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ARTICLE INFO ABSTRACT

Keywords: The flash point (FP) of pure or mixtures of flammable substances is an important indicator in designing fire risk
Flash point mitigation and prevention measures in the chemical and oil industry. Although FP data of fuel constituents and
Monoterpene

blends are often found in the literature, studies addressing other flammable mixtures, such as essential oils (EOs)
and their constituents (terpenes and terpenoids), are scarce. EOs are aromatic, volatile liquid mixtures extracted
from plant matrices that present diverse biological properties and find numerous applications in the food,
pharmaceutical, cosmetic, and fragrance industries. In this work, experimental FP measurements of binary and
ternary mixtures of four structurally diverse monoterpenes (carvone, eucalyptol, limonene, and linalool), widely
found in different EO profiles, were carried out. Besides, the Liaw-UNIFAC model and the COSMO-RS model were
used to calculate the FP data of the studied mixtures, resulting in global root-mean-square deviations (RMSD) of
2.0 K and 0.7 K, respectively. Both models deliver better predictions than the ideal approach (RMSD = 2.4 K) for
the studied systems, demonstrating the importance of considering nonideal effects when estimating the FP data
of terpene mixtures. These results provide essential information for accurate process safety and fire risk
assessment in the EO industry.

Essential oil
Liaw-UNIFAC model
COSMO-RS

Safety

1. Introduction

Apart from their potential environmental and health risks, organic
solvents are typically the chemical industry’s major fire and explosion
sources (Crowl and Louvar, 2011). To identify and prevent such hazards,
the knowledge of the safety-related properties of these compounds is
essential. One of the most reliable indicators to characterize potential
fire and explosion (F&E) hazards is the Flash Point (FP) (Crowl and
Louvar, 2011; Liu and Liu, 2010), which represents the lowest temper-
ature at which a liquid substance or mixture emits enough vapor to
ignite in the presence of air (Yuan et al., 2021). Since a component’s FP
is lower than the corresponding boiling point (Tetteh et al., 1999), it
does not apply to gases. Although at the FP the produced vapor is
insufficient to go through combustion, it can burn temporarily, which
makes this parameter an appropriate indicator of the inflammation
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possibility of a liquid when submitted to an ignition source as well as the
rate of the flame speed after the ignition (Alibakhshi et al., 2017; Jalaei
Salmani et al., 2018). To date, different experimental methodologies and
predictive approaches have been proposed to obtain this important
parameter (Liu and Liu, 2010; Phoon et al., 2014; Vidal et al., 2004).
However, the reported flash point data present significant in-
consistencies, even for ordinary substances, being the lowest value
frequently considered in reference databases for safety purposes (Row-
ley et al., 2010).

Although the FP values of common pure compounds are often
available in the open literature, there is a substantial lack of data for
multicomponent mixtures (Cao et al., 2020; Di Benedetto et al., 2018a).
The few existing studies usually address fuel constituents and their
blends (Costa do Nascimento et al., 2021, 2020; Di Benedetto et al.,
2018b; Huo et al., 2022, 2020; Jalaei Salmani et al., 2018; Vidal et al.,
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2006). Nonetheless, any liquid mixture that presents a FP at or below 93
°C is considered a flammable liquid by the Occupational Safety and
Health Administration (OSHA) (Occupational Safety & Health Admin-
istration OSHA, 2012; United States Department of Labor, 2012), and
special safety measures are required for the storage, handling, and
transportation of such materials (Occupational Safety & Health
Administration OSHA, 2012). In the absence of these measures, any
flammable substance can cause F&E incidents (Liaw and Yang, 2020). In
this context, FP studies of mixtures containing flammable liquids other
than traditional fuels are necessary to expand the current database and
enable accurate risk assessments in additional fields of the chemical
industry. An example of commercially important mixtures that often fall
in the flammable liquid category and still present a poor FP database is
the essential oils, which are complex liquid mixtures obtained from
plants typically by solvent extraction and distillation processes (Sell,
2007; Sharmeen et al., 2021).

The major constituents of essential oils, terpenes, and their oxygen-
ated derivatives, terpenoids, encompass more than 80,000 identified
substances, corresponding to the most abundant and structurally diverse
class of plant derivatives (Abbas et al., 2017; Christianson, 2017). Their
large structural variety originates from their two five-carbon-based
biosynthesis precursors, dimethylallyl diphosphate and isopentyl
diphosphate, which can undergo different chemical reactions in natural
organisms before achieving the final compound (Ajikumar et al., 2008;
Christianson, 2017; Ninkuu et al., 2021). One of the most important
subclasses of naturally occurring terpenes is constituted by mono-
terpenes and monoterpenoids, which are ten-carbon-based substances
that correspond to about 90% of the components found in EO profiles
(Tchimene et al., 2013; Zielinska-Btajet and Feder-Kubis, 2020). Apart
from frequently exhibiting pleasant aromas (Sharmeen et al., 2021),
monoterpenoids often present several biological and pharmacological
activities (Perri et al., 2020; Tchimene et al., 2013), being the main ones
responsible for the high commercial interest of EOs in the fragrance,
cosmetic, food, and pharmaceutical industries (Aziz et al., 2018; Bhalla
et al., 2013; Carvalho et al., 2016; Patel, 2015; Raut and Karuppayil,
2014; Sarkic and Stappen, 2018; Tongnuanchan and Benjakul, 2014;
Zielinska-Blajet and Feder-Kubis, 2020). Moreover, some monoterpenes,
such as a-pinene and (+)-limonene, have also been investigated as po-
tential substituents to traditional solvents (e.g., dichloromethane, hex-
ane) in the extraction of hydrophobic compounds from natural matrices
(Boutekedjiret et al., 2014).

In the present work, experimental FP measurements of binary and
ternary mixtures of four monoterpenoids (carvone, eucalyptol, limo-
nene, and linalool), largely found in some EOs profiles, were carried out
at different composition ranges following the ASTM D6450 closed cup
procedure. Since monoterpenoids are the major components of most
essential oils, their blends are commonly used to model these complex
mixtures. It is worth mentioning that some of the terpenes mixtures
studied in this work are the major representatives of real EOs, such as
those obtained from caraway species (rich in carvone and limonene)
(Bitterling et al., 2021; Laribi et al., 2013; Raal et al., 2012; Simic et al.,
2008), mint and spearmint species (carvone -+ limonene and carvone +
limonene + linalool) (Esmaeili et al., 2006; Hussain et al., 2010; Kokkini
et al., 1995; Monfared et al., 2002; Sarer et al., 2011; Younis and Beshir,
2004), citrus species (limonene + linalool) (Arce and Soto, 2008; Arrout
et al., 2021; Khalid et al., 2020; Koshima et al., 2015), and basil species
(eucalyptol + linalool) (Marotti et al., 1996; Murarikova et al., 2017).
Besides, the four selected monoterpenoids belong to different chemical
families (i.e., hydrocarbon, ether, ketone, alcohol), and FP data are
valuable for understanding the flammability behavior of mixtures con-
taining such diverse compounds.

Although experimental FP data are preferable, those measurements
are resource- and time-consuming for multicomponent mixtures where a
wide compositional range analysis is needed (Cao et al., 2020; Phoon
et al., 2014). An efficient alternative is the use of semi-predictive and
predictive models to represent the FP behavior of mixtures. Several
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approaches have been proposed to estimate FP data of mixtures,
including empirical, structural group contribution, quantitative
structure-property relationship (QSPR), neural network, and quantum
chemistry-based approaches (Banihashemi and Movagharnejad, 2018;
Jalaei Salmani et al., 2018; Jiao et al., 2019; Nazari et al., 2019; Reinisch
and Klamt, 2015; Torabian and Sobati, 2017). In this study, two
well-established predictive approaches, the Liaw’s model coupled with
UNIFAC (Liaw et al., 2004, 2002; Liaw and Chiu, 2006; Liaw and Tsai,
2014) and the COSMO-RS model (Eckert and Klamt, 2002; Klamt, 1995;
Klamt et al., 1998), were used to represent the FP data obtained for the
binary and ternary mixtures, and the results were critically compared
with the ideal FP curves.

2. Material and methods
2.1. Chemicals

All selected monoterpenes were used as received from the supplier
and stored at room temperature. Their CAS number, chemical structure,
source, purity, and boiling point are summarized in Table 1.

2.2. Mixture preparation

Binary and ternary mixtures of around 5 g with different composi-
tions of the monoterpenes were gravimetrically prepared using an
analytical scale (AX200, Shimadzu, precision of + 1 mg) in Ambar
flasks. The mixtures were submitted to slow agitation, followed by a
settling period, to ensure the formation of homogenous phases.

2.3. Flash point measurements

The FP measurements were carried out by a Miniflash FLP/H Touch®
analyzer (Grabner Instruments) following the ASTM D6450 standard
closed cup procedure (ASTM D6450-05 (2010), standard test method for
flash point by continuously closed cup (CCCFP) tester, 2010; Pichler, 2011),
described in detail in our previous works (Costa do Nascimento et al.,
2021; Dias et al., 2019; Henriques et al., 2020). In brief, this method is
suitable for analyzing fuels, lube oils, solvents, and other liquids in a
temperature range between 283.2 K and 523.2 K. To do so, 1 ml samples
of the pure compound or mixture were transferred to a stainless-steel
cup, and then placed into the test chamber. The measurements were
performed under constant heating (5.5 + 0.5 °C min’l) and continuous
agitation. The obtained FPs were corrected to the atmospheric pressure
at sea level (101.3 kPa) by the following expression (ASTM D6450-05
(2010), standard test method for flash point by continuously closed cup
(CCCFP) tester, 2010):

FPeorreciea = FPopservea +0.25+ ( 101.3 — ]7) (€8}

where p is the ambient pressure (kPa) registered at the measurement.

Each reported FP datapoint is the average of at least three inde-
pendent measurements. To check the method’s reliability, the FP of
dodecane was periodically measured while the experiments were
conducted.

2.4. Thermodynamic framework

2.4.1. Liaw-UNIFAC model

Although Le Chatelier’s rule was proposed in 1891 based on
empirical evidence, it does have a solid thermodynamic basis if one
considers a few criteria, such as constant heat capacities, independent
chemical species combustion kinetics, and no difference in adiabatic
temperature rise between each chemical species involved (Mashuga and
Crowl, 1999). As Liaw’s model derives from Le Chatelier’s rule, it should
also obey these criteria. Moreover, the model only considers liquid phase
nonideality, while the gas phase is assumed to behave ideally, describing
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Table 1
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CAS number, chemical structure, source, mass purity, and boiling point of dodecane and the monoterpenes addressed in this work.

Compound CAS Structure Source Purity (%)” Boiling point (K)
L(—)-carvone 2244-16-8 I) Acros Organics >98 502.2 (Kobe et al., 1941)"
0 '//l/
eucalyptol 470-82-6 Alfa Aesar >99 449.2 (Torcal et al., 2010)
O
(+)-linalool 78-70-6 HO Aldrich >97 471.8 (Lecat, 1928)
\X/\)\
R-(+)-limonene 5989-27-5 Aldrich >97 450.8 (Steele et al., 2002)
T
dodecane 14073-97-3 Aldrich >99 489.4 (Perry and Thodos, 1952)

# The values correspond to the minimum mass purities granted by the manufacturer.

b No information regarding the major isomeric form.

the VLE through the modified Raoult’s law (Liaw et al., 2004, 2002).
A frequently used vapor pressure-based compositional model for FP
prediction is known as Liaw’s model (Liaw and Chiu, 2006). It combines
Le Chatelier’s mixing rule for Low Flammability Limits (LFL) and the
vapor-liquid equilibrium (VLE) isofugacity criteria in one equation:
>

i=1

n sat
XiViP;

L_Z sat

= =1
LFL; ‘=1 Dirp,

(2)

where y; is the vapor phase composition of component i,x; its mole
fraction in the solution, y; its activity coefficient at the mixture’s FP
temperature, pi** is the vapor pressure of i at the mixture’s FP, and p{%, is
the vapor pressure of component i at its FP (pure compound). Vapor
pressures p;* and p%;, were calculated from Antoine’s equation, and the
corresponding expression and parameters are listed in Table S1 (in the
Supporting Information, SI) for each chemical species. Eq. (2) is non-
linear due to the dependence of vapor pressures and activity co-
efficients on the temperature. The algorithm used in this work to solve
this equation is described elsewhere (Costa do Nascimento et al., 2021).
Activity coefficients in Eq. (2) can be calculated from local compo-
sition excess Gibbs energy models. The Universal Functional-group Ac-
tivity Coefficient model (UNIFAC) was selected, which calculates
activity coefficients through a group contribution approach (Freden-
slund et al., 1975). Therefore, UNIFAC has a predictive character
compared to other semi-empirical local composition models.

2.4.2. COSMO-RS

The Conductor-like Screening Model for Real Solvents (COSMO-RS)
(Eckert and Klamt, 2002; Klamt, 1995; Klamt et al., 1998) is a predictive
model that allows the calculation of several thermophysical and equi-
librium properties for pure components and mixtures. A comprehensive
discussion of the COSMO-RS theory is available in the works reported by
Klamt and co-authors (Eckert and Klamt, 2002; Klamt, 2005, 1995;
Klamt et al., 1998). Briefly, the model combines quantum chemistry and
statistical thermodynamics to compute the chemical potential of all the
components in a mixture, requiring only information about the chemical
structures of each compound (i.e., geometry, electronic energy, polari-
zation charge density) (Klamt, 2016). To compute the FP data of mix-
tures using COSMO-RS, a modified version of the Liaw’s mixing rule was
applied (Reinisch and Klamt, 2015):

1
(T — FP)

yi(T ame __ FP-i)

=1 3

sat
Pirp,

where T is the flame temperature, an adjustable parameter set equal
to 1573 K (Reinisch and Klamt, 2015), FPpg is the mixture FP
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temperature, and FP; is the FP temperature of pure component i. The FP
data of pure compounds in the mixture can be inserted in Eq. (3)
whenever available or estimated using the COSMO-RS theory (BIOVIA
COSMOtherm, 2020, 2020).

In this work, the FP estimations of the terpene mixtures were carried
out with the COSMOtherm software (version 21.0) (BIOVIA COSMO-
therm, 2021; Eckert and Klamt, 2002) using the BP_TZVPD_FINE_21.ctd
parametrization level. Additional details about the calculation proced-
ure are available in the COSMOtherm reference manual (BIOVIA COS-
MOtherm, 2020, 2020). The.cosmo files containing the required
information for each monoterpenoid were generated with the TmoleX
software  package  (Steffen et al, 2010) wusing the
COSMO-BP-TZVPD-FINE template. Following the methodology pro-
posed by Reinisch and Klamt (2015), the required vapor pressures for
the pure compounds were estimated using information extracted from
the.cosmo files. To improve the accuracy of the FP predictions for the
mixtures, the FP data measured in this work for the pure monoterpenes
were considered in the COSMOtherm calculations.

2.5. Statistical analysis

The deviations between the experimental and predicted FPs for the
terpene mixtures were assessed by calculating the root-mean-square
deviation (RMSD):

z(FPjaxp _ Fchalc)z
RMSD= ||l ——M

4

n

where superscripts “exp" and "calc” mean the experimental and calcu-
lated values, respectively, n is the total number of data points and j
covers all the mixture datapoints.

3. Results and discussion
3.1. Pure compounds

The experimental FP obtained for L-(—)-carvone, eucalyptol, R-
(+)-limonene, and linalool are compared to the literature data in
Table 2.

The FP obtained in this work for dodecane (standard) strongly agrees
with the data found in the literature (Costa do Nascimento et al., 2021;
Henriques et al., 2020; Li et al., 2014; Luning Prak et al., 2017). Low
coefficients of variation (< 0.2%) were obtained for all pure compounds,
demonstrating the precision of the methodology. Regarding the
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monoterpenes, the experimental FPs available in the literature are
scarce, and most of the reported data were obtained using different
methods from the ASTM D6450 procedure used in this work.

The FPs measured for the monoterpenes follow the same order as
their normal boiling point: eucalyptol < R-(+)-limonene < linalool < L
(—)-carvone. In the case of R-(+)-limonene, the FP measured in this
work (327.4 + 0.5 K) is consistent with the value reported by Henriques
et al. (326.2 + 1.9 K) (Henriques et al., 2020), who also applied the
ASTM D6450 methodology. In addition, these FP values are consider-
ably close to the value reported by Donoso et al. (Donoso et al., 2022)
(326.0 £ 0.5 K), which was obtained using a different closed-cup-based
procedure (EN ISO 2719).

For eucalyptol and linalool, the FP data measured in this work are
less consistent with the values available in the literature (Api et al.,
2015; Buckeridge, 2010), particularly for the latter, where a difference
of 9 K in the FP values is observed. Nevertheless, the methodologies and
the apparatus used to obtain the literature values were not reported. As
discussed by Rowley and co-authors (Rowley et al., 2010), experimental
FPs are deeply dependent on the apparatus and methodology, and dif-
ferences up to 10 K are not uncommon when FP data are acquired under
different circumstances. To the best of our knowledge, the FP of L
(—)-carvone (371.1 + 0.1 K) is reported here for the first time.

3.2. Binary mixtures

The experimental FPs of the five binary mixtures studied in this work
(L-(—)-carvone + eucalyptol, L-(—)-carvone + R-(+)-limonene, L-
(—)-carvone + linalool, eucalyptol + linalool, and R-(+)-limonene
+ linalool) are listed in Table S2. For each binary system, six mixtures
with mole fractions in the range (0.1 < x; < 0.9) were prepared and
analyzed. Low coefficients of variation (CV), always inferior to 0.2%,
were obtained. Moreover, the relative standard uncertainties on the
sample concentrations were low (u"(x) = 0.003), having a negligible
influence on the obtained flash point data. The eucalyptol + R-
(+)-limonene mixture was not studied due to the low difference between
the FPs of the pure compounds (2 £ 1 K), which is lower (within the
uncertainty limit) than the repeatability (1.9 K) of the ASTM D6450
standard closed cup procedure (Costa do Nascimento et al., 2021).

The experimental and predicted FPs using the Liaw-UNIFAC model
and the COSMO-RS model are presented in Fig. 1. The ideal FP values,
obtained considering y; = 1 in Eq. (2), were also included in Fig. 1 for

Jues et al., 2020); 326.0 + 0.5 (Donoso et al., 2()22)b
354.4 + 0.1 (Henriques et al., 2020); 354.4 £ 0.4 (Costa do Nascimento et al., 2021); 354.2 (Li et al., 2014)b; 352.5 + 2 K (Luning Prak et al., 2017)¢

FP from literature (K)
322.2 (Buckeridge, 2010)°
344.3 (Api et al., 2015)°

326.2+1.9 (H

Comparison of the experimental FPs measured in this work (at 101.3 + 0.4 kPa) and found in the literature for the studied compounds.®
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comparison purposes. The global RMSDs between the experimental and
the predicted data with the ideal approach, the Liaw-UNIFAC model,
and the COSMO-RS models were 1.9 K, 1.9 K, and 0.8 K, respectively.
The data for each binary system are summarized in Table S3 of the SI.
Besides, the activity coefficients obtained for the UNIFAC and COSMO-
RS models at the FP conditions are depicted in Fig. S1 of SI.

For the Liaw-UNIFAC approach, the best results were obtained for
the R-(+)-limonene - linalool and L-(—)-carvone -+ R-(+)-limonene
systems (RMSD = 0.5 K), whereas the highest deviations are observed
for eucalyptol + linalool (RMSD = 4.4 K). The COSMO-RS model

linalool (1) + L-(—)-carvone (2)

Process Safety and Environmental Protection 172 (2023) 1048-1057

delivers the worst estimations for L-(—)-carvone + linalool mixture
(RMSD = 1.3 K), while lower deviations were achieved for all the other
studied binary systems (0.6 K < RMSD < 0.9 K). The global performance
of COSMO-RS is superior to Liaw-UNIFAC and the ideal approach to
describe the FP of the binary mixtures when the FP data of pure
monoterpenes are considered in the COSMO-RS calculations. Different
from the Liaw-UNIFAC model, COSMO-RS presents a more predictive
character; in COSMO-RS, other thermophysical properties rather than
the FP of the pure compounds might be taken into consideration to
improve the FP predictions of mixtures, such as the experimental vapor

R-(+)-limonene (1) + L-(-)-carvone (2)

380 380
375 370
370 _ 360
< o
2 365 = 350
= =
360 340
355 330
350 320
0.0 0.2 0.4 0.6 0.8 1.0
X1
380 180 eucalyptol (1) + linalool (2)
370 370
360 | 360 |
M r ~ L
o~ 350 < 350
= 0 =
340 340
330 | 330
320 L 320
00 02 04 06 08 1.0 00 02 04 06 08 1.0
X1 X1
R-(+)-limonene (1) + linalool (2
380 | (+) 1) (2)
370
360
< 350 P
e -
340 |
330
320 I B A BT AT S A AT AT B AR
00 02 04 06 08 1.0
X1
@ Experimental data Ideal approach = - = Liaw-UNIFAC ----- COSMO-RS

Fig. 2. Overview of the experimental and predicted FP profiles for the studied binary mixtures.
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pressures or normal boiling points (BP). By considering only the BP of
the pure compounds (listed in Table 1) to compute the COSMO-RS cal-
culations, a global RMSD of 2.0 K for the binary mixtures was obtained,
which is very similar to the value obtained with the Liaw-UNIFAC model
(which requires the experimental FP of the pure compounds). Alterna-
tively, considerably larger deviations were obtained with COSMO-RS
when no experimental data were considered (global RMSD of 12.0 K).
Nonetheless, the deviations obtained in this case for the predicted FPs of
the binary mixtures are comparable to those found by Reinisch and
Klamt (2015), where a global RMSD of 14.32 K was achieved for a large
set of 1052 pure-substance FP data.

Apart from calculating specific FP data, the models can be applied to
represent the FP profile in the whole composition range. The big picture
is presented in Fig. 2, where component 1 corresponds to the one with
the lower FP in the binary mixture. For all the analyzed mixtures, the FP
decreases as the mole fraction of the lighter component increases, which
is similar to the behavior registered before for other flammable liquid
mixtures (Balasubramonian et al., 2015; Costa do Nascimento et al.,
2021, 2020; Dias et al., 2019; Huo et al., 2020). Both COSMO-RS and
Liaw-UNIFAC models capture the FP trend with the composition of the
mixtures, offering an excellent qualitative description of the experi-
mental data.

The FP curves illustrated in Fig. 2 reveal that most binary mixtures
present experimental FPs lower than the ideal values, except for the
eucalyptol + linalool, where a nearly ideal behavior is registered. The
strongest deviations from the ideality occur for mixtures containing R-
(+)-limonene and the oxygenated monoterpenes (i.e., carvone, linalool),
where absolute differences up to 5K are observed. Unlike the other
monoterpenoids under study, R-(+)-limonene is a nonpolar hydrocar-
bon, and its presence in solutions with oxygenated compounds is likely
to be governed by unfavorable interactions. This idea is supported by the
activity coefficient values higher than the unity obtained at the FP
conditions with UNIFAC and COSMO-RS, which indicate positive de-
viations from ideality for the R-(4)-limonene + oxygenated mono-
terpene mixtures.

Regarding linalool + L-(—)-carvone, COSMO-RS estimates negative
deviations from ideality, while the UNIFAC model predicts the opposite
behavior. In the case of the eucalyptol + L-(—)-carvone mixture, both
COSMO-RS and UNIFAC predicts y; > 1 in most of the compositional
range, but the values predicted by UNIFAC are higher than those ob-
tained with COSMO-RS. For eucalyptol + linalool, UNIFAC also esti-
mates positive deviations from ideality, while COSMO-RS deliver y;
values close to the unity in the full compositional range. In fact, UNIFAC
apparently overestimates the positive deviations from ideality (Fig. S1)
for the three mixtures containing only oxygenated compounds (i.e.,
linalool + L-(—)-carvone, eucalyptol + L-(—)-carvone, and eucalyptol
+ linalool), which is likely the main reason for the larger deviations
(RMSD > 2.0) obtained with the Liaw-UNIFAC compared to the values
achieved with COSMO-RS (0.6 < RMSD < 1.3), as Liaw’s model can
accurately predict the FP of many mixtures (Phoon et al., 2014), as long
as the activity coefficient profile is well represented by the Gibbs Energy
model chosen.

As shown in Fig. 2, the experimental FP profile of the eucalyptol + L-
(—)-carvone mixture deviates more from the ideal behavior than the
profiles obtained for the other two oxygenated monoterpene mixtures
(linalool + eucalyptol and linalool + L-(—)-carvone). In the first case,
eucalyptol (ether) and carvone (ketone) present hydrogen-bond donor
groups, and repulsive interactions might arise when mixing these two
compounds. On the other hand, linalool is an alcohol, and the hydroxyl
group presents both hydrogen bond donor and hydrogen bond acceptor
characters. Although favorable interactions are expected between
linalool + eucalyptol or linalool and carvone due to the formation of
hydrogen bonds, these interactions also occur among linalool molecules,
which is a possible reason for the almost ideal FP behavior observed for
these mixtures.

Although the ideal approach has been shown to adequately describe
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the FP behavior of some important binary systems for the oil industry,
particularly those containing common fuel components such as hydro-
carbons or fatty esters (Costa do Nascimento et al., 2020; Dias et al.,
2019; Luning Prak et al., 2021), nonideal effects should be considered in
mixtures composed by compounds with different polarities. The most
concerning scenario occurs when the mixture exhibits lower FPs than
the ideally predicted values since unknown stocking and handling risks
arise. The limonene + linalool mixture and the limonene + carvone
mixture, which are abundant in several citrus EOs (Arce and Soto, 2008;
Arrout et al., 2021; Khalid et al., 2020; Koshima et al., 2015) and
spearmint and caraway EOs (Bitterling et al., 2021; Hussain et al., 2010;
Kokkini et al., 1995; Laribi et al., 2013; Monfared et al., 2002; Raal et al.,
2012; Simic et al., 2008; Younis and Beshir, 2004), respectively, are
practical examples of this situation, evidencing the importance of FP
studies when assessing safety risks of flammable natural products.

3.3. Ternary mixtures

The experimental FPs of the four ternary mixtures studied in this
work (L-(—)-carvone + eucalyptol + R-(+)-limonene, L-(—)-carvone
+ eucalyptol + linalool, eucalyptol + R-(+)-limonene + linalool, and
eucalyptol + linalool + R-(+)-limonene) are presented in Table S4 of
the SI. Like in the previous cases, low coefficient of variations (CV <
0.3%) and mole fraction uncertainties (u"(x) = 0.003) were obtained.
The COSMO-RS model, the Liaw-UNIFAC model and the ideal approach
were applied to represent the experimental data, and the results are
summarized in Fig. 3. The obtained RMSDs for each mixture are listed in
Table S5.

The COSMO-RS model offers the best description of the experimental
FP data, achieving a global RMSD of 0.6 K against a value of 2.1 K ob-
tained with the Liaw-UNIFAC model. The two models present similar
performances (RMSD = 0.6 K) only for the L(—)-carvone + eucalyptol
+ R-(+)-limonene. In contrast, the main differences were registered for
the solutions with linalool, where COSMO-RS delivers RMSDs < 0.7 K,
while the Liaw-UNIFAC achieved RMSDs > 2.0 K. Nevertheless, both
models deliver better global FP estimations than the ideal approach
(global RMSD of 2.5K), evidencing the importance of considering
nonideal effects to obtain high-quality FP estimations of mixtures of
structurally different terpenes. From the four ternary solutions, L
(—)-carvone + R-(+)-limonene -+ linalool presents the strongest de-
viations from the ideal behavior (RMSD = 3.7).

In general, the deviations obtained in this work with COSMO-RS and
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Fig. 3. Comparison between the experimental and the predicted flash points for
the ternary mixtures using the COSMO-RS model (+), the Liaw-UNIFAC model
(o), and the ideal approach (A).
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the Liaw-UNIFAC model for the FP of the monoterpene ternary solutions
are comparable to those found in the literature for other ternary mix-
tures (Costa do Nascimento et al., 2021, 2020; Lakzian and Liaw, 2021;
Li et al., 2014; Liaw and Chiu, 2006; Liaw et al., 2011; Zarringhalam
Moghaddam et al., 2012). To further explore the predictive potential of
COSMO-RS and the Liaw model, those were used to represent the FP of
the ternary mixtures in their whole composition range. The COSMO-RS
results are exhibited in Fig. 4, where a colored map built from the model
FP estimations is compared with the experimental data. Likewise, the FP
profiles estimated with the Liaw-UNIFAC and the ideal approach are
presented in Figs. S2 and S3, respectively.

Like in the binary solutions, adding more volatile compounds (e.g.,
eucalyptol and R-(+)-limonene) in the ternary mixtures generally de-
creases their FPs. This trend is well reproduced by the predictive models,
though the Liaw-UNIFAC approach usually estimates higher FP values,
while the ideal approach delivers mostly underestimated FPs. None-
theless, the COSMO-RS’ ability to accurately represent the FP values of
binary mixtures (RMSD < 1.3 K) and ternary terpene mixtures (RMSD <

eucalyptol (1) + R-(+)-limonene (2) + L-(-)-carvone (3)
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0.7 K) only by considering the experimental FP data of the individual
components is notable, which is a great advantage over structurally-
based or semi-empirical approaches that frequently require more ther-
mophysical data, such as pure compound vapor pressures. In line with
previous works that demonstrated COSMO-RS potential to represent
other thermodynamic and equilibrium properties of mixtures containing
monoterpenes (Teixeira et al., 2022; Vilas-Boas et al., 2022, 2021), the
results found here suggest that COSMO-RS is also a reliable tool to
represent FP data of mixtures widely found in different EO profiles. On
the other hand, the Liaw-UNIFAC method has its merit once, globally, it
delivers better FP predictions than the ideal approach for all the ternary
mixtures studied in this work.

4. Conclusions
This work presents new FP data for four monoterpenes, five binary

monoterpene mixtures and four monoterpene ternary mixtures largely
found in different EO profiles, including citrus, basil, caraway, and

eucalyptol (1) + linalool (2) + L(-)-carvone (3)

< %o
=

R-(+)-limonene (1) + eucalyptol (2) + linalool (3)

Color scheme

D e

371.1 366.5 362.0 357.4 352.8 348.3 343.7 339.1 334.5 330.0 3254

Fig. 4. Comparison between the experimental FPs (black spheres) and the colored maps built from the FP values predicted by COSMO-RS for the ternary mixtures.
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spearmint species. Most of the pure substances and mixtures studied in
this work present FPs data below 366.2 K (except pure L(—)-carvone),
falling into the category of flammable liquids. The low coefficients of
variation (<0.3%) confirm the excellent consistency of the results. In the
case of the pure monoterpenes, the deviations between the experimental
data measured in this work and those found in the literature are within
the expected values for data obtained with different methodologies or
apparatuses. Besides, the FPs of the monoterpenes follow the same order
as their normal boiling point, with eucalyptol and L(—)-carvone pre-
senting the lowest (325.4 K) and the highest (371.1 K) values, respec-
tively. Regarding the mixtures studied, the addition of a less volatile
compound always increases the FP. To the best of our knowledge, the FP
data of L(—)-carvone and the monoterpene binary, and ternary mixtures
have not been previously studied.

The COSMO-RS and the Liaw-UNIFAC were successfully employed to
describe the FP data of mixtures addressed in this work. Regarding the
binary solutions, COSMO-RS delivered RMSD values varying between
0.6 K and 1.3 K, whereas the Liaw-UNIFAC model achieved RMSDs
between 0.5 K and 4.4 K. For the ternary mixtures, smaller RMSD ranges
were obtained with COSMO-RS (0.4 K < RMSD < 0.7 K) and the Liaw-
UNIFAC model (0.6 K < RMSD < 3.8 K). Both models could improve
the description of the FP data compared to the ideal approach, with
COSMO-RS delivering a global RMSD much lower than the value ob-
tained with the ideal FPs, while the Liaw-UNIFAC model slightly reduces
the global RMSD when compared to the ideal approach. Moreover, in
most cases, the models can identify that the mixtures present lower FP
values than those ideally predicted, which is an important asset when
assessing the fire risk of nonideal flammable mixtures.

The FP behavior of essential oils is unclear due to the lack of avail-
able data in the literature. This manuscript partially fulfills this gap by
supplying experimental FP data for different model EO mixtures and
showing that addressed predictive models can accurately describe the
experimental data. These results are valuable for assessing and reducing
fire hazard risks related to storing and processing monoterpenes and
essential oils. This work opens a call for future studies addressing the fire
safety of essential oils, particularly investigating FP of surrogate or
complex essential oil containing flammable compounds, such as those
obtained from basil, eucalyptus, lavender, and mint species.
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