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A B S T R A C T   

Exposure to persistent contaminants presents a risk to humans and animals. Specifically, the occurrence of drugs 
in aqueous ecosystems is related to the increase in antimicrobial resistance. Several methods to remove them 
have been studied but most have cost and toxicity drawbacks. Thus, the study of new eco-sustainable procedures 
is needed as the liquid–liquid extraction with hydrophobic solvents (ESs). In this study, we prepared six ESs 
mixtures with thymol (Thy) and octanoic acid (Oct) or decanoic acid (Dec) and evaluated their extractive ability 
in aqueous mixtures of quercetin (Q), nitrofurantoin (NF), or tetracycline (TC). In addition, we measured, 
correlated, and modelled both the solid–liquid equilibria of the two systems and seven thermophysical properties 
of the mixtures. From these calculations, we obtained the melting enthalpies of the eutectic points, isobaric 
thermal expansibilities, intermolecular free lengths, orientational dipolar parameters, thermodynamic properties 
of the surface, critical temperatures, and activation energies of viscous flow. The perturbed chain statistical 
associating fluid theory was found to be suitable for predicting the thermodynamic behaviour of these systems. 
Next, we determined the solubility of the three drugs both in water and in the eutectic mixtures, as well as the 
efficiency extraction (EE) of the latter. We obtained the highest extraction efficiency for the equimolar [Thy:Oct] 
mixture, which was the most polar solvent. The values were: EE(Q) = 97.8%, EE(NF) = 84.9%, and EE(TC) =

95.0%. Further, performing the procedure with three cycles increased these values above 99%. The results 
showed the highest hydrophobicity for quercetin and the lowest for nitrofurantoin.   

1. Introduction 

The pharmaceutical industry has an unquestionable impact on the 
world economy. According to data collected by the European statistical 
agency Eurostat [1], €36,500 million was invested in R&D in this sector 
in 2018. Moreover, 765,000 directly related jobs and four times more 
indirectly were generated. Currently, even for essential drugs, con
sumption exceeds need, as deduced from the different values listed for 
OECD countries [2]. In 2017, Turkey showed the lowest consumption of 
substances for the treatment of cardiovascular diseases (C, code ATC) 
have a defined daily dosage (DDD) per 1000 inhabitants of 176.4. In 
contrast, Hungary was the largest consumer, having a DDD of 722.2. 
However, each Turkish consumer consumed antibiotics (J01, code ATC) 
for 13 days/year whereas, for a Dutch consumer, this value was only 3.5 

days/year. In addition, figures related to the pharmaceutical market for 
veterinary use are also important. More than 6700 tons of antimicrobials 
for food-producing animals were sold in 2017 [3], half of them in the 
Mediterranean area, which is an especially vulnerable ecosystem [4] 
because of the low water renewal rate. The inappropriate management 
of drug production and human and animal waste have resulted in the 
appearance of these compounds in the environment, for example, soil 
and residual water [5]. Note that 30–90% of the oral dose of the most of 
the active substances are excreted. As a result, both humans and animals 
suffer involuntary exposure to antimicrobial compounds, which con
tributes to increase resistance to antimicrobial infections (AMR). 
Currently, it is estimated that the AMR causes approximately 700,000 
deaths per year, and this number will increase to 10 million by 2050 if 
no action is taken [6]. In addition to antibiotics, a wide variety of 
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pharmaceutical and personal care products (PPCPs) have been found in 
the environment, including hormones, anti-inflammatory, antiepileptic, 
and repellent compounds [7–9]. These compounds are considered 
emerging contaminants and described as “pseudo-persistent” pollutants 
[10]. Although their detected concentrations are small, they reach a 
steady state in the environment, so continuous exposure increases the 
risks of AMR [11,12]. In fact, AMR is an emerging problem that requires 
urgent control according to the World Health Organization [13]. 

In water treatment plants, raw water is processed in three stages: (i) 
clarification (coagulation, flocculation, and sand filtration), (ii) refining 
(such as adsorption on activated carbon, membrane filtration, and 
oxidation processes), and (iii) disinfection (ozonation/chlorination/ul
traviolet). The first step results in the elimination of solids and organic 
material, but it has little effect on the micropollutant contents [11,12]. 
The efficiency of the remaining steps depends on many factors including 
the physicochemical properties of the contaminants, their possible 
interaction with other components (chemical or biological) in the 
wastewater, and properties (for example, composition and size) of the 
retention system [13–15]. Adsorption using activated carbon is a simple 
and inexpensive practice, but it can present problems related to degra
dation and saturation with the organic matter in the water. Alternative 
adsorbent, such as graphene, graphene oxide and carbon nanotubes, 
have been proposed but their high cost has prevented their imple
mentation [16]. Furthermore, the presence of microparticles from the 
adsorbents could have a toxic effect on aquatic microorganisms [14,17]. 
Biological treatment with both cultures and activated sludge has a 
highly variable efficiency that depends on the enzymatic induction ca
pacity of the bacteria, as well as the operating conditions and the 
physicochemical properties of the contaminants. For example, com
pounds such as tetracycline and carbamazepine are very resistant to 
biodegradation, and increases in their concentration have been detected 
after treatment [14]. Finally, chemical processes as ozonation, fenton 
oxidation, UV or ionizing radiation treatment have shown effectiveness 
but have drawbacks related to the length of the process and its cost, as 
well as the toxicity of the obtained by-products [14,18]. Therefore, no 
existing process shows a clear advantage over the others; thus, several 
methods should be combined and new techniques should be developed 
[14,19]. Recently, the liquid–liquid extraction with deep eutectic sol
vents (DESs), eco-friendly mixtures with low transition temperatures, 
has emerged as a suitable procedure. Other extractants such as common 
organic solvents and ionic liquids have disadvantages related to their 
high toxicity and solubility in water [20,21]. In 2003, DESs were defined 
as mixtures that exhibit a decrease in melting temperature with respect 
to pure compounds by more than 100 ◦C, and a classification based on 
the mixture composition was proposed [22,23]. Types I, II, and IV 
contain metal salts or hydrated metal salts combined with organic salts 
or hydrogen bond donors. Type III includes a mixture of an organic salt 
(typically, an ammonium halide) and metabolites acting as hydrogen 
bond acceptors and donors, respectively. They are often called natural 
eutectics (NADESs) and have low toxicities [24]. These solvents are 
prepared by mixing, no chemical reaction, so their preparation is simple, 
economical, does not generate waste by-products, and is 100% efficient. 
All of these characteristics are essential principles of the ‘green chemis
try’. In NADESs, small amounts of water are usually added as a modu
lating component because their very high viscosities. The marked 
hydrophilic character allows the use of NADES in several fields such as 
energy storage and biomass transformation, as well as solvents and 
catalysts in esterification reactions and adsorbents for the elimination of 
sulphur and nitrogen compounds in fuel mixtures and CO2, SO2, or N2 
for carbon capture and storage (CCS) technology [25–29]. 

In our research group, we have carried out thermophysical and 
spectroscopic studies of different type III DESs [30–35]. However, some 
applications may require solvents with higher hydrophobic character 
than those previously studied. In 2015, Van Osch et al. [36] studied the 
first hydrophobic DES by combining quaternary salts with decanoic 
acid. Subsequently, mixtures formed of neutral natural compounds such 

as menthol, thymol, and carboxylic acids were evaluated [37–45]. These 
non-ionic eutectics have weak intermolecular interactions, so no sig
nificant decrease in the melting point is observed. Thus, we prefer to use 
the term eutectic solvents (ESs) to refer to these mixtures, although 
several authors have classified them as type V DESs [38]. ESs have 
shown high efficiency in extraction processes in aqueous media because 
of their low viscosities, which facilitate mass transfer between phases, as 
well as their immiscibility with water [39,41–43,45]. To predict and 
establish the optimal technological conditions for processes involving 
ESs, knowledge of the solid–liquid phase diagram and the values of 
different properties such as density, surface tension, and compressibility 
are necessary. Recently, there has been a considerable increase in the 
interest of the scientific community in these solvents; however, in 2019, 
only 6% of the papers in this area focused on the physicochemical 
characterisation (Fig. S1). Specifically, we found only one study [44] 
that reported thermophysical data at several temperatures for the sys
tems studied in this work: thymol + octanoic acid ([Thy:Oct]) and 
thymol + decanoic acid ([Thy:Dec]). Thus, we will be able to perform a 
quantitative comparison of the solid–liquid equilibrium (SLE) of both 
systems, as well as for the density and viscosity of an equimolar mixture 
with decanoic acid. Li et al. [45] also published the melting point and 
the density and viscosity at 298.15 K for equimolar mixtures of both 
systems. 

Thymol is a monoterpenoid that is widely used in the agro-food in
dustry to avoid the growth of microorganisms in cosmetics and phar
maceuticals because of its antibacterial and antifungal activity. In 
addition, its use as a flavouring compound is well-known [46]. Octanoic 
and decanoic acids are two middle chain fatty acids used as surfactants 
to make emulsions, gels, or coats, especially in the biotechnological field 
[47,48]. Owing to their appropriate thermal properties, they are also 
used as phase change materials (PCMs) [49,50]. Concerning the use of 
mixtures of these compounds for decontamination processes, Sas et al. 
[41] reported the removal of phenolic pollutants from water, Li et al. 
[45] analysed the microextraction of several fluoroquinolones, and 
Sereshti et al. [51] extracted tetracyclines from milk. Moreover, Wei 
et al. [52] studied the adsorption of PPCPs by combining hydrophilic 
DESs and metal–organic framework adsorbents. However, our work is 
the first study of the solubility of quercetin (Q), a flavonoid used in 
animal feed having pharmacological applications, nitrofurantoin (NF), 
antibiotic used to treat mild urinary tract infections, and tetracycline 
(TC), a broad-spectrum antibiotic, in thymol-based ESs and their sub
sequent removal from residual water. All of these compounds are poorly 
soluble in aqueous systems. 

The final goal of this study was to evaluate the ability of different 
hydrophobic thymol-based eutectic mixtures (Thy-based ESs) to extract 
pharmaceutical products from contaminated water. Nevertheless, a 
comprehensive physicochemical characterisation of the solvents is 
required. First, the temperature range in which these systems remain 
liquid was determined. In addition, seven thermodynamic and transport 
properties at several temperatures were measured to analyse the ther
mophysical behaviour of these systems. The perturbed chain statistical 
associating fluid theory (PC-SAFT) equation of state (EoS) was used to 
model both the solid–liquid equilibrium and some thermodynamic 
properties. Finally, the solubility (at T = 298.15 K) of the three drugs in 
the water and the Thy-based ES systems as well as the extraction effi
ciency of the latter were analysed. 

2. Materials and methods 

2.1. Materials 

Information about the chemicals used in this work is listed in 
Table S1 and Fig. 1. The compounds were supplied by Sigma–Aldrich 
and used without further purification. The studied Thy-based ES systems 
were Thy and Oct or Dec acid mixtures in molar ratios of 1:2, 1:1, and 
2:1. They were prepared by mixing the components and subsequent 
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heating at a moderate temperature (323 K) with magnetic stirring until a 
homogeneous liquid was formed. A PB210S Sartorius balance was used 
to weigh several compounds in adequate proportions. The uncertainty of 
the mass determination was 1 × 10− 4 g. Table S2 reports the charac
teristics of the Thy-based ESs and acronyms used in this study including 
the molar ratio, molar mass (M) calculated from the molar ratio of each 
component, and the melting temperature (Tm) measured in this work for 
each mixture. 

2.2. Thermophysical properties 

Several different pieces of apparatus were used to measure the 
thermophysical properties of the prepared mixtures. Each piece of 
equipment was thermostatically controlled and checked by measuring 
the properties of benzene (greater than 99.5% purity). Table 1 lists the 
standard uncertainty in the temperature (u(T)) for each device, the 
calculated combined expanded uncertainties (Uc(Y)) for each property 
(0.95 level of confidence, k= 2), and the mean relative deviations 
(MRD(Y)) in comparison with the literature data for benzene [53]. To 
verify the accuracy of the Tm measurements, the corresponding values 
for pure Thy, Oct, and Dec are listed in Table S1. 

2.3. Solubility and extraction experiments 

The solubility (W) of the Q, NF, and TC in water and in the hydro

phobic eutectic solvents was determined at 298.15 K by the shake-flask 
method. Three temperature controlled flasks protected from light 
degradation with aluminium foil were used and the solute was added in 
each flask up to super saturation and kept under stirring for 24 h. Af
terwards sedimentation, three aliquots of each flask were centrifuged 
and filtered (PES syringe filter, 0.22 μm). Each result is the average value 
of nine analyses. The concentration was determined by UV–VIS spec
troscopy with a double-beam spectrum VWR 6300 PC (u(λ) = ±0.2 nm). 
For each pharmaceutical compound, a calibration curve to quantify the 
mass fraction of the dissolved solute was constructed (Table S3). In the 
extraction experiments, three stock solutions of contaminated water 
with small quantities of Q, NF, or TC were prepared and their concen
trations (Ci) were determined by UV–VIS as above mentioned. Similar 
volumes of this matrix (Vi) and the eutectic solvent (VDES) was vigor
ously mixing during 24 h at T = 298.15 K. A sample of the aqueous 
phase was collected, centrifuged, filtered (PES syringe filter, 0.22 μm) 
and analysed. The composition of each drug (Cf ) was calculated with the 
corresponding calibration curve (Table S3). In this case, we performed 
six analyses for each result and they were calculated as extraction effi
ciency (EE = 100

(
Ci − Cf/Ci

)
). 

2.4. Modelling 

In this section, we present a brief description of the non-random two- 
liquid (NRTL) model and the PC-SAFT equation of state. For a more 
comprehensive description, the reader is directed to the literature 
[54–56]. 

2.4.1. NRTL 
The difference between the interaction energy of a molecule with 

similar molecules and with those of the other molecules causes the local 
concentration around a molecule in a mixture to be different from that in 
the bulk. The NRTL model uses this concept to describe the relationship 
between the activity coefficient of the solute and the composition to 
correlate the phase equilibria. For a binary mixture: 

lnγ1 = x2
2

[
τ21G2

21

(x1 + x2G21)
2 +

τ12G12

(x2 + x1G12)
2

]

(1)  

Gij = exp
(
− αAij/RT

)
(2)  

where xi is the mole fraction of the component, i, and T is the temper
ature. The parameter α is a measure of the non-randomness of the so
lution; in this work, α = 0.3. The difference in energies between the i 

and j surfaces or cross-interaction energies, Aij =
(

gij − gji

)
, are the pa

   Quercetin Nitrofurantoin           Tetracycline

       Thymol                  Decanoic acid

Octanoic acid

Fig. 1. Structure of the compounds used in this study.  

Table 1 
Summary of the devices used in the measurement of the experimental properties.  

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

ρ  Oscillating U-tube density 
meter 
Anton Paar DSA 5000  

0.005 0.05 
kg⋅m− 3  

0.004 

u  Oscillating U-tube density 
meter 
Anton Paar DSA 5000  

0.005 0.5 m⋅s− 1  0.026 

SLE,Cp,m  Differential scanning 
calorimeter 
TA Instruments DSC Q2000  

0.01 0.5 K, 1%  0.028 

nD  Abbemat-HP refractometer 
Dr. Kernchen  

0.01 2⋅10− 5  0.007 

ε  Agilent 4263BA LCR 2 MHz  0.01 0.02  0.11 
γ  Drop volume tensiometer 

Lauda TVT-2  
0.01 1%  0.21 

ν  Capillary viscosimeter 
Ubbelohde  

0.01 1%  0.28 

MRD(Y) =
100
n

∑n
i=1

⃒
⃒
⃒
⃒
Yi,lit − Yi,exp

Yi,exp

⃒
⃒
⃒
⃒. 
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rameters of the model, and they are obtained from the correlation of the 
phase equilibria data. 

2.4.2. PC-SAFT EoS 
In this model, the dimensionless Helmholtz energy (a) is given as the 

sum of the ideal gas contribution (aid) and the residual one (ares). This 
latter is calculated using perturbation theory. The repulsive interactions 
are included in the reference system (hard-chain fluid), whereas the 
attractive ones are considered a disturbance to the model. Thus, 

ares
= ahc

+ adis
+ aassoc

+ apolar (3)  

here ahc, adis
, aassoc and apolar represent the hard-chain, dispersive, asso

ciation, and multipole contributions, respectively. In this work, the 
multipole term was not considered. The ahc expression is taken from the 
approach of Chapman [57]. It depends on the chain segment number 
(m), on the radial pair distribution function of the segments (ghs), and on 
the Helmholtz energy of the hard sphere system (ahs): 

ahc
= mahs

− (m − 1)lnghs (4) 

The dispersive contribution is given as the sum of first-order and 
second-order terms, and it is calculated using the theory of Barker and 
Henderson extended to chain molecules [58,59]: 

adis
= − 2πρm2

( ε
kT

)
σ3I1 − πρmkT

(
∂ρ
∂p

)

hc
m2

( ε
kT

)2
σ3I2 (5)  

where ρ is the density, p is the pressure, T is the temperature, and σ, and 
ε are the segment diameter and segment energy, respectively. The 
perturbation integrals (I1 and I2) are replaced for a power series of sixth 
order in the segment number and in the packing fraction (η). 

I1(m, η) =
∑6

i=0

[

a0i +
m − 1

m
a1i +

m − 1
m

m − 2
m

a2i

]

ηi (6)  

I2(m, η) =
∑6

i=0

[

b0i +
m − 1

m
b1i +

m − 1
m

m − 2
m

b2i

]

ηi (7) 

The parameters a0i, a1i, a2i, b0i, b1i, and b2i are called universal model 
constants and were obtained from the optimisation of the thermody
namic properties of n-alkanes (methane to n-decane). The three 
geometrical parameters needed to characterise each pure compound (m,

σ, and ε) are calculated from thermodynamic data, mostly density and 
vapor pressures. 

Finally, the association term is calculated from the fraction of 
unbonded monomers (XA), which is related to the tendency to form n- 
mers (Δ), and the number of associated sites of the compound (S). The 
equations are as follows: 

aassoc
=

∑

A

[

lnXA −
XA

2

]

+
1
2

S (8)  

XA =
1

1 + ρXAΔ
(9)  

Δ = κAiBi σ3ghs
[

exp
(

εAiBi

kT

)

− 1
]

(10)  

where κAiBi is the association volume and εAiBi is the association energy. 
The values of both parameters are necessary if the compound is an 
associated substance. For the mixtures, several mixing rules can be used. 
We estimated the mixing geometric parameters and those of association 
as σij =

(
σi +σj

)
/2, εij =

̅̅̅̅̅̅̅εiεj
√ (

1 − kij
)
, κAiBj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κAiBi κAjBj

√
, and εAiBj =

(
εAiBi +εAjBj

)/
2. The subscripts i and j refer to each of the compounds 

present in the mixture, and kij is the binary interaction parameter 
sometimes required to correct the dispersion term of unlike molecules. It 

is usually obtained by fitting the experimental properties of the mixtures 
and, consequently, the model loses the predictive character. Herein, we 
performed a full predictive calculation (kij = 0) using the pure com
pound parameters (Table S4) as published by Martins et al. [44]. 

3. Results and discussion 

3.1. Solid-liquid equilibria of [Thy]ESs 

Knowledge of the phase behaviour of fluids is essential for their use 
as solvents in industrial applications. For eutectic mixtures, the experi
mental SLE diagram is required to determine whether predictive ther
modynamic tools are suitable, and these tools may be viable alternative 
if they have been previously validated. The solid–liquid phase change of 
[Thy:Oct] and [Thy:Dec] systems was determined and the results were 
correlated with the NRTL model. The melting temperatures assuming 
ideal behaviour were calculated to quantify the non-ideality of these 
systems. In addition, the corresponding diagrams with the PC-SAFT 
equation of state were obtained to validate this EoS as a prediction 
tool for the phase behaviour of the Thy-based ESs. The experimental and 
calculated data are listed in Tables S5 and S6, and they are displayed in 
Fig. 2. The liquid window of [Thy:Oct] was higher than that for [Thy: 
Dec]. At T ≤ 298.15 K, the first system was liquid at compositions (xThy, 
thymol mole fraction) of 0 < xThy < 0.60, whereas that for the system 
with decanoic acid was 0.17 < xThy < 0.59. In addition, the composition 
of the eutectic point (xE

Thy) shifted to higher values as the chain length in 
the carboxylic acid increased. Table 2 lists the parameters for the cor
relation Tm versus xThy NRTL as well as the deviations obtained, which 
are within the experimental uncertainty. Our data for both systems 
agree with those published by Martins et al. [42], as shown in Fig. 2, 
except for the [Thy:Oct] system at xThy > xE

Thy. For these compositions, 
the temperatures measured by us were higher. Moreover, the values 
measured by Li et al. [45] for the equimolar compositions (264.8 K for 
[Thy:Oct] and 284.6 K for [Thy:Dec]) were much lower than ours and 
those of Martins et al. [44]. Using the Tammann plots, we estimated the 
melting enthalpies of the eutectic points of our systems: 113.1 ± 1 J/g 
for [Thy:Oct] and 135.8 ± 1 J/g for [Thy:Dec]. Other PCMs such as pure 
fatty acids and their eutectic mixtures have more suitable (higher) 
values, but they also have higher melting temperatures, which can cause 
problems in some applications [49]. The range of the melting temper
ature of the Thy-based ESs, 20–32 ◦C, is ideal for use in building cooling. 
A comprehensive study of these mixtures as PCMs would include 
chemical stability, kinetics, and economic aspects, but this is outside the 
scope of this work. 

For systems with simple eutectic diagrams, the solubility of the solid 
in the liquid phase can be calculated by the following thermodynamic 
relationship [60]: 

ln
(
xiγl

i

)
=

ΔmHi

R

(
1

Tm,i
−

1
Tm

)

+
ΔmCp,i

R

(
Tm,i

Tm
− ln

Tm,i

Tm
− 1

)

(11)  

where γl
i is the activity coefficient in the liquid phase of component i at 

composition xi;Tm,i and ΔmHi are the melting temperature (K) and 
melting enthalpy (J⋅mol− 1), respectively, of component i;Tm is the 
melting temperature (K) of the mixture; and ΔmCp,i is the variation of the 
heat capacity of component i in the liquid and solid phases. Eq. (11) 
requires that the pure solids do not exhibit polymorphism and are 
independently crystallised. In addition, the second term is usually 
neglected because the variation of the heat capacities is much lower than 
the enthalpy contents. Thus, we calculated the solubilities assuming 
ideal behaviour (γl

i = 1). Both studied systems showed a negative devi
ation of the ideality (Fig. 2) but very small depressions of the eutectic 
temperature (TE

exp − TE
id): − 2.4 for [Thy:Oct] and − 5.3 K for [Thy:Dec]. 

This result indicates the presence of weak dispersive interactions be
tween the hydrophobic groups of both components of each mixture. 
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Furthermore, we calculated γl
i 
(
γl

i = φi/φ0
i
)

as the ratio between the 
fugacity coefficients of component i in the mixture (φi) and in the pure 
state (φ0

i ), both obtained with the PC-SAFT EoS. Fig. 2 and Table S5 
show very good agreement between the experimental values and those 
obtained with PC-SAFT EoS. The mean relative deviations are listed in 
Table S7, and the average calculated for the mixtures containing 

octanoic or decanoic acid wereMRD(Tm) = 0.44 and 0.31%, 
respectively. 

3.2. Thermophysical study of [Thy]ESs 

Thermophysical data are necessary for the optimisation of industrial 
processes. To characterise our thymol-based eutectic solvents at p = 0.1 
MPa, the density (ρ), speed of sound (u), isobaric molar heat capacity 
(
Cp,m

)
, refraction index (nD), static permittivity (ε), surface tension (γ), 

and kinematic viscosity (ν) of mixtures of [Thy:Oct] and [Thy:Dec] were 
measured. The compositions were close to the eutectic ratio: that is, 
molar ratios of (1:2), (1:1), and (2:1). The lower operating temperature 
was different accounting for the solid transition of each mixture and the 
upper was always 338.15 K. Tables S8 and S9 collect the experimental 
data at each T and composition and Table 3 lists the values at T = 298.15 
and 313.15 K for each mixture to facilitate the reading of the paper. 
Usually, most thermodynamic properties exhibit a linear correlation 
with temperature. Here, the properties adjusted linearly are ρ,u,Cp,m,nD,

and γ, and Table 4 reports the fitted parameters. 
The densities of both systems are lower than that of water in the 

0.2 0.4 0.6 0.8 10
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(a)
T m

 / 
K

xThy

0.2 0.4 0.6 0.8 10
270
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300
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(b)

T m
 / 

K

xThy

Fig. 2. Solid-liquid equilibria of the Thy-based ESs: (a) [Thy:Oct]; (b) [Thy:Dec] (■), This work; (○), Ref. [44]; (——), Ideal; (—), NRTL; (– –) PC-SAFT EoS. For 
reference, an additional line atT = 298.15 K is included. 

Table 2 
NRTL correlation parameters and deviations in the melting temperature of the 
[Thy]ESs systems.  

System A12/J⋅mol− 1  A21/J⋅mol− 1  AAD(Tm)/K  MRD(Tm)/%  

[Thy:Oct] − 3545.93  3579.20  0.9  0.25 
[Thy:Dec] − 3776.02  3896.05  1.0  0.31 

AAD(Y) =
1
n
∑n

i=1

⃒
⃒Yi,calc − Yi,exp

⃒
⃒

MRD(Y) =
100
n

∑n
i=1

⃒
⃒
⃒
⃒
Yi,calc − Yi,exp

Yi,exp

⃒
⃒
⃒
⃒

. 

Table 3 
Summary of the thermophysical properties atp = 0.1 MPa of the studied [Thy]ESs mixtures.    

[Thy:Oct] [Thy:Dec] 

Property T/K  (1:2) (1:1) (2:1) (1:2) (1:1) (2:1) 

ρ/kg⋅m− 3  298.15   

313.15 

928.72   

916.82 

939.42 
0.96⋅103a  

927.53 

–   

938.09 

918.11   

906.59 

929.83 
0.91⋅103a 

930.1b 

918.21/ 
918.6b 

–   

930.60 

u/m⋅s− 1  298.15 
313.15 

1342.97 
1291.04 

1362.79 
1311.23 

– 
1330.96 

1362.29 
1310.08 

1374.37 
1323.80 

– 
1337.53 

Cp,m/J⋅mol− 1⋅K− 1  298.15 
313.15 

298 
310 

283 
293 

–  

301 

333 
344 

317 
327 

– 
334 

nD  298.15 
313.15 

1.45779 
1.45147 

1.47336 
1.46695 

– 
1.48238 

1.45913 
1.45291 

1.47273 
1.46637 

– 
1.48087 

ε  298.15 
313.15 

3.427 
3.365 

3.902 
3.782 

– 
4.012 

3.283 
3.214 

3.635 
3.540 

– 
3.862 

γ/mN⋅m − 1  298.15 
313.15 

29.29 
28.43 

29.58 
28.08 

– 
29.36 

29.71 
28.64 

30.02 
28.93 

– 
29.16 

η/mPa⋅s  298.15   

313.15 

7.820   

4.769 

9.201 
10.17a  

5.278 

–   

5.745 

11.187   

6.569 

12.030 
11.24a 

12.16b 

6.703 
6.78b 

–   

6.738  

a Ref. [43]. 
b Ref. [42]. 
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range of concentrations and temperatures studied in this study. The 
mean relative deviation between the organic and aqueous phases, an 
issue that must be considered for processes where liquid–liquid equi
librium is involved, was greater than 5%, which ensures good phase 
separation [40]. The density increased with increasing xThy because of 
increased intermolecular interactions. On the other hand, ρ decreased as 
the length of the aliphatic chain in the acid increased because of the 
increase in steric hindrance and increase in temperature as a result of the 
thermal motion (Fig. 3). The isobaric thermal expansibility, αp =

− (∂lnρ/∂T)p, quantifies this last effect. The difference between αp values 
for all mixtures was within the calculated uncertainty, which indicates 
that the influence of the temperature on density was similar for all 
mixtures (Table S10). Thus, we can provide a single value for this 
derived property: αP=0.853 (±0.04) kK− 1. In the literature [44], there 
are density data for the mixtures of [Thy:Oct] at xThy = 0.473 and [Thy: 

Table 4 
Fit parameters (AY ,BY ,CY) and the regression coefficients, R2, for the thermo
physical properties of the studied thymol-based ESs.  

Property [Thy]ESs AY  BY  CY  R2  

ρa/kg⋅m− 3  [Thy: 
Oct] 
(1:2)  

1166.47 − 0.7973   0.99999 

[Thy: 
Oct] 
(1:1)  

1175.81 − 0.7929   0.99999 

[Thy: 
Oct] 
(2:1)  

1187.47 − 0.7964   0.99993 

[Thy: 
Dec] 
(1:2)  

1147.06 − 0.7679   0.99999 

[Thy: 
Dec] 
(1:1)  

1161.28 − 0.7762   0.99999 

[Thy: 
Dec] 
(2:1)  

1174.56 − 0.7787   0.99996 

ua/m⋅s− 1  [Thy: 
Oct] 
(1:2)  

2371.81 − 3.4498   0.99995 

[Thy: 
Oct] 
(1:1)  

2379.85 − 3.4109   0.99997 

[Thy: 
Oct] 
(2:1)  

2375.19 − 3.3347   1.0000 

[Thy: 
Dec] 
(1:2)  

2381.30 − 3.4193   0.99992 

[Thy: 
Dec] 
(1:1)  

2380.90 − 3.3771   0.99995 

[Thy: 
Dec] 
(2:1)  

2371.49 − 3.3019   1.0000 

Cp,m
a/J⋅mol 

− 1⋅K − 1  
[Thy: 
Oct] 
(1:2)  

65.608 0.77908   0.99962 

[Thy: 
Oct] 
(1:1)  

79.685 0.68277   0.99943 

[Thy: 
Oct] 
(2:1)  

93.777 0.66294   0.99777 

[Thy: 
Dec] 
(1:2)  

117.425 0.72281   0.99925 

[Thy: 
Dec] 
(1:1)  

121.088 0.65684   0.99895 

[Thy: 
Dec] 
(2:1)  

118.163 0.68791   0.99826 

nD
a  [Thy: 

Oct] 
(1:2)  

1.58359 − 4.22⋅10− 4   1.0000 

[Thy: 
Oct] 
(1:1)  

1.60264 − 4.33⋅10− 4   0.99997 

[Thy: 
Oct] 
(2:1)  

1.62068 − 4.42⋅10− 4   0.99997 

[Thy: 
Dec] 
(1:2)  

1.58285 − 4.15⋅10− 4   0.99999 

[Thy: 
Dec] 
(1:1)  

1.59887 − 4.23⋅10− 4   0.99997 

[Thy: 
Dec] 
(2:1)  

1.61882 − 4.40⋅10− 4   0.99994 

εb   7.40 − 0.021 2.75⋅10− 5  0.990  

Table 4 (continued ) 

Property [Thy]ESs AY  BY  CY  R2  

[Thy: 
Oct] 
(1:2) 
[Thy: 
Oct] 
(1:1)  

11.13 − 0.040 5.28⋅10− 5  0.998 

[Thy: 
Oct] 
(2:1)  

15.25 − 0.062 8.43⋅10− 5  0.999 

[Thy: 
Dec] 
(1:2)  

6.23 − 0.015 1.80⋅10− 5  0.9974 

[Thy: 
Dec] 
(1:1)  

8.27 − 0.024 2.93⋅10− 5  0.99997 

[Thy: 
Dec] 
(2:1)  

8.09 − 0.020 2.00⋅10− 5  0.99959 

γa/mN⋅m− 1  [Thy: 
Oct] 
(1:2)  

52.94 − 0.079   0.99973 

[Thy: 
Oct] 
(1:1)  

52.98 − 0.078   0.99978 

[Thy: 
Oct] 
(2:1)  

53.09 − 0.076   0.99948 

[Thy: 
Dec] 
(1:2)  

52.37 − 0.076   0.99993 

[Thy: 
Dec] 
(1:1)  

51.52 − 0.072   0.99929 

[Thy: 
Dec] 
(2:1)  

53.78 − 0.078   0.99983 

ηc/mPa⋅s  [Thy: 
Oct] 
(1:2)  

0.05034 696.30 160.24  0.99997 

[Thy: 
Oct] 
(1:1)  

0.05015 650.67 173.42  0.99999 

[Thy: 
Oct] 
(2:1)  

0.07566 502.24 197.18  0.99999 

[Thy: 
Dec] 
(1:2)  

0.05594 712.75 163.61  0.99999 

[Thy: 
Dec] 
(1:1)  

0.05924 645.59 176.62  1.0000 

[Thy: 
Dec] 
(2:1)  

0.05554 612.18 185.57  1.0000 

aY = AY + BYT. b Y = AY + BYT + CYT2. cY = AYexp[BY/(T − CY) ];Aη/mPa⋅s 
=η∞. 
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Dec] at xThy = 0.500. Fig. S2 shows that the literature ρ values were 
lower than ours for the first system. However, the densities of the 
mixture with decanoic acid matched very well: MRD(ρ) = 0.04%. Data 
from Li et al. [45] have not been included in the figure because they are 
very different from the others (Table 3). 

Concerning the speed of sound, the measured values were much 
lower than those of the hydrophilic eutectic mixtures [30–34]. This fact 
is in accordance with the weak interactions already deduced from the 
SLE because a less compact fluid propagates sound at lower speeds than 
more compact fluids. Thus, an increase in the temperature will also 
cause a decrease in these values, as can be seen in Fig. S3. From ρ and u, 
we calculated the compression capacity under isentropic conditions, 
κs = 1/ρu2, and the intermolecular free length, Lf = K ̅̅̅̅κs

√ , where K =

f(T)is the Jacobson’s constant [61]. The values are listed in Table S10 
and range from 510.85 to 766.21 (±0.25) TPa− 1 and from 0.431 to 
0.587 (±0.005) Å, respectively. Lf increased with both the temperature 
and carboxylic acid molar ratio because both factors weakened the in
teractions. Otherwise, the steric size of the acid barely influenced Lf . 

The amount of heat stored by a pure compound or mixture with 
increasing temperature, Cp, is less than the amount absorbed in the solid- 
to-liquid phase change process. However, this property must be explored 
at different temperatures if that material is to be used as a PCM. The 
measured values for the [Thy:Dec] system were higher than those for 
[Thy:Oct], but they were slightly lower than those for eutectic binary 
mixtures of fatty acids [62]. In addition, concerning the ability to absorb 
heat, we obtained a linear increase with temperature (Fig. S4). 

We modelled the three above properties with PC-SAFT EoS according 
to the methodology described in Section 2.4.2, and the results, in terms 
of mean relative deviations, are reported in Table S7. For all mixtures, 
the model slightly overpredicted the density values (Fig. S5a) and the 
average deviations for [Thy:Oct] and [Thy:Dec] wereMRD(ρ) = 0.99% 
and 0.82%, respectively. The u and Cp values are obtained as second- 
order derivative thermodynamic properties, and therefore, they accu
mulate several errors in the calculation. The speed of sound depends on 
the ratio between isobaric and isochoric heat capacities (Cp/Cp) and on 
the variation of the pressure with the density (∂p/∂ρ). Therefore, the 
deviations in the speed of sound are mainly due to the p − ρ relation 
because some errors in the heat capacity estimation are cancelled. The 
average deviations were MRD(u) = 4.08% for [Thy:Oct] and 6.49% for 
[Thy:Dec]. In addition, no clear trends were observed (Fig. S5b). 
Otherwise, in the expression for Cp are included both (∂p/∂ρ) and 
(∂p/∂T) derivatives so that higher deviations and some trend with the 
temperature can be expected. Indeed, for the [Thy:Oct] system, the 
deviations increased sharply with increasing temperature (Fig. S5c), and 
the average value was the highest, MRD(Cp,m) at 23%. For [Thy:Dec], the 
influence of temperature was less pronounced (Fig. S5c) and MRD(Cp,m)

= 10%. Some authors have improved the prediction of these properties 

with this model by modifying the values of the universal constants of the 
dispersion term (Eqs. (6) and (7)) [63]. However, more studies on this 
are necessary. 

The refractive index can be used to evaluate the packing of fluids 
owing to the less compact fluid structure and the higher the speed of 
light through the material, and, consequently, lower refractive index. 
Our results were in agreement with the compressibility data and, thus, 
the nD values decreased with increasing motion thermal (Fig. S6). The 
refraction index and density data allow the estimation of the free volume 
(fm) that quantifies the packing of the molecules within the fluid. This 
quantity was calculated by subtracting the molar volume (Vm) from the 
molar refraction (Rm) because the latter is associated with the hard core 
volume of a mole of molecules [64]. We obtained the molar refraction 
with the Lorentz–Lorentz relation, Rm = Vm

(
n2

D − 1
)
/
(
n2

D +2
)
, and the 

values slightly increased with T and more sharply with the length of the 
chain. For [Thy:Dec], Rm ranged from 48.171 to 49.225 (±0.004) 
cm3⋅mol− 1 and fm from 121.14 to 136.62 (±0.03) cm3⋅mol− 1. These 
values were, on average, 10% higher than for the other system 
(Table S10). Despite this, the percentage of free volume was similar for 
all mixtures, fm/Vm=72.4%. 

The experimental values of the static permittivity are useful for 
analysing the structure of polar fluids. We estimated the orientation of 
the dipoles in our mixtures using the equation derived by Fröhlich [65]: 

gμ2 =
9kTε0Vm

NA

(
ε − n2

D

)(
2ε + n2

D

)

ε(n2
D + 2)2 , (12)  

where g is the Kirkwood–Fröhlich correlation parameter; k, the Boltz
mann constant; T, the temperature in Kelvin; ε0, the vacuum static 
permittivity; NA, the Avogadro number; and Vm, ε, nD and μ are the 
molar volume, the static permittivity, the refraction index, and the 
dipole moment of the fluid, respectively at temperature T. The g factor 
indicates the relative orientation of the neighbouring dipoles. Liquids 
with parallel preferential disposal between dipoles have g > 1. In 
contrast, the value for a fluid with antiparallel dipoles is lower than 
unity. For mixtures, the dipole moment is estimated from that of the 
pure components μ2 = x1μ2

1 + x2μ2
2. In the literature [66,67], we found μ 

data for Thy and Oct (Table S1) and calculated the g parameter for the 
[Thy:Oct] system, which ranged from 0.90 to 1.32. For the lower thymol 
composition, the preferred orientation between dipoles was antiparallel, 
as in the pure carboxylic acids [68]. In contrast, it was parallel for 
xThy ≥0.5. No μDec was found. On the basis that the μi values for several 
substances are not available, the polarisation can be also discussed in 
terms of the product gμ2, the so-called orientational dipolar parameter. 
Table S10 lists the gμ2 values calculated for both systems at each tem
perature, and Fig. 4a displays these data at T = 338.15 K and those 
reported in the literature for pure Thy and Oct [68]. It can be seen that 
the increase in the length of the acid chain hardly affected the dipole 

Fig. 3. Density, ρ, of Thy-based ESs at several temperatures, T, and compositions: ( ), (1:2); ( ), (1:1); (■), (2:1) in molar ratio. Systems: (a) [Thy:Oct]; (b) [Thy: 
Dec]. Symbols, experimental values; lines, correlated data. 
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behaviour of the mixtures. For the compositions  greater than 0xThy.6, 
the orientation of the dipoles was similar to that of pure thymol, which 
demonstrates the non-additive nature of the gμ2 factor. The influence of 
the temperature on the static permittivity is a result of its influence on 
the refraction index, molar volume, and orientation of the dipoles. This 
latter seems to be the largest factor, so a similar variation for ε and gμ2 

could be expected. In our study, the static permittivity decreased with 
increasing temperature (Fig. S7), following a polynomial equation 
(Table 4). However, the orientational dipolar parameter slightly 
increased with T (Fig. 4b). This fact was observed for other liquids [68] 
and was explained as a consequence of the destabilisation of cyclic ag
gregates by thermal agitation. Therefore, the number of aggregates in 
the form of a linear chain that exhibits a larger effective dipole increases. 

The surface tension characterises the liquid–air interface, so it is 
related to the droplet formation ability. Low surface tension increases 
the efficiency of processes in which solvent atomisation is necessary. 
The measured data for the studied Thy-based ESs ranged from 26.04 to 
31.26 mN⋅m− 1 and were similar for all mixtures, linearly decreasing 
with increase in T (Fig. 5). Thus, we can provide average values of the 
entropy (ΔSS = − (∂γ/∂T)p) and the enthalpy (ΔHS = γ − T(∂γ/∂T)p) of 
the surface per unit surface area of 0.076 ± 0.002 mN⋅m− 1⋅K− 1 and 31.4 
± 0.8 mN⋅m− 1, respectively, for both systems. They were much lower 
than those obtained for hydrophilic eutectics [28–32], indicating that 
the hydrophobic mixtures form less structured liquids. This result was 

expected considering the different types of interactions in both ES types. 
The critical temperature (Tc) is a necessary parameter in most ther

modynamic models, but its experimental measurement is difficult, 
especially for compounds that undergo thermal degradation. Thus, 
equations of different formulations are typically collected for the esti
mation of the critical point [60]. Herein, we used the Li equation [69] to 
calculate the critical temperature of the mixture from those of the pure 
compounds. In addition, we applied the PC-SAFT EoS that previously 
has well predicted both the SLE and volumetric properties of these 
systems. Finally, we used two equations based on the theory of corre
sponding states that relate Tc to γ via the Guggenheim equation [70] and 
with γ and ρ via the work of Eötvos [71]. Both relationships satisfy γ =

0 at, T = Tc and they have been validated for several ionic liquids 
[72–74]. We also obtained Tc for the pure compounds with γ and ρ data 
from the literature [75]. The values and corresponding equations are 
listed in Table S11. Note that the values of Tc calculated for pure Thy 
using all equations were higher, from 38 K with PC-SAFT to 79 K using 
the Eötvos equation, than that reported by Radice in 1899 [75]: Tc=

698.3 K. Considering that thymol exhibits thermal degradation at 433 K 
[76], perhaps the experimental value should be revised. In addition, the 
average mean relative deviation for the carboxylic acids was less than 
1%. For the mixtures, the Tc data obtained with the Li equation were 
lower than those obtained with the others owing to the low value for Thy 
as mentioned above. Assuming that PC-SAFT provides an adequate 
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thermodynamic model for our mixtures, the average deviations based on 
the Guggenheim and Eötvos equations were MRD(Tc) = 4.9% and 7.6%, 
respectively. Fig. S8 shows the estimated critical locus of the Thy-based 
ESs. 

The fluidity of a substance is a very important property in the design 
and optimisation of industrial processes. It is a function of the size and 
shape of the molecules, as well as of the intermolecular interactions. 
Thus, we calculated the dynamic viscosity (η) of the Thy-based ESs from 
the experimental density and kinematic viscosity (η = ρν) data 
(Tables S8 and S9). Generally, the lower the viscosity value, the better 
the action of the solvent fluid. Thus, one of the advantages of hydro
phobic versus hydrophilic ESs is the greater fluidity of the former. For 
instance, at 313 K, η = 5.1.105 mPa⋅s for the choline chloride:citric acid 
(1:1) mixture [77], whereas the viscosity in this work was 4.772–6.739 
mPa⋅s. We found literature data [44] for [Thy:Oct] mixtures at xThy =

0.421 and [Thy:Dec] at xThy = 0.500, and the values are consistent with 
ours, as shown in Fig. S9, and the deviation for the second mixture was 
MRD(η) = 1.2%. Again, the data of Li et al. [45] are not included in the 
figure because they do not match with the other reported data (Table 3). 
Fluidity is favoured by thermal motion, especially at low T (Fig. 6), so η 
varies exponentially, η = Aηexp(Bη/(T − Cη) ). The fit parameters (Aη, 
Bη, and Cη) are listed in Table 4. The first is the viscosity at infinite 
temperature, so the fluidity is only conditioned by steric constraints. The 
other coefficients are related to the energy barrier that must be over
come for a molecule to move around others, Ea,η = R∂(lnη)/∂(1/T). At 
313.15 K, the flow viscous energy ranged from 23.52 to 29.95 kJ mol− 1. 
The values increased (Fig. 7) with increase in thymol molar ratio 
because of the increased interactions and were larger for the [Thy:Dec] 
system because of the higher steric hindrance. Using our experimental 
data, we have correlated ηandγ using the Pelofsky and Murkerjee 
equations, which have already been validated for several types of fluids 
[72,78,79]. The expressions and fit coefficients are reported in 
Table S12. The linearity of the logarithmic fitting (R2 > 0.97) suggests 
good agreement, better than that proposed by Pelofsky, for both 
correlations. 

In summary, the difference of densities between water and [Thy]ESs 
and the low viscosity values of the latter will allow a good phase sepa
ration and mass transfer in the extraction process evaluated below. Also, 
the density, refraction index, and the static permittivity have provided 
the orientational dipolar parameter of these mixtures which is related to 
their solvent capability. 

3.3. Solubility and extraction efficiency 

In this section, the aqueous solubilities (Wx) of several poorly water- 
soluble compounds (quercetin (Q), nitrofurantoin (NF), and tetracycline 
(TC)) and in the thymol-based eutectic mixtures are presented. 
Furthermore, the capability of the Thy-based ESs to extract these sub
stances from water is evaluated. 

Bioavailability is defined as the fraction of an orally administered 
substance that is absorbed and available for physiological activity or 
storage [80]. In practice, this pharmacological concept is calculated 
from the amount of drug in the plasma. It is strongly related to the 
solubility of the compound in the administered form, and several factors 
(such as food intake and biliary excretion) contribute to its variability. 
The published bioavailability values for Q [81] and TC [82] are 16% and 
70%, respectively, and for NF, the plasma concentration is very low (<1 
mg/L for an oral dose of 100 mg) [83]. Many drugs are poorly soluble in 
aqueous solutions, so the development of new solvents could improve 
pharmacokinetic parameters. 

From Table 5, we can classify Q and NF as insoluble substances in 
water and TC as very slightly soluble [84]. The solubility of a solute is 
determined by its affinity for the solvent. Considering the structures of 
the components of our systems (Fig. 1), the main solute–solvent 
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interactions are dipole–dipole, hydrogen bonds, and π-stacking. As 
shown in Table S1 and Fig. 1, TC has the largest dipole moment and the 
highest number of hydrogen bond acceptors and donors. On the other 
hand, Q has the smallest μ, a high ability to establish H-bonds, and the 
largest number of π–π interactions. The aqueous solubility sequence 
isWQ < WNF < WTC, which is consistent with the order of their dipole 
moments, so this type of interaction seems to be dominant. There is a 
significant scattering in the published data for WQ [29,84–86], and our 
value is consistent with the two newest values. For NF, the solubility 
obtained in this work matches that published by Domanska et al. [88]. 
Finally, the value of WTC determined by us was higher than that from the 
literature [86,89]. This may be a result of the storage time, light expo
sure, or solution acidity, which can cause TC decomposition [90]. 

Eutectic mixtures have shown their usefulness in the design of drug 
delivery systems both as reaction media and vehicles for poorly soluble 
active compounds; however, to date, studies have mainly focused on 
hydrophilic solvents [91]. Herein, we evaluated the ability of hydro
phobic Thy-based ESs to dissolve the three studied drugs at 298.15 K. 
The results obtained for each eutectic mixture (Table 5 and Fig. 8a) 
reveal a similar order to that found in water, but the values are signif
icantly greater. In particular, WQ was dramatically increased, although 
to a lesser extent than in some choline chloride-based DESs previously 
studied by us [30,31]. The solubility data were similar for all hydro
phobic mixtures, which indicates that there are no dominant in
teractions. Compared to that in an aqueous system, we obtained an 
enhancement of up to 822-times. In addition, WNF and WTC were 
different in the several mixtures. For NF, we found the highest value for 
the [Thy:Oct] (1:1) mixture, and this sequence coincides with that for 
the orientational dipole parameter of the solvents. This order of the 
dipole–dipole interactions in NF–[Thy] ES systems is in accordance with 

the lower ability of this compound to establish both H-bonds and 
π-stacking interactions. For TC, we also obtained the highest solubility 
for the most polar solvent. In the other mixtures, the sequence showed 
an increase in solubility with increase in the acid molar ratio; that is, 
with the larger contribution of the hydrogen bonds. 

The presence of drugs in aqueous ecosystems has become a serious 
environmental issue. Most are excreted in the urine and faeces in high 
concentrations. Therefore, sewage cleaning mechanisms must be 
implemented. Following green chemistry principles, these methods 
should be simple, economical, and eco-friendly. Fortunately, liquid
–liquid extraction with eutectic solvents is in accordance with these 
principles. We analysed the ability of the Thy-based ESs to extract each 
drug from dilute aqueous solutions at 298.15 K with concentrations of 
Ci(Q) = 6μ M, Ci(NF)= 50μ M, and Ci(TC) = 75μ M. The full extraction 
efficiency (EE) results are given in Table S13 and Fig. 8b and were EE(Q)

= 89.4–97.8%, EE(NF) = 76.2–84.9%, and EE(TC) = 78.9–95.0%. In all 
cases, [Thy:Oct] (1:1) was the best extraction solvent. We also calcu
lated the average value of the distribution coefficient Thy-based ES–
water (D[Thy]ESs/w) for each drug (Table S13). For Q and TC, the results 
were similar to those reported in the literature for octanol–water 
[92,93]; for NF, no data were found. Finally, we determined the EE 
carrying out the extraction in three cycles using the most effective 
mixture, and a sample containing contaminants was subjected to 
extraction with a volume of [Thy:Oct] (1:1), and the residual aqueous 
phase was treated with another quantity of fresh solvent, then repeating 
the process a third time. The final water analysis showed no signal for 
quercetin (EE ≈100%), and the efficiencies for NF and TC were 99.1% 
and 99.0%, respectively. Considering the measured values of the water 
content in the DESs (Table S13) and the partition coefficients of Thy 
(logPow = 3.30) [94] and Oct and Dec (logPow = 3.05 and 4.09, respec
tively) [95], exchange between phases in the extraction process could be 
considered negligible. Anyway, we measured the quantity of remaining 
thymol in water after extraction took place by UV–VIS and the value, 
0.97 mg/g, was similar to that reported in the literature [86]. It should 
be note that the Environmental Protection Agency has eliminated the 
need to establish a maximum permissible level for thymol residues 
because it considers it a compound with minimal toxicity [96]. There
fore, the contamination of the water by thymol is much less important 
than that by the drugs. The organic phase could be treated with acti
vated carbon to recycle it by separating the solute without leaving solid 
residues in the aqueous phase [39]. 

Table 5 
Solubility (Wi = gi/gsolvent) at T = 298.15 K, of quercetin (Q), nitrofurantoin 
(NT), and tetracycline (TC), in water and in the studied thymol-based ESs.  

Thymol-based ESs WQ  WNT  WTC  

Water (2.3 ± 0.2)⋅10− 7 

1.61⋅10− 7 a 

4.3⋅10− 7 d 

(8.1 ± 0.4)⋅10− 5 

7.94⋅10− 5b 
(7.6 ± 0.6)⋅10− 4 

4.40⋅10− 4c 

1⋅10− 4 e 

[Thy:Oct] (1:2) (1.89 ± 0.07)⋅10− 4 (2.40 ± 0.04)⋅10− 4 0.094 ± 0.007 
[Thy:Oct] (1:1) (1.81 ± 0.06)⋅10− 4 (4.39 ± 0.05)⋅10− 4 0.155 ± 0.009 
[Thy:Dec] (1:2) (1.38 ± 0.02)⋅10− 4 (1.67 ± 0.03)⋅10− 4 0.100 ± 0.003 
[Thy:Dec] (1:1) (1.72 ± 0.03)⋅10− 4 (3.66 ± 0.06)⋅10− 4 0.074 ± 0.004 

aT = 289.15 K, Ref. [86]; bT = 298.1 K, Ref. [87]; cT = 298.15 K, Ref. [85]; dT =
298.15 K, Ref. [29]; e Ref. [88]. 
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Fig. 8. (a) Solubility of several drugs in water and in the eutectic mixtures. (b) Extraction efficiency of the [Thy]ESs to removal drugs from water.T = 298.15 K; 1 
cycle. ( ), Q; ( ), NF; and ( ), TC. 
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4. Conclusions 

In this study, we determined the solid–liquid equilibria of two hy
drophobic eutectic systems composed of thymol and octanoic or dec
anoic acid: [Thy:Oct] and [Thy:Dec], respectively. For mixtures close to 
the eutectic point, we measured and correlated several thermodynamic 
and transport properties (density, speed of sound, isobaric molar ca
pacity, refraction index, static permittivity, surface tension, and kine
matic viscosity) at temperatures up to 338.15 K and a pressure of p = 0.1 
MPa. From these values, we calculated other properties such as the 
intermolecular free length, orientational dipolar parameter, enthalpy 
and entropy of the surface, critical temperature, and activation energy of 
the fluid viscous. We also used the PC-SAFT EoS to model the SLE, ρ, u,
and Cp,m. Once the solvents had been characterised, we analysed their 
ability to dissolve three poorly soluble drugs in water, as well as their 
power to extract these compounds (quercetin, nitrofurantoin, and 
tetracycline) from contaminated water. 

From the thermophysical characterisation, we found that both sys
tems presented a slight negative deviation from ideality. Their densities 
were lower than that of water, ensuring good phase separation in the 
extraction processes in aqueous media. Further, the mixtures were less 
compact with increasing acid concentration and chain length. The heat 
capacities of the mixtures were slightly lower than that of the carboxylic 
acid eutectic mixtures, whereas the values of the surface tension and 
viscosity were moderate, making them suitable for industrial operation. 
Moreover, we found an antiparallel preferred orientation of the dipoles 
at lower thymol concentrations and parallel orientation at higher ones. 
We also observed destabilisation of the cyclic aggregates by thermal 
agitation. With respect to the final goal of this study, the solubility of the 
drugs in the studied hydrophobic mixtures was higher than that in 
water, especially for Q (up to 822-times) in which no dominant inter
action was detected. For NF and TC, we obtained the highest solubility 
(5.4 and 204-fold, respectively) for the most polar solvent: [Thy:Oct] 
(1:1) mixture. Again, we obtained the highest extraction efficiency for 
the most polar solvent, with values of EE(Q) = 97.8%, EE(NF) =

84.9%, and EE(TC) = 95.0%. A three cycle extraction procedure 
allowed the extraction of more than 99% of the drugs. 

An interesting outlook would be to establish a database of the 
physicochemical properties of ESs as new eco-friendly solvents. Then, 
the characterization of more mixtures is a remaining work. Also, more 
experiments about their ability as extractants are needed. Soon, we will 
extend the type of study carried out in this paper to other eutectic 
mixtures, both hydrophobic and hydrophilic, ionic and non-ionic. 
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