Journal of Molecular Liquids 352 (2022) 118754

journal homepage: www.elsevier.com/locate/molliq

Contents lists available at ScienceDirect

Journal of Molecular Liquids

L-menthol-based eutectic solvents: Characterization and application in

the removal of drugs from water

Check for
Updates

Fernando Bergua ™, Miguel Castro bd José Muiioz-Embid *¢, Carlos Lafuente *“, Manuela Artal ““*

? Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Zaragoza, Zaragoza, Spain

® Departamento de Ciencia y Tecnologia de Materiales y Fluidos, Universidad de Zaragoza, Zaragoza, Spain
 Instituto Agroalimentario de Aragén — IA2 (Universidad de Zaragoza — CITA), Zaragoza, Spain

9 Instituto de Nanociencia y Materiales de Aragén (INMA) Universidad de Zaragoza — CSIC, Zaragoza, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 12 November 2021
Revised 8 February 2022
Accepted 11 February 2022
Available online 15 February 2022

Keywords:

L-menthol

Carboxylic acid

Eutectic

Emerging contaminants
Thermophysical properties
Solubility and extraction

Increasing the sustainability of industrial processes implies the substitution of conventional solvents for
others with less environmental impact. For its implementation, it is essential to know the value of the
thermodynamic and transport properties. In addition, having theories and correlations to predict their
behaviour under varied conditions is very interesting. In this work, we performed the thermophysical
characterization of eutectic mixtures formed by L-menthol and medium chain fatty acids, deepening
the study of the polymorphic behaviour of L-menthol. In addition, we studied their ability both to dis-
solve drugs that are poorly soluble in water and to extract them from contaminated water. From the
results, we can deduce that these mixtures may be suitable solvents in liquid-liquid extractions, although
multistage processes can be necessary.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The implementation of solvent-free processes would be ideal to
reduce their environmental impact but unrealistic since their pres-
ence is essential both for the dissolution, suspension or extraction
of compounds and to facilitate the transfer of mass and heat. The
Petrochemical Group European estimates that the organic solvents
industry in Europe directly employs approximately 10,000 people
and indirectly employs more than 10 million people, with a turn-
over of the producing enterprises of close to €5 billion |[1]. For
2023, the global market for these compounds is expected to exceed
€40 billion with a demanded volume higher than 24,500 kilotons.
More than half of the consumption is attributed to the paint and
coating and pharmaceutical industries [2]. Despite the above, the
increase in environmental awareness has led to the approval of
regulations such as the Registration, Evaluation and Authorization
of Chemicals (REACH) aimed at limiting the use of these com-
pounds by replacement with other more benign compounds.
Increasing sustainability in industries includes studying the prob-
lems derived from the use of conventional solvents. The solutions
can go through the drastic modification of the processes or at least
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the increase of its efficiency or the recycling of the solvent to min-
imize its consumption. Another possibility is conventional solvent
replacement by another, pure or mixture, with similar behaviour
but lower toxicity, so the cost of implementation would be low.
For this purpose, different companies and organizations have
developed a selection of computer tools. In 2016, Byrne et al. [3]
published a review analysing several guides proposed mostly by
the pharmaceutical industry. These guides explained the differ-
ences and similarities between them and highlighted the lack of
transparency in the methodology used to choose the alternative
solvent. They concluded that knowledge regarding the physical
properties and environmental impact of neoteric solvents should
be expanded by stimulating the design of new mixtures. Other
more recent tools are the program for assisting the replacement
of industrial solvents (PARIS IIl) [4] developed by the Environmen-
tal Protection Agency and sustainable solvent selection and substi-
tution software (SUSSOL) [5] based on artificial intelligence. All of
these tools require a database of thermophysical properties, such
as density, phase equilibrium, refractive index, surface tension,
heat capacity, viscosity, Hansen’s parameters, solubility in water
or partition coefficients. These values can be both experimental
data taken from the literature and calculated from thermodynamic
models or equations of state that must be previously validated. In
addition, the newer tools also include criteria related to environ-
mental impact. The review published by Clark et al. [6] contains
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an exhaustive analysis of technical, economic and environmental
issues of the most promising alternative solvents: renewable sol-
vents, ionic liquids, liquid polymers, CO,-based solvents, and deep
eutectic solvents (DESs). Both the choice of one type or another
neoteric solvent and the total or partial substitution of the conven-
tional solvent will depend on many factors. DESs can be defined as
mixtures in which the fusion properties of the components, the
interactions between them, and the entropic effect in the mixing
process cause a decrease in the melting temperature with respect
to the melting temperature of the ideal system. For some systems,
this decrease (AT = Tmexp — Tmia) is very pronounced. Five cate-
gories have been proposed depending on the nature of the com-
pounds in the mixture [7]. Three of these categories (types I, II,
and IV) contain metal salts and therefore are less attractive from
an environmental point of view. Conversely, type IIl CsMPs are
composed of organic salts and metabolites, so they are often called
natural eutectics (NADESs) [8]. Finally, type V DESs are ionic and
nonionic eutectic mixtures with high hydrophobic character. The
interactions between their components are weaker than in the pre-
vious types, so AT, can be very small. Thus, we prefer the term
eutectic solvents (ESs) to refer to them. For every DES, types Il
and V are easy and do not require waste generation procedures,
but most DESs have high biodegradability and low toxicity, so they
can be classified as green solvents. Literature reviews about the
great possibilities of hydrophilic and hydrophobic NADESs for
biotechnological applications have been published [9,10]. In phar-
macology, low solubility implies increasing the dose that must be
administered to reach the desired plasma level, which can cause
problems related to an increase in the side effects of the drug, espe-
cially if a combination of several active principles is necessary.
NADESs are being researched as drug vehicles of poorly soluble
active principles in aqueous media, including so-called multidrug
eutectics, since these substances can become much more soluble
in these eutectics [11-15]. The final formulation in the liquid phase
will be especially suitable for parenteral administration and in
patients with swallowing problems. Other applications, more
specific to hydrophobic ESs, are gas solubilization, formation of
membranes, hydrogels and ferrofluids, and removal of contami-
nants from aqueous media [15-20]. The latter application is grow-
ing in importance in light of the estimated figures for water
demand in the future. According to the United Nations World
Water Development Report (2018) [21], water use has increased
sixfold in the last 100 years and is expected to reach 6,000 km?/
year by 2050. In addition, a quality problem should be added. An
estimated 80% of all wastewater is released to the environment
without prior treatment. In some countries, up to 200 different
drugs have been detected in the effluents [22,23] and their effect
on health should not be underestimated even if the concentration
is low. These compounds have a wide variety of physicochemical
properties, current treatments have shown partial effectiveness
[24]° and other procedures should be evaluated. Liquid-liquid
extraction with hydrophobic ESs is a suitable technique. In the
literature, we have found studies about the removal of phenolic
compounds, boron, and drugs from water using this procedure
[15,25-28]. Specifically, the systems studied in this work,
L-menthol + octanoic acid ([Men:Oct]) or L-menthol + decanoic
acid ([Men:Dec]) have shown promising results as extraction
media of organic compounds and metals from wastewater
|29-35]. Rodriguez-Llorente al. [36] have shown that several pure
terpenes can be good solvents in extraction processes. This
possibility has been not evaluated here due to the melting point
of L-menthol is above the room temperature. For temperatures
near 318 K, literature reports thermal degradation both quercetin
and tetracycline, especially if the temperature is maintained
several hours [37,38].
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To optimize these processes in the industry, it is necessary to
know the temperature range for which the solvents are liquids as
well as the values of different thermodynamic and transport prop-
erties and the effect of the temperature on the solvents. Neverthe-
less, studies including their characterization are scarce. Several
authors have determined different thermophysical properties
[25,34,47-49,39-46] but some papers did not provide numerical
values. Theoretical studies about their structure and stability have
also been published [50,51].

The first aim of this work was to characterize eutectic mixtures
composed of L-menthol and two carboxylic (octanoic and
decanoic) acids to be proposed as alternative solvents in different
fields. L-menthol was chosen because is the main form of menthol
in nature. Furthermore, the racemic mixture showed additional
anomalies in a preliminary thermal characterization. To tackle
the goal, we studied the solid-liquid equilibria of both systems,
including the effect of the polymorphic behaviour of L-menthol.
In addition, we determined several thermophysical properties,
such as density, speed of sound, isobaric molar heat capacity,
refraction index, static permittivity, surface tension, and viscosity.
From these values, we calculated derived properties and validated
several correlations and thermodynamic models. The second pur-
pose was to explore the ability of these liquids to dissolve poorly
soluble compounds in an aqueous medium. For that purpose, we
measured the solubility of quercetin, nitrofurantoin and tetracy-
cline in the [Men]ESs previously characterized and evaluated their
efficacy in extracting these drugs from contaminated water.

2. Material and methods
2.1. Chemicals

Compounds used to prepare the eutectic solvents (ESs) were L-
menthol (Men), octanoic acid (Oct), and decanoic acid (Dec), and
the active principles used in the solubilization and extraction study
were quercetin (Q), nitrofurantoin (NF) and tetracycline (TC). They
were supplied by Sigma-Aldrich (Germany) and used as received.
The characteristics and structure of these compounds are reported
in Table 1 and Fig. 1. The studied systems were prepared by mixing
Men and Oct or Dec at moderate temperature (323 K) with stirring
until a homogeneous liquid was formed. The components were
weighed with a PB210S Sartorius balance (u(m)= 1.10 %g) in
molar ratios of 1:2, 1:1, and 2:1. The characteristics of the L-
menthol-based ESs ([Men]ESs), including the acronym, the compo-
sition, the calculated molar mass (M) and the measured melting
temperature (Tr,), are listed in Table 2. The pH of the mixtures ran-
ged from 4.0 to 4.5.

2.2. Calorimetric characterization

The solid-liquid equilibria (SLE) were determined with a differ-
ential scanning calorimeter (TA Instruments DSC Q2000) with an
RCS cooling system. Temperature and heat flow calibrations were
performed using the melting transition of indium as a standard
sample. The differences with the expected values showed that
the uncertainties in T, and A,H were 0.5 K and 1%, respectively.
For each mixture, a sample (5-15 mg) was weighed and introduced
into an aluminium pan in the liquid state. If the sample was solid at
room temperature, a preheating step in the DSC up to a tempera-
ture higher than the liquidus was performed to ensure crystalliza-
tion within the device. The samples were initially cooled to 203-
213 K at 3 K/min and later heated at the same scanning rate up
to 10 K above the phase change. The reported temperatures corre-
spond to the maximum peak temperature because several thermal
anomalies made it difficult to determine the onset temperature.
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Table 1
Relevant properties of compounds used in this work. Molar mass (M), melting temperature (T,,), melting enthalpy (AnH), dipole moment (), and polarizability (o).
Chemical (Acronym) Purity® M/g-mol ! Tm/K AmH/k]-mol ! /D o/A3
L-menthol (Men) >0.99 15627 3152 + 05" 13.1 +0.1" 1.57[53]
316.4 + 0.9[52] 129 + 1.3[52]
Octanoic acid (Oct) >0.99 14421 288.4 + 05 [15] 202 +02[15] 1.15[53]
Decanoic acid (Dec) >0.98 172.26 304.4 £ 0.5 [15] 27.7+03[15] —
Quercetin (Q) >0.95 302.24 589.6[54] - 2.8522[55] 34.67(55]
Nitrofurantoin (NF) >0.98 238.16 536[54] — 491[56] 19.85[56]
Tetracycline (TC) >0.95 44443 445 6[54] — 6.11[56] 40.92(56)
% As stated by the supplier by Sigma-Aldrich (mass fraction).
® This work.
CHy (o]
/\/\/\)j\ OH
Octanoic acid
OH
B (o]
Hy (/\ H, /\/\/\/\)LOH
Menthol Decanoic acid
(o] .
P
5 \ 0 N’
0]
Quercetin Nitrofurantoin Tetracycline
Fig. 1. Structure of the compounds used in this study.
Table 2
Characteristics of L-menthol-based eutectic mixtures studied in this work.
Acronym Component 1 Component 2 Molarratio M?/g-mol ! Tm/K p.S/Pa
[Men:Oct] (1:2) L-menthol Octanoic acid 1:2 148.23 276.1° 3.33
[Men:Oct] (1:1) L-menthol Octanoic acid 1:1 150.24 262.8°/268.65[49] 5.07
[Men:Oct] (2:1) L-menthol Octanoic acid 2:1 152.25 282.0° 6.90
[Men:Dec] (1:2) L-menthol Decanoic acid 1:2 166.93 284.8° 331
[Men:Dec]| (1:1) L-menthol Decanoic acid 1:1 164.26 287.5°/286.20[49] 5.08
[Men:Dec] (2:1) L-menthol Decanoic acid 2:1 161.60 292.8° 6.89

TM= EiM!'X;.
b This work; u(T,,) = 0.5 K.
€ PC-SAFT Predicted values, T = 298.15 K.

Additionally, sapphire was used as the recommended standard
material to obtain the isobaric molar heat capacity values. Two
sapphire experiments were carried out before and after each daily
measurement session to discard any temporal evolution of the heat
capacity calibration factor. The uncertainty in Cp,, calculated by
comparison with the accepted values in the 263-343 K tempera-
ture range, was lower than 1%.

2.3. Thermophysical characterization

Properties such as density (p), speed of sound (u), refraction
index (np), static permittivity (&), surface tension (y), and kine-
matic viscosity (v) were measured with several thermostatically
controlled devices, summarized in Table S1 (Supplementary Mate-

rial), and no full description was made because these techniques
are commonly reported in the bibliography. The equipment was
tested [13,57] by comparing the values of the experimental prop-
erties of benzene (>99.5% purity) with the properties from the lit-
erature. For each apparatus, Table S1 summarizes the standard
uncertainty in the temperature (u(T)), the calculated combined
expanded uncertainties for each property (Uc(Y)), and the mean
relative deviations (MRD(Y)) obtained from the check.

2.4. Solubility and extraction experiments

The shake-flask method was used to measure the solubility (W)
of the Q, NF, and TC in [Men]ESs. The solute was added to each
eutectic solvent until supersaturation, and the flask was placed at
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a constant temperature of 298.15 K, in an ultrasound bath to
ensure correct mixing. After resting, centrifugation and filtration
(PES syringe filter, 0.22 um), three samples were taken for analysis
by UV-VIS spectroscopy with a double-beam spectrum VWR 6300
PC (u(4) = +0.2 nm). The calibration curves with the detection and
quantification limits are listed in Table S2. The experiment was
repeated three times, so the solubility value for each drug was
the average of nine analyses. To carry out the extraction study,
aqueous solutions of Q, NF, or TC were prepared. The concentra-
tions measured by UV-VIS were C;(Q) = 0.5 pM, C;(NF)= 30 pM,
and G(TC) = 70 pM. Similar volumes of each solution and [Men]
ESs were mixed, and the aqueous phase was collected, treated,
and analysed as described above. The composition measured (Cy)
allowed us to calculate the extraction efficiency as
EE =100(C; — G;/C).

3. Results and discussion
3.1. Solid-liquid equilibria

In this section, a detailed thermal study of L-menthol + octanoic
acid ([Men:Oct]) and L-menthol + decanoic acid ([Men:Dec]) is
reported. For each component, the temperature and enthalpy of
fusion from our measurements and the selected data from the lit-
erature [58-61] are listed in Table 1. The values matched consider-
ing the experimental uncertainties. L-Menthol is known to present
complicated polymorphic behaviour with several possible crys-
talline phases [58-60]. To date, up to four different phases
(o, B, 7, 8) have been found [59]. The first phase is the stable phase,
and the reported data in Table 1 refer to it; the other three phases
are metastable phases. Using conventional DSC, concomitant poly-
morphisms were detected [59,62]. That is, simultaneous crystal-
lization of the four phases occurred with an instant conversion of
the metastable phases to a more stable phase. From the literature
[59-61,63], it can be deduced that the time-thermal history expe-
rienced by the sample will govern the presence and possible detec-
tion of the different phases. To check how this fact can affect our
measurements, we performed a thermal study of pure L-menthol
at different cooling rates: 3, 10, 15, 20 and 30 K/min. In all cases,
a subsequent heating process at 3 K/min was applied. The thermo-
grams are displayed in the Supplementary Material (Fig. S1). At the
lowest rate (3 K/min), only a single melting peak was detected at
Tn = 31490 K and A,H = 12,90 kJ/mol, in agreement with the
reported data of the « phase (Table S3). When the cooling rate
increased, the heating thermogram revealed two peaks. The lowest
peak, at T, = 309.44 K and A,,;H = 12.26 kJ/mol, agreed with the val-
ues of the metastable B-phase (Table S3). We estimated the per-
centage of each phase in all samples from the mean enthalpy
content and our experimental values (Table S4). No indication of
the two other metastable phases was obtained. Therefore, a scan-
ning rate of 3 K/min could be the best election to assure the pres-
ence of only the stable phase of pure L-menthol. Nevertheless, we
must consider that its crystallization behaviour could be different
in the mixtures [58]. To apply these solvents in the industry, it is
essential to determine their liquid-solid phase diagrams (SLEs)
since they show the compositions for which the system is liquid.

Additionally, the comparison of the real melting temperature
with the ideal melting temperature provides information about
the interactions between the components. All the heating thermo-
grams (Fig. 2) showed multiple endothermic peaks related to the
presence of eutectic and liquidus fractions. The liquidus peak pre-
sented a pretail, typical of these systems, [64] covering a tempera-
ture interval dependent on the composition. In mixtures near the
eutectic composition, four and three thermal anomalies were
observed for [Men:Oct] and [Men:Dec], respectively. This phe-
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nomenology contrasts with the SLE data already published where
only one or two eutectic phases were reported [49,58], possibly
due to our experimental procedure, as we use lower cooling and
heating rates. The number of eutectic peaks increased with the acid
mole fraction, although some of them were only small shoulders.
Similar mixtures based on menthol and fatty acids with a higher
aliphatic chain, such as stearic acid, myristic acid and lauric acid,
showed comparable behaviour [65]. The existence of more than
one eutectic peak was related to the complex polymorphism of
L-menthol. Therefore, the addition of the acid component seems
to favour the appearance of metastable phases and the formation
of the corresponding eutectic mixture. Furthermore, a careful
examination of Fig. 2 revealed small exothermic peaks close to
the eutectic temperature for both systems in the Men-rich region.
None of these events was found at acid-rich compositions. More-
over, these events occurred at approximately 268 K, at which the
highest B-oo transformation rate of pure L-menthol has been
reported [59,60]. Therefore, the events could be due to the recrys-
tallization of the L-menthol present in the metastable eutectic frac-
tion. We can conclude that the peak with the highest temperature
corresponds to the eutectic involving the stable phase («) and the
other peaks correspond to the metastable phases.

Table S5 lists the experimental melting temperatures for our
systems. The values were correlated with the nonrandom two-
liquid (NRTL) model [66] (Supplementary Material), and the coeffi-
cients are reported in Table 3. Fig. 3 displays the experimental and
correlated values and those published by Martins et al. [49] that
were in a good agreement with ours. The eutectic compositions
can be obtained with Tamman diagrams using the melting enthal-
pies of the mixtures. Due to the complexity of our thermograms,
calculations with deconvolutions were required. The procedure
and equations are shown in the Supplementary Material, and the
parameters are listed in Table S6. An example of the deconvolution
for each system is shown in Fig. 4. The representations include the
peak corresponding to the melting of the liquidus fraction
extracted from the deconvolution and the total fitting curve as
the sum of the three peaks. These latter nicely follow the experi-
mental data. With the above, the estimated eutectic points were
xE.. = 0.533, T5, = 263.8 K for the [Men:Oct], and x£,., = 0.615,
T =289.9 K for the [Men:Dec].

The classical thermodynamic allows us to calculate the solubil-
ity of the solid in the liquid phase for systems totally miscible in
the liquid phase and immiscible in the solid phase as follows:[67]

AJr]r:H.‘mi 1 1 AmC i Tm.i Tm.f
Inxaf) = 2 (- ) SR (e m o))

where !, Tp,;, AmH;, and A, C,; are the following properties of com-
ponent i: the activity coefficient in the liquid phase at composition
x;, the melting temperature (K), the melting enthalpy (J-mol !), and
the variation in the heat capacity in the liquid and solid phases.
Moreover, Ty, is the melting temperature (K) of the mixture. The
second term in Eq. (1) is negligible since its value is usually much
less than the value for the first. If ideal behaviour is assumed, the
phase equilibrium is easily obtained since y! = 1. Both studied sys-
tems showed a slight negative deviation from ideality that was
more pronounced for the Men-rich compositions (Fig. 3). For non-
ideal calculations, several thermodynamic models can be used to
obtain the activity coefficients and subsequently the liquidus lines.
We have chosen the PC-SAFT equation of state (EoS) [68,69] to pre-
dict the fugacity coefficients of component i in the mixture (¢;) and
in the pure state (¢?) since y! = ¢,/@?. This model is widely vali-
dated in the literature and is summarized in the Supplementary
Material. Table S7 lists the parameters for the pure compounds.
The model provided a good representation of the phase equilibria
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Fig. 2. Thermograms of L-menthol-based ESs: (a) [Men:Oct]|; (b) [Men:Dec].

Table 3

NRTL correlation parameters and deviations in the melting temperature of the [Men]ES systems.
System Ajz /]-mol ™! Az /]-mol™! AAD(T,,)*IK MRD(T;,,)°[%
[Men:Oct] 2720.53 —3486.89 09 033
[Men:Dec] 2407.11 —2905.92 1.3 0.45

N AA‘D(Y) = %Z?-] ‘yi,cu!r - Y!,(‘xp‘-

® MRD(Y) 10571, fi Vm|.
330
320 - (a)

0.8 1.0

xMcn

330

320 A

3104

300 +

‘% 290 A
e~

2804

250 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X,

Men

Fig. 3. Solid-liquid equilibria of L-menthol-based ESs: (a) [Men:Oct]; (b) [Men:Dec]. (W), this work; (O), Ref. [49]; (----), Ideal; ( ), NRTL.

(Tables S5, S8) with mean relative deviations, RMD(T,,), between
experimental and predicted values from 0.07 to 2.5%.

3.2. Thermophysical study

The use of new solvents in the industry requires prior knowl-
edge of their thermodynamic and transport properties as well as
the effect of temperature on them. In this section, the values of
seven properties of [Men]ESs as a function of the temperature (T)
and at p = 0.1 MPa are presented and discussed. The studied mix-
tures were L-menthol + octanoic ([Men:Oct]) and decanoic acid
([Men:Dec]) in molar ratios of 1:2, 1:1 and 2:1. The lower working

temperature varied for each ES depending on their melting point,
and the upper working temperature was always 338.15 K. The
measured properties were the density (p), speed of sound (u), iso-
baric molar heat capacity (C,,Am), refraction index (np), static per-
mittivity (&), surface tension (), and kinematic viscosity (V).
Tables S9 and 510 list their values at each temperature and compo-
sition, and Table 4 summarizes those values for T = 298.15 K to
ease the following of the text.

However, since the operational conditions do not always match
the conditions used in the characterization, having correlations
and models that allow predicting the values is highly advisable.
The relationship between most of the thermodynamic properties
and the temperature is linear, and that for the transport properties
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Fig. 4. Deconvolutions for (a) [Men:Oct], Xmen = 0.3330; (b) [Men:Dec], Xmen = 0.4910 (==), experimental curve; (==), experimental fitting; (==), liquidus fitting.

Table 4
Summary of the experimental and calculated thermophysical properties at T = 298.15 K and p = 0.1 MPa of the studied [Men]ESs mixtures.
[Men:Oct] [Men:Dec]

Property (1:2) (1:1) (2:1) (1:2) (1:1) (2:1)
p/kg-rrl‘3 902.88 901.09 899.35 896.15 896.06 895.94
u,/m-s’l 1325.57 1334.85 1343.79 1348.46 1352.34 1355.66
Cpm/]-mol~.K™! 299 313 298 351 343 349
np 1.43849 1.44396 1.44946 1.44227 1.44651 145079
€ 3.286 3.885 4201 3.068 3451 3.845
;J/mN-m’1 28.32 28.29 28.30 29.07 28.79 28.47
n/mPa-s 8.809 12.046 17.598 12.757 15814 21.116
op /kK“ 0.850 0.839 0.833 0.834 0.826 0.823
Ks/TPa™! 630.33 622.83 615.76 613.68 610.23 607.32
LI/A 0.496 0.493 0.490 0.490 0.488 0.487
Ry /cm®-mol ! 43.139 44.285 45.447 49.313 48.932 48.546
_f,"/":m]-rnol’1 121.04 122.45 12384 136.96 134.38 131.82
g#ZIDz 1.55 223 2.58 1.45 1.89 2.32
ASg/mN-rn"-K’1 0.077 0.074 0.077 0.077 0.076 0.074
AHs/mN-rn'1 51.23 50.33 51.28 52.03 51.48 50.50
E{,,,,/kj-l‘rlol’l 28.2 329 404 30.7 344 41.2

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 uncertainties (0.95 level
of confidence, k = 2) areU,(p) = 0.05 kgm>; Uc(u) =05 ms!; Ue(Com) = 1%; Ue(np) = 2-107%; Ue(e) = 1%: Uc(p) = 1%; Ue(n) = 1%; Uc(o,) = 0.04 KK '; U (k) = 0.24 TPa™;
Ue(Ly) = 0.005 A; Ue(Rm) = 0.004 cm®mol™; Ue(f,,) = 0.03 em®mol~; Uc(ASs) = 0.001 mN-m~"-K™"; Uc(AHs) = 0.06 mN-m™"; Uc(Eayy) = 0.10 k]-mol .

is exponential. We correlated the p,u,C, ,, np, and y experimental
data with a linear equation, the ¢ for some mixtures with a second-
degree polynomial, and the dynamic viscosity (# = pv) with a VFT
expression. Table 5 lists the equations and the fit parameters.
The density of the studied [Men]ESs ranged from 866 to 916
(£0.05) kg.m 3. These values were 8.5% lower than those of water,
so these solvents can be used in processes of phase separation [47].
The mixtures containing Oct were slightly denser than those with
Dec due to the larger size of the latter. In both systems, p decreased
with increasing L-menthol molar ratio (Xmen), but for [Men:Dec],
this change was indiscernible. In fact, considering the experimental
uncertainty in the density measurement, these mixtures can
hardly be considered distinguishable. As expected, the thermal
motion decreased the density, as shown in Fig. 5a. We quantified
the effect of the temperature on the density by calculating the iso-
baric thermal expansibility (o, = —(dlnp/aT),). The values

obtained (Fig. 6a) decreased with increasing hydrocarbon chains
as well as xye,. However, increasing the temperature increased
the expansion capacity of the fluids.

In the literature, we found some papers containing p data of
these mixtures at similar temperatures. Nunes et al. [45] published
densities for the [Men:Oct] system at the three compositions.
Adeyemi et al. [40] studied both systems at the (1:2) molar ratio.
Sas et al. [25] and Gonzalez et al. [39] reported data for both
equimolar mixtures. Van Osch et al. [47] measured densities of
[Men:Dec] systems at 298.15 K and at the compositions (1:1)
and (2:1). Our values were in agreement with all of them, and

the average mean relative deviations were MRD (p) = 0.45, 1.12,
0.07, 0.03, and 0.40%. A graphical comparison is shown in Fig. S2a.

The speed of sound values of Men[ESs] ranged from 1184 to
1405 m-s ! (Fig. S3a). From the p and u data, we estimated the
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Table 5
Fit parameters (Ay, By.Cy) and the regression coefficients, R?, for the thermophysical properties of the studied [Men]ESs.

Property [Men]ESs Ay By Cy R?

p2lkg-m—3 [Men:Oct] (1:2) 1131.60 —~0.7671 0.99999
[Men:Oct] (1:1) 1126.51 ~0.7562 0.99997
[Men:Oct] (2:1) 1122.62 —0.7489 0.99996
[Men:Dec] (1:2) 111893 ~0.7472 1.0000
[Men:Dec] (1:1) 1116.80 —0.7403 1.0000
[Men:Dec] (2:1) 1115.73 ~0.7372 0.99997

u?/m-s~! [Men:Oct] (1:2) 237445 —3.5180 0.99977
[Men:Oct] (1:1) 2378.74 —3.5009 0.99998
[Men:Oct] (2:1) 2384.34 —3.4905 0.99992
[Men:Dec] (1:2) 235339 ~3.3729 099972
[Men:Dec] (1:1) 2356.83 —3.3698 0.99979
[Men:Dec] (2:1) 2356.26 ~3.3561 0.99978

Cpm”[)-mol 1K™ [Men:Oct] (1:2) 105.125 0.64955 0.99984
[Men:Oct] (1:1) 38.266 092277 0.99993
[Men:Oct] (2:1) 38.189 0.87282 0.99992
[Men:Dec] (1:2) 200.975 0.50287 0.99952
[Men:Dec] (1:1) 125.358 0.73071 0.99981
[Men:Dec] (2:1) 77.556 0.91012 0.99991

np® [Men:Oct] (1:2) 1.55818 ~-401-10" 0.99999
[Men:Oct] (1:1) 1.56385 ~4.02-10~* 0.99998
[Men:Oct] (2:1) 1.56958 ~403-10" 0.99996
[Men:Dec] (1:2) 1.56029 -3.96.107" 1.0000
[Men:Dec] (1:1) 1.56436 -3.95.10 ° 0.99999
[Men:Dec] (2:1) 1.57030 -401-107" 0.99997

& [Men:Oct] (1:2) 4.184 —0.0030 0.9849
[Men:Oct] (1:1) 11.59 —0.042 5.42.10° 1.000
[Men:Oct] (2:1) 20.70 ~0.096 136-10% 1.000
[Men:Dec] (1:2) 3.735 —0.0023 0.9806
[Men:Dec] (1:1) 4.860 —0.0047 0.9966
[Men:Dec] (2:1) 15.56 —0.0664 9.08.107° 1.000

73/mN-m~! [Men:Oct] (1:2) 51.12 ~0.077 0.99971
[Men:Oct] (1:1) 50.34 —0.074 0.99979
[Men:Oct] (2:1) 51.21 —0.077 0.99986
[Men:Dec] (1:2) 5204 —0.077 0.99976
[Men:Dec] (1:1) 51.67 —~0.076 0.99960
[Men:Dec] (2:1) 50.56 0074 0.99931

1°/mPa-s [Men:Oct] (1:2) 0.01339 1106.02 127.79 0.99995
[Men:Oct] (1:1) 0.03008 804.02 163.77 0.99998
[Men:Oct] (2:1) 0.02793 760.19 180.25 1.0000
[Men:Dec] (1:2) 0.03728 847.74 155.37 1.0000
[Men:Dec] (1:1) 0.03090 836.20 164.11 1.0000
[Men:Dec] (2:1) 0.02479 817.05 177.05 0.99999

Y= Ay + ByT.
Py Ay +ByT +CyT
€Y = Ayexp[By /(T — Cy)];Ay/mPa-s = N.

920
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Fig. 5. Experimental thermodynamic properties of [Men]ESs at several temperatures, T, and compositions: (A ), (1:2); (@), (1:1); (M), (2:1) in molar ratio. (a), Density, p; (b),
surface tension, y. Full symbols, [Men:Oct]; open symbols, [Men:Dec]. Lines, correlated data.

packing of the fluids by calculating the intermolecular free length lated xs and Ly values decreased with increasing xmen and chain
(L) related to the isentropic compressibility (s = 1/pu?) as fol- length and increased with thermal motion (Table 4, Fig. 6b). Sas
lows: Ly = K/Ks, where K is Jacobson’s constant [70]. The calcu- et al. [25] have reported u data of the equimolar mixtures of both
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systems. Fig. S1b shows the graphical comparison, and the average

deviation was MRD (u) = 0.25%.

The isobaric molar heat capacity of the [Men]ESs ranged from
285 to 386 J-mol K . The values for the [Men:Dec] mixtures
were higher than for [Men:Oct] with an average difference of
44 J-mol K ! at 298.15 K. This property is a function of tempera-
ture and molar mass. For both systems, C,, increased linearly with
T, but the slope in the mixture less rich in L-menthol was less than
for the others (Fig. S3b). Furthermore, the trend of C,,, with the
composition was different because the trend of the molar mass
with Xmen is opposite for both systems. Taherzadeh et al. [71] pro-
posed a simple method to estimate the C,,, of the DESs at each
temperature from the molar mass and the critical pressure of the
mixtures. The equations are summarized in the Supplementary
Material. With this procedure, we calculated C,,, for the mixtures
studied here, and we compared the experimental and estimated

results. The average deviations were MRD (C,,,) = 3.8 and 10%
for [Men:Oct] and [Men:Dec], respectively. These values allow us
to validate the correlation for this type of system, considering that
the average deviation obtained by the authors was 4.7%.

In the same way as for the SLE, we also obtained the values of
the three previous properties with PC-SAFT EoS in its predictive
version and compared them with the values determined experi-
mentally. For each mixture, the mean relative deviations are listed
in Table S8. The model slightly overpredicted the density of both
systems, and the deviations increased with the acid molar ratio

(Fig. S4a). The average values were MRD (p) = 0.81% for the system
with Oct and MRD (p) = 0.77% for the system with Dec. As usual,

the deviations obtained for the speed of sound and for the isobaric
molar heat capacity were greater since both properties were calcu-
lated as second-order derivatives [15]. For u, no clear trends with
the temperature and composition were observed (Fig. S4b). For
C,.m, the deviations increased with the acid molar ratio (Fig. S4c).

The average values were MRD (u) = 5.1% and MRD (C,n) = 23%

for [Men:Oct] and MRD (u) = 9.3% and MRD (C,,) = 5.6% for
|[Men:Dec]. The validation of this EoS allows us its use to predict
the volatility of the studied mixtures. The vapor pressure data at
298.15 K are listed in Table 2 and were less of 10 Pa, value that
characterizes to the volatile organic compounds.

The value of the speed of light transmission through the mate-
rials is a function of their packing degree. Thus, the refractive index
must be in agreement with the above observed trends of the com-
pressibility. The less compact the fluid is, the lower the np data.
Indeed, n, was higher for the system with Dec and increased as
Xmen aNd T decreased (Table 4, Fig. S3c¢). Our data matched the data

from the literature [25] (Fig. S2c¢), and the MRD (np) was less than
0.01%. The molar refraction (R;,) is a measure of the hard core vol-
ume of a mole of molecules [72] and is calculated from p and np,
with the Lorentz-Lorentz relationship:
2
Rm:M(n.Dfl)ﬁ 2)
p(ng +2)

where M is the molar mass of the mixture (Table 2). For the [Men:
Oct| system, the R, values were 10% lower than the values for
|[Men:Dec], and contrary to the latter, they increased with the L-
menthol molar ratio (Table 4). All data hardly changed with the
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temperature (Fig. 6¢). We estimated the percentage free volume by
subtracting the molar volume from the molar refraction. The aver-
age value was 73.6%.

The permittivity is related to the structure of the polar fluids.
According to the Kirkwood-Fréhlich model [73], the deviation from
the randomness of the neighbouring dipoles can be estimated from
the experimental data of macroscopic properties as p, np, and &.
Therefore, the Kirkwood parameter (g) was defined as:

2 9ksTeoM (e—nd)(2e+nd)
Nap e(nd +2)°

su 3)

where &, kg and N, are the vacuum static permittivity, the Boltz-
mann constant, and the Avogadro number, respectively. The dipole
moment of the solution () can be calculated from the values of the
pure compounds (g;) as (2 = x; 43 + x2465. The g values greater than
unity indicate that the fluid has adjacent dipoles preferably oriented
in parallel. Conversely, the liquid with antiparallel orientation has
the factor g < 1. Using the ., and py, literature data (Table 1),
the g values calculated for the [Men:Oct] system ranged from
0.81 to 1.26. A dipole parallel disposal was found for the least con-
centrated mixture, and the antiparallel dipoles increased with Xyep.
This discussion is not available for the mixtures with Dec because
no [y, was found. Therefore, the polarization was analysed in

terms of the orientational dipolar parameter (,uﬁﬂ, = g,uz). Table 4

lists the values calculated for all mixtures at 298.15 K, and Fig. 6d
shows the effects of the composition and temperature. Regarding
the first variable, the mixtures with Oct were more polar, and the
polarity increased with Xyen. In relation to T, a similar evolution
of £ and ygﬂ would be expected, but opposite trends were obtained.
¢ decreased (Fig. S3d), and yg,] increased as T increased. This fact
was already observed for [Thy|ESs [15] and other compounds
[74] and it is explained considering that thermal agitation induces
the breaking of cyclic aggregates; therefore, the number of linear
aggregates with a higher effective dipole moment rises. The L-
menthol-rich mixtures exhibited a slight minimum at 315 K.
Surface tension is an important property in processes whose
effectiveness depends on the atomization of the fluid. The lower
the values are, the greater the droplet formation capacity and more
easily the fluid penetrates into tight spaces. Considering the exper-
imental uncertainty, U.(y), the measured data matched for all
[Men:Oct] mixtures. For the other system, the values were slightly
greater, and the lower the L-menthol molar ratio was, the more
structured the liquid. At higher temperatures, a greater number
of molecules have sufficient energy to move from the inside to
the air-liquid interface, and the interactions are weaker so that y
decreases with increasing T (Fig. 5b). The linear variation was sim-
ilar for all mixtures, so we can give an average value for the
entropy of the surface per unit surface area, ASs = —(9y/aT),= 0.0
76 £ 0.002 mN-m K '. The values of the enthalpy of the surface
per unit surface area (AHs =y -+ TASs), barely changed with the
composition for the [Men:Oct] system and decreased for the
[Men:Dec]| (Table 4). Although the data published by Nunes et al.
|45] for other properties of the similar [Men:Oct] mixtures coin-
cided with ours, their surface tension values were much lower

(Fig. S2d). The average calculated deviation was MRD (y) = 22.4%.
Surface tension values allow us to estimate the critical tempera-
ture (T.) of the fluids whose experimental determination is not
possible because of the thermal degradation of the components.
Thus, we estimated the T, of our solvents (Table S11) with the
Guggenheim [75] and Eoétvos [76] expression (Supplementary
Material) and predicted the critical loci with the PC-SAFT EoS
(Fig. S5). To validate the results, we can compare the calculated
T, of pure Men, Oct, and Dec with values from the literature. The
predicted values with the EoS agreed with those, and the devia-

Journal of Molecular Liquids 352 (2022) 118754

tions were less than 2 K. For both correlations, the results were
similar, and the mean relative deviations were less than 1.5%. Con-
sidering that the PC-SAFT EoS provided a good representation of
the phase behaviour and T, of pure compounds, we can assume
that the values obtained for [Men]ESs with this model were the
most accurate. Compared with them, the deviations of the calcu-
lated data with the Guggenheim and E6tvos equations were 1.9
and 8.5%, respectively.

The viscosity of the liquids used as solvents is an operational
parameter to consider in the design of industrial procedures
because high fluidity increases their effectiveness. Contrary to
most hydrophilic ESs or ionic liquids, hydrophobic eutectic mix-
tures have low or moderate 1 values, making them good candi-
dates for mass transfer processes such as liquid-liquid or solid-
liquid extraction, especially when phase separation is involved.
van Osch et al. [47] have suggested 100 mPa-s as the maximum vis-
cosity value for correct engineering processes. In this study, the
measured # values were within 2.495-45.909 mPa-s, so they satis-
fied the above criteria. They were in agreement with those pub-
lished by Nunes et al. [45] and Sas et al. [25] with average

deviations of MRD () = 2.23 and 2.43%, respectively. However,
our data were 9.85% higher than the data of Gonzalez et al. [39]
and 22% lower than van Osch et al. [47] data (Fig. S2e). The longer
chain in decanoic acid resulted in more viscous mixtures. In both
systems, increasing the mole fraction of L-menthol dramatically
increased the viscosity because the intermolecular interactions
increased. However, 1 decreased with increasing T (Fig. 7a), espe-
cially at low temperatures, following the VFT equation (Table 5).
The pre-exponential factor (A, = ) is related to the contribution
to the viscosity due only to steric effects. The other two parameters
(By and Cy) allow the calculation of the energetic barrier to be
overcome by the molecules to penetrate between the layers of
the fluid, i.e., the energy of the viscous flow (E.;). The stronger
the interactions, the highest E,,. Therefore, a polynomial decrease
E,, — T was observed (Fig. 7b). Comparing the equimolar mixtures,
A, was slightly higher for [Men:Dec]|, and the E,, values were
greater for this system (Table 4). At 298.15 K, the average differ-
ence was approximately 1.5 kJ-mol !. Pelofsky and Murkerjee
equations provided two » — y correlations, which are reported in
the Supplementary Material. Table S12 lists the regression coeffi-
cients, and Fig. S6 shows the logarithmic representation. The mean
deviations between the experimental and calculated surface ten-
sions were lower with the Murkerjee equation. The values for both

correlations were MRD () = 0.70 and 0.51% for mixtures with Oct

and MRD () = 0.47 and 0.37% for mixtures with Dec.

In summary, the increase in the length of the carboxylic acid
chain decreased the compactness and polarity of the eutectic sol-
vent but increased the surface tension and viscosity. The first effect
can be beneficial to solubilize bulky compounds, but the others
three, especially the last one, impair mass transfer processes.
Finally, we compared the results of the thermophysical study of
[Men]ESs with our previous paper on the characterization of simi-
lar mixtures with thymol [15]. Therefore, the effect of the aromatic
ring can be evaluated. In this work, the p,u,np, o, and y values
were lower and ks,Cpn and Ly were higher. In addition, the
Uy, 1, and Eg,; were also larger. These results indicated that the
[Men]ESs were both less compact and structured mixtures. How-
ever, the [Men]ESs were more polar and showed stronger inter-
molecular interactions. In thymol, the flatter structure of the
aromatic ring allowed a higher compaction. Furthermore, the
hydroxyl group donates electronic density into the conjugated -
ring via a resonance effect that is stronger than the inductive effect.
As a consequence, the capacity to form hydrogen bonds with car-
boxylic acids could be reduced.
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3.3. Solubility and extraction efficiency

The solubility of active principles (APIs) in water is probably the
main problem in pharmacology. For a drug to be absorbed, it must
be present as a solution at the site of absorption. Water is the sol-
vent of choice for liquid formulations, but most APIs have low sol-
ubility, which implies low bioavailability and high toxicity in the
gastrointestinal mucosa. However, some highly soluble com-
pounds have poor metabolism, so enhanced hydrophobicity is ade-
quate [77]. Different techniques have been developed to improve
these parameters: (i) physical modifications such as reduction of
the particle size, modification of the crystalline habit and disper-
sion of drugs in vehicles as eutectic mixtures or solid dispersions;
(ii) chemical modifications such as pH change, buffer use, derivati-
zation, complexation, and salt formation; and (iii) various methods
including the use of adjuvants as surfactants, solubilizes, and new
excipients [11,13-15,78].

In this section, we evaluated the solubility (W;) of three poorly
water-soluble compounds in the [Men]ESs characterized above.
The chosen APIs were quercetin (Q), nitrofurantoin (NF), and tetra-
cycline (TC). The first two substances belong to class Il (low solubil-
ity and high permeability), and the third substance is a class Il
(high solubility and low permeability) substance according to the
biopharmaceutical classification [77,79,80]. The solubility data of
the APIs in the [Men]ESs are listed in Table 6. Q, NF, and TC were
slightly soluble, insoluble and soluble, respectively, according to
the pharmacopeia classification [81]. For Q, the solubility increased
with increasing L-menthol concentration and, in general, was
higher in the system with Dec. Wy was very low in both systems
but slightly higher in the mixtures with Dec. In this case, Wy was
lower at higher xy,,. Finally, Wyc was the highest and decreased as
the acidity of the medium decreased. The solubility of a solute in a
solvent is given by the intensity of the interaction among them. In
our systems, these interactions can occur by hydrogen bonding and
dipole-dipole forces. In relation to the first sites, Q has 5 donor and
7 acceptor sites, NF has 1 donor and 6 acceptor and TC has 6 donor

Table 6
Solubility (Wi = g;/Z.ien:) at T = 298.15 K, of quercetin (Q), nitrofurantoin (NF), and
tetracycline (TC) in the studied [Men]ESs.

[Men]ESs Wa Wir Wrce

1.83 £0.09)10 % (616 £0.23)-10>  0.113 + 0.008
293 £0.11)102 (414 +0.17)-10~°  0.053 + 0.003
455+017)102 (384 +012)10°°  0.039 + 0.001
2.35+0.03)10° (534 +0.06)10°  0.061 + 0.004
374+023)10° (333+022)10°  0.066 + 0.007
251 £0.09)-107>  (4.86 +0.38)-10~>  0.033 + 0.003

[Men:Oct] (1:2)
[Men:Oct] (1:1)
[Men:Oct] (2:1)
[Men:Dec] (1:2)
[Men:Dec] (1:1)
[Men:Dec] (2:1)

and 9 acceptor sites (Fig. 1). Then, the affinity with the solvent due
to this type of interaction follows the sequence TC > Q > NF. For the
second ones, the polarizability of these molecules follows the same
order, whereas NF has a higher dipole moment than Q (Table 1).
The above results indicate the importance of the hydrogen bond
network in the solubilization process of these APIs. Fig. 8 shows
the ratio between the solubility measured in this work and the sol-
ubility in an aqueous medium [15]. Q presented the most pro-
nounced increase, which was 100-fold greater than the increase
for TC. Conversely, the use of these mixtures is not a suitable strat-
egy to increase the solubility of NF. From our previous work [15],
we can compare the solubility of these APIs in similar eutectic mix-
tures containing Men or Thy. The only structural difference
between both compounds is the presence of the aromatic ring in
Thy, which implies that it can establish m-stacking interactions
but that it has a lower capacity to form hydrogen bonds by increas-
ing its acidic character. Additionally, [Men]ES mixtures had higher
effective dipole moments than [Thy]ESs. In this work, W, was 10-
fold higher than in [Thy]ESs, so we can say that in this case, the
hydrogen bonding interaction prevailed over the m-interaction.
However, Wyr and Wyc in [Men]ESs were 10- and 2-fold lower,
respectively, so the absence of the aromatic ring had a pronounced
effect. Note that TC is a compound very affected by the pH of the
medium, so for this API, the results should be more complex to

analyse.
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Hydrophobic solvents can be used to remove substances from
aqueous media. The literature reports studies about the removal
of palladium, pesticides, phenolics, alcohols, phytocannabinoids,
and pharmaceuticals [29,31-33,82] from contaminated water
using [Men]ESs. Additionally, Sereshti et al. [83] eliminated TC
from samples of contaminated milk. We evaluated the ability of
[Men:Oct] and [Men:Dec] mixtures to remove Q, NF and TC from
diluted aqueous solutions of these drugs. The working temperature
was 298.15 K. Table S13 and Fig. 9a report the extraction efficiency
(EE) obtained following the procedure described in the experimen-
tal section. The higher uncertainty of the quercetin results is
related to its low initial concentration. For Q and TC, the trends
were in agreement with the trends of the solubility; the EE(Q) of
the mixtures with Oct increased as the L-menthol ratio and
EE(TC) decreased. EE(TC) decreased to increase Xmen in the [Men:
Dec] system, but the trend of EE(Q) and EE(NF) with the composi-
tion did not vary monotonically. The measured values were similar
to the values reported in the aforementioned bibliography and
much lower than the values found by us in the study with [Thy]
ESs, explained by the lower affinity between the studied drugs
and the mixtures with L-menthol as well as the lower density
and higher viscosity of the mixtures with L-menthol. The effect
of viscosity was more pronounced for the bulkier drug. In addition,
it is important to highlight the effect of the presence of new water-
ESs interactions as well as the interface. Abbas et al. [84] have
shown that water causes strong changes in both the polarity and
the number of hydrogen bonds in hydrophobic eutectic solvents.
The authors concluded that the heterogeneity in the medium can
hinder the extraction processes due to the accumulation of solutes
in the interface. The partition coefficient values calculated
(Table S13) for each drug and mixture, Pjengssw. were lower than
expected considering the solubility in water and in [Men]ESs and
they varied with the xmen . These results would be in agreement
with the work of Abbas.

We have proved the chemical stability of all mixtures before
and after the extraction process by NMR spectroscopy. The analysis
of the organic phase showed that the signals were similar, to
except a slight increase and displacement of the mobile hydroxyls
(Fig. S7-59). This fact is related to the dissolution of a small portion
of water in [Men]ESs. In addition, the presence of low quantity of
eutectic in the water was observed in the aqueous phase spectra
(Fig S10).

Using the most efficient solvent for each drug, we performed a
multistage extraction and determined the efficiency extraction at
three aqueous/organic phase ratios. For all solutes, the EE increased

with a three cycles process (Fig. 9a). The values were EE(Q) = 71%,
EE(NF) = 75% and EE(TC) = 81%. On the other hand, the influence of
the ratio was different depending on the solute. The EE(Q)
decreased drastically as the organic phase increased until it was
not detected at 1/3 ratio, the variation was not clear for NF, and
EE(TC) increased (Fig. 9b). These values and the low toxicity of
the solvent compared to the toxicity of drugs could justify its use
for wastewater treatment of small hospital facilities or pharmaceu-
tical industries.

4. Conclusions

This work extends the knowledge of the physicochemical beha-
viour of hydrophobic eutectic mixtures as well as their solvent
capacity. Specifically, the mixtures contained L-menthol and octa-
noic or decanoic acid. To extend the knowledge, we begin by study-
ing the solid-liquid phase diagram of both systems. The L-menthol
polymorphism increased the complexity of this analysis. Multiple
eutectic peaks favoured by the presence of the acid were obtained
in the thermograms. Deconvolutions were necessary to calculate
the eutectic composition. Both systems exhibited a slight negative
deviation from ideality. Second, we measured seven thermophysi-
cal properties over a temperature range up to 338.15 K and at
p =1 bar. From the results, good separation in liquid-liquid extrac-
tions and adequate penetration of these solvents into the matrices
can be expected because the density values were sufficiently lower
than the density value of water, the surface tension was low and
the viscosity was moderate. The refraction index and static permit-
tivity allowed us to evaluate the polarizability of the fluids. In addi-
tion, we validated several correlations and thermodynamic models
since predicting the behaviour of systems is highly desirable in the
industry. Finally, the solubility of quercetin, nitrofurantoin and
tetracycline in [Men]ESs was determined. For Q and TC, the solu-
bility was drastically increased with respect to their solubility in
water. Conversely, NF was slightly less soluble. Several ESs showed
extraction efficiencies very different for the different drugs and
lower than the extraction efficiencies previously published for
eutectics with thymol. The absence of the aromatic ring and higher
viscosity could be the explanation. An extraction process with 3
cycles allowed us to obtain efficiencies close to 80% for each drug.

In our opinion, this work can contribute the development of a
database of thermophysical properties of fluids with the aim
implementing new ecofriendly solvents in the industry. This issue
is an important outlook within the field of green chemistry.
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