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A B S T R A C T

Currently, replacing traditional solvents with others whose components are considered safe is one of the most 
important challenges in the chemical industry. However, this change cannot be achieved without understanding 
the behavior of fluids under different operating conditions. To achieve this, thermophysical properties must be 
either determined experimentally over wide ranges of pressure, temperature, and composition, or tools must be 
available to predict them. Here, we studied binary mixtures of Generally Recognize as Safe (GRAS) compounds. 
These mixtures could be used both as extractants of natural products and solvents of poorly-water soluble ones. 
Specifically, they are oleic acid-based systems with thymol, l-menthol, eugenol, or linalool. The measured 
properties were the phase change equilibria, density, speed of sound, refractive index, isobaric molar heat ca
pacity, surface tension, and kinematic viscosity at 0.1 MPa and from 283.15 to 338.15 K. In addition, several 
derived properties were calculated, different correlations were used and the PC-SAFT equation of state (EoS) was 
validated. All mixtures were less dense than water and moderately viscous. The most and least compact mixtures 
were those with eugenol and linalool, respectively. The prediction of the isobaric molar heat capacity from both 
molar mass and critical properties, as well as EoS, showed a deviation of less than 5 % from the measured values. 
For the density, the maximum mean relative deviation with the EoS results was of 0.19 %.

1. Introduction

Growing consumer concern about environmental issues has expo
nentially increased interest in compounds extracted from natural sour
ces. At the same time, these processes require a high level of 
sustainability. It is known that one of the most problematic steps in 
terms of energy costs and waste generation is the separation and recy
cling of the solvent (Ferreira & Sarraguça, 2024; Isci & Kaltschmitt, 
2022). One proposal that avoids this step and, at the same time, im
proves the properties of the final product is to use natural deep eutectic 
solvents (NADES). They are mixtures of compounds that are usually 
obtained from matrices of natural origin as primary metabolites, among 
others. The difference between the inter- and intra-components in
teractions, and the entropic effect resulting from the mixing process, 
means that their fusion temperature (Tf ) is much lower than it would be 
if the mixture behaved ideally. Therefore, they are liquids over a wide 
temperature range. Furthermore, they have been shown to be good 

solvents even for solutes with low soluble content in aqueous solutions 
because the network of interactions gives them an affinity for many 
compounds (Bergua, Delso, et al., 2021; Padilla et al., 2024). Depending 
on their behavior towards water, NADESs can have a hydrophilic or 
hydrophobic character. In the first, a supramolecular structure is 
formed, resulting in a significant decrease in Tf (Delso et al., 2019). In 
most of the latter, hydrophobic interactions predominate so the Tf 

depression is small, and the qualifier “deep” should not be used. They are 
simply referred to as hydrophobic eutectic solvents (hESs) and are 
especially interesting in two-phase separation and extraction processes 
(Bergua, Castro, et al., 2021; Bergua, Castro, Lafuente, & Artal, 2022; 
Bergua, Castro, Muñoz-Embid, et al., 2022). More information on the 
origin, preparation, properties, and uses of the eutectic solvents can be 
found in the literature (del Mar Contreras-Gámez et al., 2023; Liu et al., 
2018; Martins, Crespo, et al., 2018; Paiva et al., 2014; Sportiello et al., 
2023; Tapia-Quirós et al., 2024; Van Osch et al., 2015; Yan et al., 2025; 
Zhang et al., 2023). Note that not removing the eutectic mixture used as 
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a solvent in the extraction of a bioactive compound can have a positive 
effect on the final formulation of the active ingredient. For example, it 
can increase its antioxidant capacity, antimicrobial activity or trans
dermal penetrability by synergistic effect with the components of the 
mixture (Abdelquader et al., 2023; Artigas-Hernández et al., 2023; Chen 
et al., 2025; Marañés et al., 2025; Mussagy et al., 2023; Mussagy, 
Remonatto, et al., 2022; Mussagy, Santos-Ebinuma, et al., 2022). Taking 
this into account, we have chosen to study binary mixtures of oleic acid 
(Oa) and different components of essential oils as thymol (5-Methyl-2- 
(propan-2-il)phenol) (T), l-menthol (5-Methyl-2-(propan-2-yl)cyclo
hexan-1-ol) (M), eugenol (4-Allyl-2-methoxyphenol) (E), and linalool 
(2,6-dimethyl-2,7-octadien-6-ol) (L). The Oa belongs to the group of 
omega-9 fatty acids, monounsaturated acids with the double bond in the 
9th position. It can be obtained from both plant sources (mainly olives 
and camellia), animal sources (livestock and fish), and to a much lesser 
extent, microbial sources. The health benefits of including it in the diet 
are well-known. It prevents cardiovascular disease and nervous system 
degeneration, is a powerful antioxidant, and reduces the body’s in
flammatory response that can lead to cancer or diabetes (Wang et al., 
2024). Also, it is an efficient plasticizer so its use in new and more 
sustainable packaging systems is being evaluated (Vlacha et al., 2016). 
Regarding the second components of binary mixtures, T and M are 
monoterpenes that differ only in the type of ring contained in their 
structure. Both are extracted from plants (thyme and menthe families) 
and are used in the cosmetic, agri-food, and pharmaceutical industries. 
They promote transdermal penetrability and have different therapeutic 
properties (Zielińska-Błajet et al., 2021). Moreover, the E is a phenyl
propanoid mainly extracted from the essential oils of the cloves and 
cinnamon. Its traditional application has been the formation of dental 
cement by adding zinc oxide. Currently, its potential has been seen both 
in pharmacology and in the agri-food industry as a food preservative 
(Khwaza & Aderibigbe, 2025). The L is an acyclic monoterpene alcohol 
present in plants such as cinnamon, coriander, and lavender. It has a 
pleasant floral aroma, so it is used in perfumes, cleaners, and cosmetic 
products. It is also used as an additive in processed foods and beverages, 
as a natural preservative and food flavoring. Its bioactive properties 
include high anticancer, antifungal and antibacterial activity, protecting 
liver, kidney and lung functions (An et al., 2021). Synergistic effects 
have been observed when using mixtures of Oa and terpenes to improve 
the efficiency of extraction processes, and the antioxidant, anti
mycobacterial and antifungal capacities of a compound (Artigas- 
Hernández et al., 2023; Mussagy et al., 2023; Pitacco et al., 2022; 
Radwan et al., 2024; Sieniawska et al., 2017). Despite this, there is 
hardly any published data on the properties of these mixtures. Duque 
et al. (Duque et al., 2023) characterized two mixtures of T and Oa but the 
compositions did not match ours. Ion et al. (Ion et al., 2022) measured 
solid-liquid phase change temperatures of three mixtures of M and Oa 
including the MOa composition. In addition, the refractive index of two 
of them (no MOa) was determined. Recently, our group measured the 
properties of the four mixtures at 298.15 K (Marañés et al., 2025).

This work focuses on assessing the thermophysical behavior of four 
hydrophobic systems. They are binary mixtures of oleic acid and thymol, 
l-menthol, eugenol, or linalool. The article is organized as follows. First, 
the preparation and characteristics of the studied mixtures and used 
devices are explained. It continues with a section that includes a brief 
description of the models and correlations subsequently used in the 
discussion of the results. The final section presents and analyzes the 
experimental data of the phase change, density, speed of sound, 
refractive index, isobaric molar heat capacity, surface tension, and ki
nematic viscosity at 0.1 MPa and from 283.15 K to 338.15 K.

2. Materials and methods

2.1. Chemicals

The chemicals used to prepare the oleic acid-based eutectic solvents 

(Oa ESs) and their acronyms were oleic acid (Oa), thymol (T), l-menthol 
(M), eugenol (E), and linalool (L). No purification processes were 
applied after the commercial supply. The characteristics and structures 
of these compounds are reported in Table S1 (supplementary material).

2.2. Preparation of oleic acid-based eutectic mixtures

Four mixtures containing Oa and a component of essential oil were 
prepared. The compositions were equimolar except for the mixture with 
T since it was solid at 298 K. In this case, the composition of the mixture, 
in mole fraction of oleic acid, was xOa=0.6. To prepare the samples, 
appropriate amounts of each component of the binary mixture were 
weighed in a flask with a Sartorius PB210S balance (u(m)=1‧10− 4 g). 
Subsequently, simultaneous stirring and gentle heating (323K) were 
carried out until the liquid mixture was homogeneous. The mixtures 
were cooled slowly and no crystallization was observed in any sample. 
In addition, no decomposition or reaction was observed in the mixing 
process of Oa ESs, as can be concluded from the NMR spectra collected in 
Fig. S1. In them, all peaks detected for the pure components of each 
mixture are also found in the corresponding Oa ES. No additional peaks 
were observed. The Karl-Fischer method (automatic titrator Crison KF 
1S–2B) was used to measure the water content. Table 1 lists a 
description of the Oa ESs studied in this work and a picture is found in 
the Supplementary File.

2.3. Phase change

A differential scanning calorimeter (TA Instruments DSC Q2000) 
equipped with an RCS cooling system was used to determine the phase 
change temperatures and enthalpies. A sample of Indium was used as 
standard compound to calibrate the apparatus. The uncertainties were 
calculated from the differences between the expected values and those 
from the calibration. The values were u(T)=0.5 K and u(ΔH)=1 kJ/mol. 
In each measurement, an aluminum dish was filled with a mass between 
5 and 10 mg of sample. It was cooled to 213 K and then heated to 318 K 
at a rate of 3 K/min.

2.4. Thermophysical characterization

The thermophysical properties were measured with different devices 
frequently described in the literature. In Table 2, we only summarize 
their characteristics: the type of apparatus, uncertainties in the mea
surements, several details of the procedures, and the validation of each 
apparatus. The latter was carried out by comparison between experi
mental and literature data for standard fluids (Antón et al., 2017; López 
et al., 2020).

3. Theory

3.1. PcC-SAFT

In this section, a brief description of this equation of state (EoS) is 
presented. The reader can find further information on in the papers 
published by Gross and Sadowski (Gross & Sadowski, 2000, 2001). The 
model describes the Helmholtz energy (ã) as the sum of several terms: 
the contribution of ideal gas (ãid), the repulsive term represented by the 
hard-chain reference system (ãhc), and the attractive terms of dispersive 
(ãdis) and association (ãassoc) interactions. The equations are: 

ã = ãid
+ ãhc

+ ãdis
+ ãassoc (1) 

ãhc
= mãhs

− (m − 1) lnghs (2) 
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where a0i, a1i, a2i, b0i, b1i, and b2i, are called universal constants and their 
values were obtained from the thermodynamic properties of n-alkanes. 
Also, m is the chain segment number, ghs is the radial pair distribution 
function of the segments, ̃ahs is the Helmholtz energy of the hard sphere, 
ρ is the density, p is the pressure, T is the temperature, σ is the segment 
diameter, ε is the segment energy, η is the packing fraction, XA is the 
fraction of unbonded monomers, Δ is the tendency to form n-mers, κAiBi 

is the association volume, εAiBi is the association energy, and S is the 
number of associated sites of the compound. Therefore, 3 geometric 
parameters (m, σ and ε), two association parameters (κAiBi and εAiBi ), and 
an association scheme are needed to characterize each pure compound 
capable of associating. They are usually calculated from data of ther
modynamic properties of the pure compounds. Table 3 summarizes the 
parameters used in this work.

The mixing rules used to model our systems were: 

σij =
(
σi + σj

)/
2 (6) 

εij =
̅̅̅̅̅̅̅εiεj

√ (
1 − kij

)
(7) 

κAiBj =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κAiBi κAjBj

√
(8) 

εAiBj =
(
εAiBi + εAjBj

)/
2 (9) 

where the subscripts i and j refer to each of the compounds present in the 
mixture, and kij is the binary interaction parameter. We used the model 
in its predictive version (kij=0) for all mixtures. To improve the esti
mated density of the LOa mixture, calculations were performed for this 
ES with an optimized parameter, kij= − 0.05.

3.2. Estimation of the isobaric molar heat capacity

The Cp,m of mixtures can be estimate from critical properties with the 
correlation of Taherzadeh et al. (Taherzadeh et al., 2020): 

Cp,m = A+ 132.27 T1/4, (10) 

A = 3.8 • 10− 4M3
Oa ES
p6

c
+6.3 • 10− 5M2ω

Oa ESs −
24577.4
MOa ES

− 94.9, (11) 

where T is the temperature, MOa ES is the molar mass (Table 1), pc is the 
critical pressure, and ω is the acentric factor of each mixture. The last 
two parameters were estimated from the Lee-Kesler (LK) mixing rules: 

Table 1 
Description of the oleic acid-based eutectic solvents (Oa ESs): Acronym, mole fraction in oleic acid (xOa), molar mass calculated (MOa ES)

a, and appearance at 
T = 298.15 K and p = 0.1 MPa.

Oa ES acronym Compound 1 (acronym) Compound 2 (acronym) xOa MOa ES/ (g/mol) Water content(ppm) Appearance

T3Oa5 Thymol (T) Oleic acid (Oa) 0.6 229.56 244 colorless liquid
MOa l-menthol (M) Oleic acid (Oa) 0.5 219.37 220 colorless liquid
EOa Eugenol (E) Oleic acid (Oa) 0.5 223.33 283 orange liquid
LOa Linalool (L) Oleic acid (Oa) 0.5 218.36 260 colorless liquid

aMOa ES =
∑

i
Mixi ,

Table 2 
Overview of the apparatus used to measure the thermophysical properties.

Property Devices u(T)/K Uc(Y)a MRD(Y)b/%

Density, ρ Oscillating U-tube density meter, Anton Paar DSA 5000 c 0.005 0.05 kg/m3 0.004
Speed of sound, u Sing-around technique in a fixed-path interferometer, Anton Paar DSA 5000 c 0.005 0.5 m/s 0.026
Isobaric molar heat capacity, Cp,m Differential scanning calorimeter, TA Instruments DSC Q2000 d 0.5 1 % 0.028
Refractive index, nD Standard Abbe refractometer, Abbemat-HP refractometer Dr. Kernchen e 0.01 2⋅10− 5 0.007
Surface tension, γ Drop volume tensiometer, Lauda TVT-2 e,f 0.01 1 % 0.21
Kinematic viscosity, ν Capillary viscosimeter Ubbelohde, Schoot-Geräte AVS-440 0.01 1 % 0.28

ak = 2 (0.95 level of confidence); 
b

MRD(Y) =
100
n

∑n
i=1

⃒
⃒
⃒
⃒
Yi,lit − Yi,exp

Yi,exp

⃒
⃒
⃒
⃒;

cCalibrated with two reference fluids: air and water MilliQ (resistivity of 18.2 μS/cm); d 

Synthetic sapphire was used as standard reference; eCalibrated with water MilliQ (resistivity of 18.2 μS/cm) as reference fluid; f 16 drops were averaged

Table 3 
Parameters of the pure compounds in the modelling of the oleic acid-based ESs 
(Oa ESs) with the PC-SAFT EoS. The type 2B (one donor and one acceptor site) 
was considered as association scheme.

Compound m/M σ/ Å ε/ K κAiBi εAiBi / 
K

Reference

Oleic acid 0.03090 3.712 254.78 0.0183 810.92 (dos Santos 
et al., 2017)

Thymol 0.02671 3.816 290.22 0.0616 1660 (Martins, 
Crespo, et al., 
2018)

l-Menthol 0.02657 3.903 262.40 0.0996 1785.6 (Martins, 
Crespo, et al., 
2018)

Eugenol 0.02696 3.698 290.00 0.0616 1660 This work
Linalool 0.02721 3.919 271.74 0.0019 2187.3 (Torcal et al., 

2010)
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pc(bar) = (0.2905 − 0.0850ω) 83.1447Tc

Vc
, (12) 

ω =
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n=1
xnωn, (13) 
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∑3

n=1
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1

V0.25
c
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n=1
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1
8

(
V1/3

c,n + V1/3
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)3
, (16) 

Tc,mn(K) =
(
Tc,nTc,m

)0.5
, (17) 

where the subscripts n and m represent each component, and mn is the 
subscript indicating binary interaction term. Tc and Vc are the critical 
temperature and critical volume of the Oa ES.

3.3. Estimation of the critical temperature

The Tc of our Oa ESs were calculated with PC-SAFT EoS (eq. 1–9) and 
the LK mixing rules (eq. 12–17). In addition, the equations of Guggen
heim (Guggenheim, 1945) and Eötvos (Shereshefsky, 1930) were used: 

γ = γ0(1 − T/Tc)
11/9

, (18) 

γ(MOa ESs/ρ)2/3
= K(Tc − T), (19) 

where γ0 is the surface tension at 0 K, MOa ESs is the molar mass of the Oa 
ESs (Table 1), and γ and ρ are the surface tension and density at the 
temperature T.

3.4. Estimation of the surface tension

The equation of Papazian (Papazian, 1971) correlates γ and nD, as 
follows: 

γ = A
(

n2
D − 1

2n2
D + 1

)

+B, (20) 

where A, and B are the fit coefficients. Furthermore, the equations of 
Pelofsky and Murkerjee (Pelofsky, 1966) correlate γ and η: 

lnγ = lnA1 +
B1

η , (21) 

lnγ = lnA2 +
B2

3
lnη, (22) 

where, A1,A2, B1, and B2 are the fit coefficients.

4. Results

4.1. Phase change

Data corresponding to the phase transitions of the Oa ESs studied are 
collected in Table 4. The thermograms from which this information was 
obtained are found in the supplementary file. In the T3Oa5 mixture, 
three exothermic and two endothermic events were observed (Fig. S2a). 
The first exothermic peak corresponded to crystallization of a meta
stable α-phase, typically reported around 272 K in pure Oa (García- 
Zapateiro et al., 2013). Thymol lowers this temperature by donating 
hydrogen bonds, disrupting lattice packing, and stabilizing the liquid 
state (Abranches et al., 2019; Pour et al., 2022). A subsequent α → γ 
polymorphic transformation occurs near 262.15 K (García-Zapateiro 
et al., 2013), followed by a reversible γ → α transition at ~268 K 
(Tandon et al., 2000). Recrystallization gave rise to the final exothermic 
event, while the last endothermic peak corresponded to melting. The 
MOa mixture displayed two exothermic peaks, associated with α-phase 
crystallization and α → γ transformation of Oa, along with two broad 
endothermic signals (γ → α transition and glass transition) and two 
sharper peaks attributed to eutectic formation (Fig. S2b). The presence 
of multiple eutectic events reflected the polymorphic complexity of M, 
with transitions around 268 K coinciding with the reported β → α 
transformation in pure M (Corvis & Espeau, 2012; Štejfa et al., 2019). 
The EOa thermogram showed two exothermic and two endothermic 
transitions, with only partial recrystallization (Fig. S2c). For the LOa 
system, two exothermic peaks (α-phase crystallization and α → γ tran
sition), and three endothermic peaks (γ → α transition in Oa, and two 
poorly defined eutectic events) were observed (Fig. S2d). The more 
negative the difference between the melting point of a mixture and that 
considered ideal behavior, the greater its eutectic character (Martins, 
Pinho, et al., 2018). In our mixtures, T3Oa5 and MOa were slightly 
eutectic, while EOa and LOa were ideal.

4.2. Thermophysical characterization

In this section, results of five thermodynamic and one transport 
properties of four Oa ESs are presented and discussed. All properties 
were measured at 0.1 MPa and at temperatures from 283.15 K to 
338.15 K in intervals of 2.5 K. The selected temperature range is a result 
of combining two criteria: the minimum temperature at which the 
mixture is liquid, and the temperature range for which the devices can 
adequately measure. Measurements were taken every 2.5 K to accu
rately calculate the derived properties. The values are reported in the 
supplementary file (Tables S2-S7). Also, Table 5 lists data of the prop
erties at 293.15 K to easier the reader of this section. No literature data 
were found to compare with our results for any of the measured prop
erties of our mixtures. However, the values obtained in this work of ρ,
nD, γ, and η at 298.15 K can be compared with those found in the liter
ature for the mixtures with decanoic acid (Bergua, Castro, et al., 2021; 
Bergua, Castro, Muñoz-Embid, et al., 2022; Patra et al., 2022).

Table 4 
Properties of phase change of the Oa ESs characterized. Temperature (Tα→γ) and enthalpy (ΔHα→γ) of the α → γ polymorphic transformation of Oa, temperature (Tγ→α) 
and enthalpy (ΔHγ→α) of the γ → α polymorphic transformation of Oa, temperature (Tcr,α) and enthalpy (ΔHcr,α) of the crystallization of metastable α phase, and melting 
temperature (Tm) and enthalpy (ΔHm).

Oa ESs Tα→γ/ K Tγ→α / K Tcr,α / K Tm/ K ΔHα→γ/ kJ/mol ΔHγ→α/ kJ/mol ΔHcr,α/ kJ/mol ΔHm/ kJ/mol

T3Oa5 257.33 262.04 270.90 278.11/286a 1.816 2.005 8.899 12.261
MOa 253.52 258.90 262.93 272.47/277a 2.120 0.174 5.455 1.907
EOa 255.52 260.80 268.70 276.82/276a 1.449 1.352 8.429 7.211
LOa 257.42 261.01 272.15 271.71/271a 0.212 0.197 3.509 0.446

a Tm considered ideal behavior; calculated from Schraeder equation (Prausnitz et al., 1986).
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4.2.1. Density
The ρ values of all studied Oa ESs (Table S2) were lower than those of 

the water and these differences were higher than 50 kg/m3. So, these 
hydrophobic mixtures could be suitable to use in liquid-liquid extrac
tions. The sequence of density in the range of temperatures studied was 
LOa <MOa < T3Oa5 < EOa. The eutectics formed by the acyclic com
pound (L) were the least dense mixtures. On the other hand, the densest 
Oa ESs were those containing phenols in which the presence of the ar
omatic ring provides a flatter structure. Finally, the density of the 
mixture with M, a non-aromatic cyclic compound, had an intermediate 
value. The ρ sequence was similar to that found for the mixtures of these 
compounds with decanoic acid. Changing decanoic acid to oleic acid in 
the mixture with L increased the density by 1 %. In contrast, the density 
of the mixture with E was approximately 2 % lower, and was barely 
affected in the mixtures with T and M. The less planar structures favored 
greater interaction with the Oa chain. Having a tool that allows esti
mating the thermodynamic behavior of a fluid is essential in the oper
ational design of industrial processes. Equations of state as PC-SAFT 
model (section 3.1) have traditionally been used for this purpose; 
however, they must be previously validated for each system. Here, we 
predicted the densities of our Oa ESs with this EoS and compared the 
values with those determined experimentally. Except for LOa, the pre
dicted values coincided with the measured ones and for that one, the 
deviation decreased markedly when considering a non-zero binary 
interaction parameter (Table 6). A graphical comparison is presented in 
Fig. S3a and S3b.

The increase in temperature decreases the intermolecular forces so 
the density also decreases (Fig. 1a). In liquids, this correlation is usually 
a linear equation. For our systems, the coefficients are found in Table 7. 
The volumetric behavior of fluids with temperature is an important 
property in the operational design of processes. To quantify this, the 
isobaric expansion coefficient was calculated as αp=(− ∂lnρ/∂T)p. 
Table 5 lists the values at 293.15 K and Fig. 1b shows the calculated ones 
at all temperatures. They increased with T and the temperature co
efficients (∂αp/∂T) ranged from 6.25⋅10− 4 kK− 2 for MOa to 7.00⋅10− 4 

kK− 2 for LOa.

4.2.2. Speed of sound
The speed of sound propagation through a material is greater the 

more compact the material is. According to the determined u values 
(Table S3, Table 5), the compaction order matched with that found for ρ, 
LOa <MOa < T3Oa5 < EOa. Regarding the prediction of the u with PC- 
SAFT (section 3.1), the model is not adequate as shown in Table 6. The 
increase in thermal energy makes it difficult to compact the liquid, so the 
linear u − T relationship has a negative slope (Table 7, Fig. 2a). From ρ 
and u data under the same conditions, the isentropic compressibility 
(κS = 1/

(
ρu2)) was calculated. This property indicates the compression 

capacity of a fluid while maintaining constant entropy. As expected, the 
values followed a sequence opposite to that found for u. Fig. 2b displays 
the variation of κS with T, that is more pronounced for the less compact 
mixtures as shown by the temperature coefficients (∂κS/∂T). They 
ranged from 3.292 TPa− 1⋅K− 1 for EOa to 3.813 TPa− 1⋅K− 1 for LOa. From 
its definition, it is deduced that κS is related to the free intermolecular 
length (Lf ). An estimation was proposed by Jacobson (Jacobson, 1952) 
as Lf = K ̅̅̅̅̅κS

√ . Table 5 lists the values at 293.15 K, which were 0.1 Å 
smaller than those at 338.15 K.

4.2.3. Refractive index
The more compact a fluid is, the slower the speed of light travels. The 

nD is defined as the ratio of the apparent speed of light in the vacuum to 
the speed in the medium measured at the yellow doublet D-line of so
dium (589 nm). Therefore, more compact fluids have higher nD values. 
The results listed in Tables 5 and S4 were in agreement with those ob
tained in the previous section. The nD values of our mixtures were higher 
than those obtained in the corresponding ones with decanoic acid. 
Fig. 3a shows the linear decrease of nD with T as a result of increasing 
thermal agitation. The coefficients are reported in Table 7. The molar 
refraction (Rm) is related to the polarizability of a mole of substance and 
is calculated from molar volume (Vm = M/ρ) and nD data with the 
Lorentz-Lorentz equation: 

Rm = Vm

(
n2

D − 1
)

(n2
D + 2)

(23) 

The mixture with T had the highest Rm and the rest showed similar 
values (Table 5). They increased with T in a similar way (Fig. 3b) and the 
average temperature coefficient (∂Rm/∂T) was (4.0 ± 0.3)⋅10− 3 cm3/ 
mol⋅K. The free intermolecular volume (fm) can be calculated by sub
traction between Vm and Rm owing the latter is related to the volume 
occupied by a mole of hard cores of the molecules (Brocos et al., 2003). 
The sequence of values obtained was EOa <MOa < LOa < T3Oa5 
(Table 5). Considering the Vm of each Oa ES, the sequence of the free 
volume percentage at 293.15 K was EOa (71.3 %) < T3Oa5 
(71.8 %) <MOa (72.5 %) = LOa (72.5 %). These values increased by 1 % 
to 338.15 K.

Table 5 
Summary of the thermophysical propertiesa of the Oa ESs studied at T =

293.15 K and p = 0.1 MPa.

Property T3Oa5b MOac EOad LOae

Density, ρ/(kg/m3) 912.22 894.60 948.29 888.76
Speed of sound, u/(m/s) 1438.95 1421.60 1445.15 1404.93
Refraction index, nD 1.47612 1.46160 1.48629 1.46152
Isobaric molar heat capacity, 

Cp,m/(J/mol⋅K)
502 465 474 473

Surface tension, γ/(mN/m) 31.95 31.01 32.71 30.02
Dynamic viscosity, η/(mPa⋅s) 32.66 38.73 23.06 20.80
Isobaric expansibility, αp/(kK− 1) 0.783 0.781 0.799 0.824
Isentropic compressibility, κs/

(TPa− 1)
535.83 553.12 504.94 570.04

Free intermolecular length, Lf/Å 0.453 0.461 0.440 0.468
Molar refraction, Rm/ (cm3/mol) 70.99 67.36 67.65 67.48
Free volume, fm/ (cm3/mol) 180.66 177.85 167.86 178.21
Joule-Thomson coefficient, μJT/ (K/ 

MPa)
− 0.386 − 0.406 − 0.381 − 0.394

Entropy of surface, ΔSS/(mN/m⋅K) 0.0724 0.0771 0.0737 0.0819
Enthalpy of surface, ΔHS/(mN/m) 53.17 53.61 54.32 54.03
Activation energy of viscous flow, 

Ea,η/(kJ/mol)
32.98 38.01 31.60 30.62

a Standard uncertainties are: u(T)=0.005 K for density and speed of sound and 
0.01 K for the rest of properties; u(p)=0.5 kPa. The combined expanded un
certainties (0.95 level of confidence, k=2) are Uc(ρ)=0.05 kg/m3; Uc(u)=0.5 m/ 
s; Uc(nD)=2⋅10− 5; Uc

(
Cp,m

)
=1 %; Uc(γ)=1 %; Uc(η)=1 %; Uc

(
αp
)
=0.04 kK− 1; 

Uc(κs )=0.30 TPa− 1; Uc
(
Lf
)
=0.005 Å; Uc(Rm)=0.007 cm3/mol; 

Uc
(
fm
)
=0.05 cm3/mol; Uc(ΔSS)=0.001 mN/m⋅K; Uc(ΔHS)=0.06 mN/m. 

b Thymol:oleic acid, xOa=0.6; c l-menthol:oleic acid, xOa=0.5; d eugenol:oleic 
acid, xOa=0.5; e linalool:oleic acid, xOa=0.5.

Table 6 
Mean relative deviationsa in the modelling of Oa ESs with the PC-SAFT EoS.

Oa ESs kij MRD(ρ)/% MRD(u)/% MRD
(
Cp,m

)
/% MRD(μJT)/%

T3Oa5b 0 0.17 18 2.64 2.22
MOac 0 0.18 19 4.41 2.70
EOad 0 0.16 17 1.96 2.00
LOae 0 0.96 18 4.15 1.27
​ − 0.05 0.19 16 3.25 1.39

a

MRD(Y) =
100
n

∑n
i=1

⃒
⃒
⃒
⃒
Yi,PC− SAFT − Yi,exp

Yi,exp

⃒
⃒
⃒
⃒, 

b Thymol:oleic acid, xOa=0.6; c l- 

menthol:oleic acid, xOa=0.5; d eugenol:oleic acid, xOa=0.5; e linalool:oleic acid, 
xOa=0.5.
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4.2.4. Isobaric molar heat capacity
The Cp,m is defined as the amount of heat that must be supplied to one 

mole of substance to increase its temperature by one kelvin at constant 
pressure. It depends on three factors: the molar mass, internal degrees of 
freedom, and hydrogen bonds. The first two factors are greater, espe
cially the second, in the T3Oa5 mixture than in the others, due to the 
higher Oa ratio. In our mixtures, the order of molar masses was the in
verse of that of degrees of freedom in L, M, and E. Regarding the last 
factor, E has a greater capacity to form hydrogen bonds (1 HBD and 2 

HBA) than T, M, and L (1 HBD and 1 HBA) but maintaining them become 
more difficult as T increase. All of this could explain the Cp,m values 
measured (Tables 5 and S5). This property was greater in the T3Oa5 
mixture, and changes in trend with T were observed in the others. The 
contribution of thermal energy caused an increase of Cp,m with T 
(Fig. 4a). The relationship was a linear equation and the coefficients are 
listed in Table 7. Estimated values of this property were obtained with 
the correlation of Taherzadeh (section 3.2) and compared with the ours 
(Fig. S4). The mean relative deviations were lower than 5 %. The Joule- 
Thomson coefficient (μJT) is a parameter of interest in industrial pro
cesses that expresses the variation in temperature with pressure changes 
at constant enthalpy. It can be calculated from Cp,m and ρ values at 
different T as follows: 

μJT =
Vm

Cp,m

(
T⋅αp − 1

)
, (24) 

The calculated μJT were negatives in the range of T studied. The 
absolute values as well as the difference between the μJT of the OA ESs 
decreased with increasing T (Table 5, Fig. 4b). Both thermodynamic 
properties were predicted with PC-SAFT EoS (section 3.1) and compared 
with those obtained in this work from experimental measurements. The 
results are found in Table 6 and Fig. S3c, and S3d, and the averages of 
the mean relative deviations were MRD

(
Cp,m

)
=3.3 % and 

MRD(μJT)=1.9 %.

4.3. Surface tension

Moving a molecule from the bulk of the liquid to the air-liquid 
interface requires the contribution of energy needed to overcome the 
cohesive forces. The γ is a measure of this energy. The measured values 
were higher in those mixtures with aromatic components, showing that 
the intermolecular interactions are stronger (Tables 5 and S6). The γ of 
the mixtures with Oa was approximately 2 mN⋅m− 1 higher than that of 
the mixtures with decanoic acid. This result would correspond to better 
structuring in the former as a result of the presence of more interactions. 
On the other hand, they weaken with thermal agitation so the slope of 
the γ − T linear equation was negative (Table 7, Fig. 5a). From it, the 
entropy (ΔSs= − (∂γ/∂T)p) and enthalpy (ΔHS=γ − T(∂γ/∂T)p) of the 
surface per unit area were calculated (Table 5). The ΔSs values for the 
mixtures with T and E were similar and lower than those of the other 
mixtures. The highest value was obtained for the least structured 

Fig. 1. Properties of oleic acid-based ESs at p=0.1 MPa at various temperatures (T) and compositions. (a), Density (ρ); (b) Isobaric thermal expansion coefficient (αp). 
(■), Thymol:oleic acid, xOa=0.6; ( ), l-menthol:oleic acid, xOa=0.5; ( ), eugenol:oleic acid, xOa=0.5; ( ), linalool:oleic acid, xOa=0.5. Points, experimental values; 
lines, calculated data.

Table 7 
Correlation of each thermodynamical property with temperature a of the Oa ESs 
studied. Fitting parameters (AY ,BY) and regression coefficients (R2).

Property Oa ESs AY BY R2

Density, ρ /(kg/m3) T3Oa5b 1127.72 − 0.7146 1
MOac 1099.46 − 0.6988 1
EOad 1170.37 − 0.7576 1
LOae 1103.55 − 0.7327 1

Speed of sound, u /(m/s) T3Oa5b 2428.70 − 3.3771 0.9998
MOac 2394.65 − 3.3208 0.9983
EOad 2469.38 − 3.4937 1
LOae 2421.51 − 3.4671 1

Refractive index, nD T3Oa5b 1.59386 − 4.02⋅10− 4 1
MOac 1.57594 − 3.88⋅10− 4 1
EOad 1.60900 − 4.18⋅10− 4 0.9999
LOae 1.58145 − 4.09⋅10− 4 1

Isobaric molar heat capacity, 
Cp,m/(J/mol⋅K)

T3Oa5b 231.31 0.9232 0.9999
MOac 72.932 1.3387 1
EOad 284.49 0.6455 0.9999
LOae 196.77 0.9428 0.9999

Surface tension, γ/(mN/m) T3Oa5b 53.16 − 0.0724 0.9973
MOac 53.60 − 0.0771 0.9991
EOad 54.40 − 0.0737 0.9990
LOae 54.02 − 0.0819 0.9995

a Y = AY + BYT, b Thymol:oleic acid, xOa=0.6; c l-menthol:oleic acid, xOa=0.5; 
d eugenol:oleic acid, xOa=0.5; e linalool:oleic acid, xOa=0.5.
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mixture. Regarding ΔHS, the values were similar for all mixtures and 
almost constant with T. Furthermore, increasing interface surface area 
causes a change in the fluid polarity so the γ and nD are related. We used 
the Papazian equation (section 3.4). The linearity obtained is shown in 
Table 8 and Fig. 5b.

Many liquids undergo thermal decomposition before reaching the 
critical temperature (Tc), so this value is often impossible to determine 
experimentally. Nevertheless, these values are essential in the applica
tion of the thermodynamic models. To address this, group contribution 
methods are often used in the literature. Here, we calculated them using 
the Guggenheim and Eotvos equations (section 3.3), considering that γ 
tends to zero as the fluid approaches at the critical point. We have also 
estimated Tc and the critical pressure (pc) using the Lee-Kesler method 
(section 3.2) and the PC-SAFT EoS (section 3.1). Tables 9 and 10 present 
the values obtained with the four methods. The data calculated for each 
Oa ESs with the EoS were the lowest. Fig. 6 display the critical loci 
estimated of the four systems.

4.3.1. Viscosity
The fluidity of a solvent can be a determining factor in the efficiency 

of a process, especially when mass transfer is involved. This property is 
indicative of the resistance to movement due to friction between the 
layers of the liquid. It depends both on the size and shape of the mole
cules and on the interactions between them. The η measured in this work 
were moderate, well below the 100 mPa⋅s, value established as the 
maximum for good solvent performance (Van Osch et al., 2019). They 
ranged from 4.79 mPa⋅s for LOa at 338.15 K to 69.25 mPa⋅s for MOa at 
283.15 K, and the sequence was LOa < EOa < T3Oa5 <MOa (Tables 4
and S7). This property is greatly influenced by the shape of the mole
cules involved. Thus, the mixtures studied here had close to three times 
the viscosity of the corresponding mixtures containing decanoic acid. 
This is consistent with the well-known steric hindrance that Oa presents 
to the movement of molecules between layers. The influence of T on 
transport properties as η is more pronounced at lower T, so the rela
tionship is exponential as seen in Fig. 7a. We used the VFT equation with 

Fig. 2. Properties of oleic acid-based ESs at p=0.1 MPa at various temperatures (T) and compositions. (a), Speed of sound (u); (b) Isentropic compressibility, (κS). 
(■), Thymol:oleic acid, xOa=0.6; ( ), l-menthol:oleic acid, xOa=0.5; ( ), eugenol:oleic acid, xOa=0.5; ( ), linalool:oleic acid, xOa=0.5. Points, experimental values; 
lines, calculated data.

Fig. 3. Properties of oleic acid-based ESs at p=0.1 MPa at various temperatures (T) and compositions. (a), Refraction index (nD); (b) Molar refraction (Rm). (■), 
Thymol:oleic acid, xOa=0.6; ( ), l-menthol:oleic acid, xOa=0.5; ( ), eugenol:oleic acid, xOa=0.5; ( ), linalool:oleic acid, xOa=0.5. Points, experimental values; lines, 
calculated data.
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Fig. 4. Properties of oleic acid-based ESs at p=0.1 MPa at various temperatures (T) and compositions. (a), Isobaric molar heat capacity (Cp,m
)
; (b) Joule-Thomson 

coefficient (μJT). (■), Thymol:oleic acid, xOa=0.6; ( ), l-menthol:oleic acid, xOa=0.5; ( ), eugenol:oleic acid, xOa=0.5; ( ), linalool:oleic acid, xOa=0.5. Points, 
experimental values; lines, calculated data.

Fig. 5. (a), Surface tension (γ) of oleic acid-based ESs at p=0.1 MPa, at various temperatures (T) and compositions. (b) Papazian correlation (eq. 20). (■), Thymol: 
oleic acid, xOa=0.6; ( ), l-menthol:oleic acid, xOa=0.5; ( ), eugenol:oleic acid, xOa=0.5; ( ), linalool:oleic acid, xOa=0.5. Points, experimental values; lines, 
calculated data.

Table 8 
Fit parameters of the surface tension correlations of the Oa ESs studied.

Equation Parameter T3Oa5a MOab EOac LOad

Papaziane A 577.84 622.81 573.75 627.36
​ B − 95.21 − 103.22 − 95.25 − 105.17
​ R2 0.9972 0.9992 0.9993 0.9996
Pelofskyf lnA1 3.492 3.458 3.523 3.442
​ B1 / mPa⋅s − 0.971 − 1.05 − 0.789 − 0.873
​ R2 0.97 0.97 0.98 0.98
Murkerjeeg lnA2 3.247 3.208 3.282 3.153
​ B2/3 0.062 0.061 0.066 0.082
​ R2 0.98 0.98 0.98 0.98

a Thymol:oleic acid, xOa=0.6; b l-menthol:oleic acid, xOa=0.5; c eugenol:oleic 
acid, xOa=0.5; d linalool:oleic acid, xOa=0.5. e Eq. 20; f Eq. 21; g (22)

Table 9 
Estimation of the critical temperatures (Tc) and pressures (pc) of the Oa ESs 
studied.

Oa ESs Lee-Keslere Guggenheimf Eötvosg

Tc/K pc/MPa Tc/K Tc/K

T3Oa5a 845.16 1.75 856.68 856.67
MOab 787.19 1.76 809.49 792.78
EOac 826.77 1.84 861.14 865.70
LOad 777.85 1.76 764.81 743.90

a Thymol:oleic acid, xOa=0.6; b l-menthol:oleic acid, xOa=0.5; c eugenol:oleic 
acid, xOa=0.5; d linalool:oleic acid, xOa=0.5. e Eq. 12–17; f Eq. 18; g (19)
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three parameters (A, B, C). Parameter A indicates the contribution to 
viscosity due solely to the steric issues and the others are related to the 
interactions to be overcome between layers. The latter is the activation 
energy of viscosity flow (Ea,η) calculated as Ea,η = R(∂lnη/∂(1/T) ). The 
equation expression and parameter values are listed in Table 11. The 
similarity of the trend of η and Ea,ηwith T shows that interactions 
influenced viscosity more than steric issues (Fig. 7a and 7b). An increase 
in the surface area of the interface also implies the movement of mole
cules between the fluid layers. Therefore, it is logical that γ and η are 
related. In this work, the relationships used were those proposed by 
Pelofsky and Murkerjee (section 3.4) whose parameters are found in 
Table 8. A high linearity was obtained in both cases with regression 
coefficients greater than 0.97.

5. Conclusions

This work presents the characterization of four binary eutectic 

mixtures composed by oleic acid (Oa) and thymol (T), or l-menthol (M), 
or eugenol (E), or linalool (L). Hydrophobic eutectic solvents, such as 
these mixtures, have proven to be a viable alternative in the extraction of 
natural products and in the solubilization of drugs and nutraceuticals 
that are poorly soluble in the aqueous phase. The composition of the 
mixtures was equimolar except for the one with T whose molar fraction 
was xOa=0.6. The following properties were measured at 0.1 MPa and 
from 283.15 to 338.15 K in intervals of 2.5 K: density, speed of sound, 
refractive index, isobaric molar heat capacity, surface tension, and vis
cosity. From them, different properties were calculated and correlations 
were applied. Furthermore, the PC-SAFT equation of state (EoS) was 
validated for these systems. From phase change data, it can be concluded 
that the mixtures with T and M were slightly eutectic, and those with E 
and L showed ideal behavior. Except for Cp,m and η, the trend found for 
the rest of the properties was LOa <MOa < T3Oa5 < EOa. This result 
showed that the most compact and structured mixtures were those 
containing an aromatic ring in the structure. The Cp,m value was similar 

Table 10 
Prediction from PC-SAFT EoS (eq. 1–9) of the critical temperatures (Tc) and critical pressures (pc) of the systems studied at different mole fractions of oleic acid (xOa). 
kij=0.

Thymol:Oleic Acid l-menthol:Oleic Acid Eugenol:Oleic Acid Linalool:Oleic Acid

xOa Tc/K pc/MPa Tc/K pc/MPa Tc/K pc/MPa Tc/K pc/MPa

0 734.1 3.81 693.0 3.31 755.6 3.82 678.5 2.97
0.1 743.9 3.55 709.4 3.24 760.6 3.50 703.6/ 

719.6 a
3.06/ 
3.28 a

0.2 752.4 3.29 724.0 3.11 765.6 3.21 722.6/ 
743.2 a

2.99/ 
3.16 a

0.3 760.4 3.03 736.9 2.94 770.3 2.94 737.8/ 
758.6 a

2.84/ 
2.92 a

0.4 767.1 2.78 748.4 2.75 774.7 2.71 750.1/ 
769.3 a

2.67/ 
2.68 a

0.5 773.0 2.55 758.4 2.55 778.6 2.48 760.4/ 
776.9 a

2.48/ 
2.45 a

0.6 778.2 2.33 767.2 2.35 782.3 2.28 769.2/ 
782.6 a

2.30/ 
2.25 a

0.7 782.8 2.14 775.1 2.16 785.6 2.10 776.7/ 
786.8 a

2.11/ 
2.06 a

0.8 787.0 1.95 782.2 1.97 788.7 1.93 783.3/ 
790.0 a

1.94/ 
1.90 a

0.9 790.8 1.79 788.5 1.80 791.6 1.77 789.0/ 
792.4a

1.78/ 
1.76 a

1 794.2 1.63 794.2 1.63 794.2 1.63 794.2 1.63

a kij= − 0.05.

Fig. 6. PC-SAFT estimation of the critical loci of oleic acid-based ESs. (a) Critical temperature (Tc); (b), Critical pressure (pc). (—), Thymol:oleic acid, xOa=0.6, kij= 0; 
(¡ ¡), l-menthol:oleic acid, xOa=0.5, kij=0; (⋅ ⋅ ⋅), eugenol:oleic acid, xOa=0.5, kij=0; (¡ ⋅ –), linalool:oleic acid, xOa=0.5, kij= − 0.05.
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for the equimolar mixtures, around 470 J/mol⋅K, and it was about 30 J/ 
mol⋅K higher for the mixture with T due to its higher Oa content. For all 
mixtures, the value of the Joule-Thomson coefficient was within 
(− 0.4 ± 0.01) K/MPa. The deviations between Cp,m values measured and 
those obtained with the Taherzadeh correlation were less than 5 %. A 
very high linearity (R2>0.997) was found in the γ − nD correlation. 
Moreover, the mixture containing the acyclic compound (LOa) was the 
most fluid and MOa was the most viscous. The γ was also well correlated 
with η and the regression coefficients were greater than 0.97. Finally, the 
PC-SAFT adequately predicted the volumetric and calorific properties.
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Tudorache, M. (2022). DES-based biocatalysis as a green alternative for the l- 
menthyl Ester production based on l-menthol acylation. Molecules, 27(16), 5273. 
https://doi.org/10.3390/molecules27165273

Isci, A., & Kaltschmitt, M. (2022). Recovery and recycling of deep eutectic solvents in 
biomass conversions: a review. In , Vol. 12. Biomass conversion and biorefinery (pp. 
197–226). Springer Science and Business Media Deutschland GmbH. https://doi. 
org/10.1007/s13399-021-01860-9. 

Jacobson, B. (1952). Ultrasonic velocity in liquids and liquid mixtures. The Journal of 
Chemical Physics, 20(5), 927–928. https://doi.org/10.1063/1.1700615

Khwaza, V., & Aderibigbe, B. A. (2025). Antibacterial activity of selected essential oil 
components and their derivatives: A review. Antibiotics, 14(1), 68. https://doi.org/ 
10.3390/antibiotics14010068

Liu, Y., Friesen, J. B., McAlpine, J. B., Lankin, D. C., Chen, S. N., & Pauli, G. F. (2018). 
Natural deep eutectic solvents: Properties, applications, and perspectives. Journal of 
Natural Products, 81(3), 679–690. https://doi.org/10.1021/acs.jnatprod.7b00945
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