 x2 FP (K)b

1 0 328.4 ± 0.1 1 0 354.4 ± 0.1
0 1 385.1 ± 0.5 0 1 385.1 ± 0.5
0.196 0.212 349.7 ± 0.1 0.202 0.193 376.7 ± 0.5
0.196 0.413 349.9 ± 0.5 0.204 0.384 376.1 ± 0.7
0.199 0.600 351.1 ± 0.4 0.212 0.576 377.1 ± 0.1
0.397 0.205 340.2 ± 0.5 0.403 0.194 366.7 ± 0.5
0.396 0.405 340.2 ± 0.5 0.412 0.383 368.6 ± 1.1
0.596 0.205 335.4 ± 1.1 0.600 0.197 362.1 ± 0.1
0.799 0.103 331.9 ± 0.7 0.797 0.102 356.7 ± 0.5
0.099 0.800 361.9 ± 0.1 0.111 0.780 380.8 ± 0.5
0.101 0.107 361.6 ± 0.5 0.101 0.094 381.9 ± 0.8
0 0 394.7 ± 0.8 0 0 394.7 ± 0.8

aRelative standard uncertainty on the mole fractions is: ur(x) = 0.003. bStandard 
deviations are placed after the plus-minus sign.
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mixture, the Liaw-UNIFAC overestimates the strength of the attractive 
cross-interactions, predicting FPs even higher than the ideal values. This 
behavior likely results from the lack of specific parameters to account for 
intramolecular hydrogen-bond interactions (Campbell and Luthy, 1985; 
De Las Heras López et al., 2023), causing the model to treat all hydroxyl 
groups as fully available for intermolecular bonding.

On the other hand, the excellent performance of COSMO-RS, which 
outperforms both Liaw-UNIFAC and the ideal approach in all four 
ternary systems, is attributed to its ability to better account for complex 
interactions, including intramolecular and intermolecular hydrogen 
bonding. The model's capacity to incorporate multiple conformations in 
the calculation of thermophysical properties is a key factor in capturing 
the nonidealities of complex multicomponent systems. The results found 
in this work confirm the reliability of COSMO-RS as a predictive tool for 
the FP of terpene mixtures, aligning well with our previous results for 
both FP and other thermophysical properties of mixtures containing 
monoterpenes (Vilas-Boas et al., 2025; Vilas-Boas et al., 2023; 

Vilas-Boas et al., 2023b, 2022). Nonetheless, the group-contribution 
Liaw-UNIFAC model also has its merits; although it performs worse 
than COSMO-RS, it successfully captures nonideal trends and provides 
improved global predictions compared to the ideal approach for most of 
the studied mixtures. Furthermore, it is a conceptually simpler model 
than COSMO-RS, with its required parameters being freely available 
(Dortmund Data Bank [WWW Document], 2025).

The practical importance of using a robust thermodynamic model is 
best illustrated by the ternary system composed of p-cymene, linalool, 
and carvacrol, a mixture representative of EOs from winter savory 
(Capdevila et al., 2025; Milos et al., 2001). For this system, the ideal 
approach predicts FPs significantly higher than the experimental data 
(RMSE = 3.4 K). In contrast, substantially improved predictions were 
obtained with COSMO-RS (RMSE = 0.6 K) and the Liaw-UNIFAC model 
(RMSE = 0.9 K), highlighting their value in accurate process safety 
assessments.

Fig. 4. Comparison of experimental FP values (•) with the profiles predicted by the COSMO-RS model for the studied ternary mixtures.
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5. Conclusion

This work provides the first comprehensive investigation into the FP 
behavior of four monoterpenoids—p-cymene, linalool, carvacrol, and 
eugenol—and their binary and ternary mixtures. These compounds are 
key constituents of essential oils from sources such as cinnamon, basil, 
winter savory, and oregano (including Mediterranean and Mexican va
rieties). Experimental data were obtained using the ASTM D6450 closed- 
cup method for pure compounds and mixtures, and the results for the 
mixtures were compared with predictions from the ideal approach, the 
Liaw-UNIFAC model, and COSMO-RS.

The high precision of the experimental data was confirmed by the 
very low coefficient of variation (≤ 0.34%). The FP values of the pure 
compounds were in excellent agreement with literature data from 
closed-cup-based methodologies, which are the recommended standards 
for volatile liquids. Despite sharing the same carbon number, the FPs of 

the monoterpenoids varied significantly, from 328.4 K (p-cymene) to 
394.7 K (eugenol). Furthermore, a strong linear correlation was 
observed between the flash point and the normal boiling point (NBP), 
resulting in a simplified empirical model for preliminary FP estimates 
within the (420–530) K NBP range. This correlation is currently specific 
to the monoterpenoid family and constrained by the limited experi
mental FP dataset (7 data points) used for its development. Nevertheless, 
when benchmarked against COSMO-RS predictions, this proposed linear 
correlation yielded a slightly superior description of the FP data, 
although both approaches demonstrated comparable performance.

For the mixtures, the FP was found to decrease as the content of the 
more volatile component increased. A clear structure-property rela
tionship was observed: systems containing p-cymene consistently 
exhibited FPs lower than ideal predictions, indicating dominant repul
sive interactions. In contrast, the linalool + carvacrol and linalool 
+ carvacrol + eugenol systems showed FP values above the ideal values, 

Fig. 5. Comparison of experimental FP values (•) with the profiles predicted by the Liaw-UNIFAC model for the studied ternary mixtures.
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indicating the prevalence of attractive forces. Among the predictive strategies, COSMO-RS delivered the best 

Fig. 6. Comparison of experimental FP values (•) with the profiles predicted by the ideal approach for the studied ternary mixtures.

Fig. 7. Overview of the root-square mean errors (RMSE) obtained between the experimental and predicted FP values of the ternary terpene mixtures.
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overall performance for all systems, with global RMSE values of 0.8 K 
and 1.0 K for the binary and ternary systems, respectively. The perfor
mance of the other tested models was system-dependent: Liaw-UNIFAC 
was more accurate for hydrocarbon-containing systems (except for those 
with eugenol), while the ideal approach surprisingly outperformed it for 
oxygenated mixtures, where Liaw-UNIFAC consistently overestimated 
attractive interactions.

Although essential oils are widely classified as flammable liquids (FP 
≤ 93 ºC) under the OSHA criteria, the scarcity of reliable FP data poses a 
challenge for robust safety assessments. This work addresses this critical 
knowledge gap by providing novel experimental FP data for new sets of 
key multicomponent terpene mixtures and by rigorously evaluating the 
performance of predictive models. Furthermore, from a practical 
standpoint, the quantum-chemistry-based COSMO-RS proved to be a 
robust and highly reliable tool for representing FP behavior across all 
tested mixtures, offering considerably improved performance for the 
diverse mixtures commonly found in EOs from Origanum, cinnamon, 
basil, and winter savory species (RMSE < 1 K). On the other hand, the 
ideal model shows reasonable performance only for mixtures containing 
eugenol and other oxygenated monoterpenoids, being inadequate to 
represent mixtures where repulsive interactions are observed. Specif
ically, FP overestimations of up to 10 K were observed in ternary sys
tems containing p-cymene and eugenol using the ideal approach, an 
error that could lead to dangerous underestimations of fire hazards. The 
Liaw-UNIFAC offered intermediate performance between COSMO-RS 
and the ideal approach and is not recommended for systems contain
ing strong intermolecular or intramolecular hydrogen bonding, as the 
published UNIFAC parameters fail to properly capture these specific and 
more complex associations.

The findings herein not only expand the available fundamental data 
but also reinforce a validated modeling framework to support more 
accurate fire hazard and risk assessment studies when processing and 
handling terpene-rich mixtures. Looking forward, future research should 
expand on the current limited knowledge of the FP of terpene multi
component mixtures, raw essential oil matrices, and emerging terpene- 
based solvents. Moreover, a critical gap remains regarding the FP 
behavior of EO constituents mixed with common extraction solvents, 
such as alkanes and short-chain alcohols. Investigating such topics 
through combined experimental and modeling approaches will provide 
the key information necessary to implement effective industrial safety 
protocols within the growing biorefinery sector.
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Murzin, D., 2025. Upgrading biomass to high-added value chemicals: synthesis of 
monoterpenes-based compounds using catalytic green chemical pathways. Catal. 
Rev. 67, 371–496.

Schmidt, E., Jirovetz, L., Buchbauer, G., Eller, G.A., Stoilova, I., Krastanov, A., 
Stoyanova, A., Geissler, M., 2006. Composition and antioxidant activities of the 
essential oil of cinnamon (Cinnamomum zeylanicum Blume) leaves from Sri Lanka. 
J. Essent. Oil Bear. Plants 9, 170–182.

Sharmeen, J.B., Mahomoodally, F.M., Zengin, G., Maggi, F., 2021. Essential oils as 
natural sources of fragrance compounds for cosmetics and cosmeceuticals. Molecules 
26, 666.

Shen, Y., Zhao, H., Sheng, X., 2023. Theoretical study of hydrogen bond interactions of 
methanesulfonic acid with eugenol/methyleugenol. Comput. Theor. Chem. 1219, 
113977.

Sigma-Aldrich, 2022. Linalool Safety Data Sheet.
Sigma-Aldrich, 2023. Eugenol Safety Data Sheet.
Sigma-Aldrich, 2024. p-Cymene Safety Data Sheet.
da Silva, A.T., Cândido, A.E.C.M., Júnior, E., do, C.M., do, É., Moura, G.N., Souza, M.P.S., 
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