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In the present work, novel type III and type V deep eutectic solvents (DESs) were prepared by mixing choline
chloride (ChCl), tetrabutylammonium chloride (TBAC) or thymol as HBA, and different alkyl chain length car-
boxylic acids as HBD (acetic, oxalic, palmitic, stearic, oleic and linoleic acid) at various molar ratios. The hy-
drophobic DESs were characterized by infrared spectroscopy (FT-IR) and proton nuclear magnetic resonance (‘H
NMR), concluding the formation of intermolecular interactions, as hydrogen bonds between the precursors.
Thermogravimetric analysis (TGA) was used to obtain the thermal decomposition profiles of the prepared DESs,
proving interactions between the precursors and decomposition temperatures with values, which are found in the
ranges of the precursor constituents and higher than 170 °C. Other physicochemical properties, such as density,
thermal expansion coefficient, dynamic viscosity, refractive index, surface tension, and thermal and ionic con-
ductivities have been determined. Furthermore, the ability of these DESs as UV filter extractants from aqueous
samples using a dispersive liquid-liquid microextraction (DLLME) previous to liquid chromatographic analysis
was demonstrated. Therefore, these type III and type V DESs could be applied to the extraction of pollutants from
environmental water samples.

1. Introduction

Deep eutectic solvents (DESs) have recently emerged as novel
alternative to conventional solvents [1,2] in multiple areas, such as
extraction procedures [3], pharmaceutical formulation [4] or biomass
processing [5]. DESs are typically formed by mixing a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD), forming a liquid
with a melting point lower than that of the individual components and
strong hydrogen bond interactions [6]. There are several methods which
allow the successful preparation of DESs, as stirring and heating [7],
vacuum evaporation [8], grinding [9], freeze drying [10], twin screw
extrusion [11], microwave irradiation [12] and ultrasound assisted
methods [13]. Among the methods, stirring and heating, and grinding
are the most widely used for preparation of DESs due to their simplicity
of the process [14]. The opportunity of designing the most suitable DESs
with the election of their individual components, make them an
encouraging option for being applied in several fields. Furthermore,
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their individual components are low cost and present low toxicity [15].

DESs can be classified based on their composition (type I-V) or ac-
cording to the nature of the individual constituents (natural deep
eutectic solvents or therapeutic deep eutectic solvents). Type I and type
II DESs are prepared with the combination of a quaternary ammonium
salt and a metal chloride, in anhydrous (type I) or hydrated form (type
II) [16]. Type III DESs, which are the most studied type of DESs, are
usually prepared using quaternary ammonium salt as HBA and organic
molecules (carboxylic acids or alcohols) as HBD [17]. Type IV comprise
of a combination between type I or II and type III DESs. Herein, the
eutectic mixture is formed with a metal chloride/metal chloride hydrate
as HBA and an organic molecule as HBD [6]. In addition, a new class of
DESs has been recently incorporated in the classification (type V)
combining non-ionic organic molecules as HBA and HBD [18,19]. This is
a promising variety since it is consisted of environmentally friendly
components and there is a wide choice of non-ionic substances that may
be employed for the formulation of DESs with different degrees of
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hydrophobicity.

DESs are formed through hydrogen bonding between acceptor and
donor compounds, as well as other intermolecular interactions such as
Van der Waals and electrostatic forces. These interactions among the
precursors lead to charge delocalization, giving rise to distinct physi-
cochemical properties of DESs that differ from their constituent com-
pounds. Notably, DESs exhibit exceptional characteristics, including low
vapour pressure, high thermal stability, low flammability, and a strong
solubilization capacity [17]. For the physicochemical characterization
of DESs, their hydrogen bonding ability via FT-IR and 'H NMR, degra-
dation temperature by thermogravimetric analysis (TGA), density (p),
thermal expansion coefficient (@), dynamic viscosity (u), refractive
index (n), surface tension (y), and thermal (1) and ionic (k) conductivity
are commonly evaluated [20]. Besides the influence of the large variety
of components and the effect of their alkyl chain length or ion type, DESs
properties can be affected by their molar ratio and purity, temperature,
water content and preparation method [21]. The hydrogen bonding is
the key intermolecular force between DESs constituents, which is behind
the melting point depression occurred during DESs formation [22].
Studies revealed that stronger hydrogen bond interactions correspond to
lower melting points [7,23-28].

In recent years, different alkyl chain length carboxylic acids have
been employed as HBD in combination with diverse HBAs, since they
strongly influence the characteristics of formulated DESs. In this sense,
authors demonstrated that some physicochemical properties of DESs as
density, degradation temperature, melting point or hydrogen bond
strength increased or decreased together with the alkyl chain length,
depending on the structure and properties of the HBA and the molar
ratio of the components [9,26,29-32].

In this work, novel type III and type V DESs were prepared and
physicochemical characterization of the hydrophobic DESs was carried
out in order to understand the structure and behaviour of these solvents
and to evaluate the effects of the different precursor materials. Precursor
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components of this study were selected based on their environmental
friendliness, low cost and easy acquisition. Type III DESs were
comprised of choline chloride (ChCl) or tetrabutylammonium chloride
(TBAC) as HBA, otherwise type V DESs were composed of the mono-
terpene thymol as HBA. Different alkyl chain length carboxylic acids
were selected as HBD (i.e., acetic, oxalic, palmitic, stearic, oleic and
linoleic acid) to assess their DES formation capacity. Structure of chosen
HBAs and HBDs is presented in Fig. 1. Furthermore, dispersive liquid-
-liquid microextraction (DLLME) coupled to high performance liquid
chromatography-variable wavelength detector (HPLC-VWD) method-
ology, previously developed and validated, was used to demonstrate the
ability of these DESs as UV filter extractants from aqueous samples.
Future implementation in the analysis of environmental water samples
will be carried out to assess the UV filters contaminant effect.

2. Experimental
2.1. Reagents

All reagents and solvents used in this study are of analytical-quality
grade. The UV filters benzophenone-3 100 % (BZ3), 4-methylbenzyli-
dene camphor 99.7 % (MBC) and octocrylene > 97 % (OC) from
Sigma-Aldrich (Steinheim, Germany) were used as standards.

For the preparation of the different DESs, choline chloride (ChCl) >
98 %, tetrabutylammonium chloride (TBAC) > 97 % and thymol > 99 %
purchased to Sigma-Aldrich (Steinheim, Germany) were employed as
HBA. Acetic acid glacial (aceA), palmitic acid > 95 % (palA), stearic acid
(steA, 95 %, reagent grade), oleic acid (oleA, 90 %, technical grade) and
linoleic acid > 95 % (linA) from Sigma-Aldrich (Steinheim, Germany)
and oxalic acid (oxaA, anhydrous) from Fisher Scientific (Dreieich,
Germany) were used as HBD.

Deuterated chloroform (CDCl3) for H NMR experiments was pur-
chased to Sigma-Aldrich (Darmstadt, Germany) and ultrapure water

HBA HBD
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Fig. 1. Different hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD) employed in this work.
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used in the experiments was obtained from Milli-Q water purification
system (Merck Millipore, Darmstadt, Germany).

The chromatographic mobile phase was prepared using acetic acid
(glacial), HPLC-grade acetonitrile and 2-propanol obtained from VWR
Chemicals (Fontenay-sous-Bois, France).

2.2. Apparatus
For the DES preparation procedure, a precision analytical balance

Table 1
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GRAM FV-220 from Gram (Kolding, Denmark), a WNB 22 water bath
from Memmert (Schwabach, Germany) and a Reax top vortex mixer
from Heidolph Instruments (Schwabach, Germany) were employed.

A multitube vortexer from Fisher Scientific (Dreieich, Germany) and
a Multifuge 3SR centrifuge from Heraeus (Hanau, Germany) were used
to perform the DES-based DLLME process.

An Agilent 1100 Series HPLC system equipped with a G1313A
autosampler, a G1311A quaternary pump and a G1314A variable
wavelength detector (VWD) was employed for the quantitative

Organoleptic stability, preparation temperature and water compatibility of the different DESs combinations prepared in this work.

HBA HBD Molar ratio Preparation temperature (°C) Organoleptic stability Water compatibility
ChCl Acetic acid 1:1 95 Precipitate -
1:5 Precipitate -
5:1 Precipitate -
Oxalic acid 1:1 95 Yellow homogenous liquid Hydrophilic
1:5 Precipitate -
5:1 Precipitate -
1:10 Solid -
Palmitic acid 1:1 95 Precipitate -
1:5 Precipitate -
5:1 Solid -
Stearic acid 1:1 95 Precipitate -
1:5 Solid -
5:1 Solid -
Oleic acid 1:1 95 Precipitate -
1:5 Transparent homogenous liquid Hydrophilic
5:1 Solid -
1:10 Precipitate (hours) -
Linoleic acid 1:1 95 Precipitate -
1:5 Precipitate (day 22) -
5:1 Precipitate -
1:4 Precipitate (minutes) -
TBAC Acetic acid 1:1 90 Solid (day 2) -
1:5 Transparent homogenous liquid Hydrophilic
5:1 Precipitate (minutes) -
1:10 Precipitate (hours) -
Oxalic acid 1:1 90 Precipitate -
1:5 Precipitate -
5:1 Precipitate -
Palmitic acid 1:1 90 Transparent homogenous liquid Precipitation
1:5 Solid -
5:1 Transparent homogenous liquid Precipitation
Stearic acid 11 90 Solid -
1:5 Solid -
5:1 Solid -
Oleic acid 1:1 90 Transparent homogenous liquid Hydrophobic
1:5 Transparent homogenous liquid Hydrophobic
5:1 Precipitate (hours) -
2:1 Transparent homogenous liquid Precipitation
Linoleic acid 1:1 920 Yellow homogenous liquid Hydrophobic
1:5 Yellow homogenous liquid Hydrophobic
5:1 Precipitate (hours) -
2:1 Yellow homogenous liquid Hydrophobic
Thymol Acetic acid 1:1 60 Transparent homogenous liquid Precipitation
1:5 Precipitate -
5:1 Transparent homogenous liquid Precipitation
1:10 Transparent homogenous liquid Hydrophilic
Oxalic acid 1:1 60 Precipitate -
1:5 Precipitate -
5:1 Precipitate -
Palmitic acid 1:1 60 Solid -
1:5 Solid -
5:1 Solid -
Stearic acid 1:1 60 Precipitate -
1:5 Precipitate -
5:1 Precipitate -
Oleic acid 1:1 60 Transparent homogenous liquid Hydrophobic
1:5 Transparent homogenous liquid Hydrophobic
5:1 Precipitate -
2:1 Precipitate (day 10) -
Linoleic acid 1:1 60 Yellow homogenous liquid Hydrophobic
1:5 Yellow homogenous liquid Hydrophobic
5:1 Solid -
2:1 Precipitate (day 10) -
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determination of the UV filters after DES-based DLLME extraction.
Agilent ChemStation B.01.03 software was employed for data acquisi-
tion. The chromatographic separation of UV filters was carried out in a
Zorbax Eclipse XDB-C18 (150 mm x 4.6 mm, 5 um) column purchased
to Agilent Technologies (Waldbronn, Germany).

2.3. Preparation of deep eutectic solvents

Different DESs were prepared employing the “stirring and heating”
method [7]. This technique consists of mixing the components (HBA and
HBD) and stirring them at a certain temperature until a clear and ho-
mogeneous liquid is obtained. DESs synthesis was considered successful
when a clear homogeneous liquid was observed at room temperature.
The prepared DESs combinations and their molar ratios are given in
Table 1.

2.4. Characterization of deep eutectic solvents

Density measurements were carried out at 25 °C using the vibrating
quartz U-tube Anton Paar DMA 5000 M density meter from Anton Paar
(Graz, Austria). The same equipment was considered to determine the
thermal expansion coefficient defined as a = —p~!(dp/ oT), .. Thermal
expansion coefficient was calculated by measuring the density of DES at
five different temperatures, starting from 1.0 °C below the working
temperature (this work 25 °C) up to 1.0 °C above it, with an increment of
0.5 °C. (dp/0T) was determined by a linear regression fit and p corre-
sponds to the density of DESs at the average working temperature. An
Abbemat Multiwavelength MW refractometer from Anton Paar (Graz,
Austria) was used to determine the refractive index of DESs at 25 °C for
seven different wavelengths (i.e., 435.8, 480.0, 514.5, 546.1, 589.3,
632.8 y 656.3 nm). An AMVn digital micro-viscosimeter from Anton
Paar (Graz, Austria) was utilized to determine the dynamic viscosity at
25 °C and different predefined angles (40°, 50°, 60° and 70°). The micro-
viscosimeter was equipped with a capillary of 1.8 mm (diameter), which
was limited for mixtures with a dynamic viscosity range of 2.5-70
mPa-s. For DESs which exceeded this limit (containing TBAC), a Physica
MCR 501 rheometer from Anton Paar (Graz, Austria) with parallel plates
of 20 mm diameter was used to measure the viscosity at 25 °C. Thermal
conductivity measurements of DESs at 25 °C were performed using a
Transient Hot-Wire (THW-L1) conductimeter from Thermtest In-
struments (Hanwell, Canada). A Sigma 701 Force Tensiometer from
Biolin Scientific (Hangpilsgatan, Sweden) was employed to determine
the surface tension of DESs at 25 °C with the Platinum Du Nouy ring.
Ionic conductivity was measured using a GLP 31 conductimeter from
Crison (Barcelona, Spain). Three independent measurements were per-
formed for the determination of the properties of DESs in order to verify
the obtained results.

FT-IR and 'H NMR spectra were obtained to confirm the formation of
the DESs. For this purpose, a Jasco FTIR 4100 Fourier transform infrared
spectrometer (FT-IR) from Jasco Europe S.r.l. (Cremella, Italy) in the
range of 800-4000 cm™! and a Bruker Avance 500 NMR from Bruker
(Vienna, Austria) were used. For the IH NMR experiments, the DESs and
their individual components were dissolved in CDCls. The uncertainty of
the 'H NMR equipment was evaluated by measuring 10 replicates of
thymol, giving a value of 0.002 ppm for the hydrogen of the hydroxyl
group, which suffers the most variability. Thermal decomposition of
DESs and their precursor components was performed by thermogravi-
metric analysis (TGA), using a Setsys evolution thermal analyser from
Setaram (Caluire-et-Cuire, France). Around 20 mg of the sample were
weighed, introduced in a glass capsule and heated from 30 to 500 °C, at a
rate of 10 °C min~!, under a N flow of 20 mL minf1
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2.5. Application of deep eutectic solvents to the extraction of UV filters
from aqueous samples

The extraction of UV filters from water samples was carried out using
a DLLME procedure. Briefly, 4 mL of the sample were transferred toa 15
mL Falcon™ tube and spiked with 200 ng mL ™! of target compounds.
Then, 200 uL of DES were added into the tube and the mixture was
stirred at 2250 rpm for 5 min, achieving the complete dispersion of the
DES through the aqueous phase. Finally, it was centrifuged at 4000 rpm
for 5 min at room temperature and the upper phase (DES with the
analytes) was collected, transferred to a chromatographic vial and
injected into the HPLC-VWD system.

The chromatographic separation was performed with a mobile phase
consisted of solvent A (type I grade water, 1 % v/v acetic acid), solvent B
(acetonitrile) and solvent C (isopropanol) by isocratic elution at a mix-
ing ratio of 10.8:85:4.2 (v/v). The flow rate was set at 1 mL min~! and
the column temperature was kept constant at 25 °C. The detection
wavelength was 300 nm and the run time was 10 min. The injection
volume was 1 or 10 pL, depending on the DES, in order to avoid the
matrix effect.

The developed DES-based DLLME-HPLC-VWD method fulfilled the
criteria of the ICH harmonized guideline “validation of analytical pro-
cedures” Q2(R2) [33] and was applied to the analysis of UV filters from
water samples using each characterized DES.

3. Results and discussion
3.1. Preparation and selection of hydrophobic deep eutectic solvents

Type III and type V DESs were prepared combining TBAC, ChCl or
thymol as HBA and different carboxylic acids (acetic acid, oxalic acid,
palmitic acid, stearic acid, oleic acid and linoleic acid) as HBD. Firstly,
diverse DESs combinations at molar ratios of 1:1, 1:5 and 5:1 were
prepared and their organoleptic stability was determined based on the
visualization of phase-break or color change over time. Results are
presented in Table 1. DESs that presented any change in their physical
state, such as, precipitation or solidification, during the next days from
their preparation were discarded for further experiments. This change in
their physical state is an indication of the breakdown of the DES, proving
its low stability. Based on these results, other molar ratios were inves-
tigated, depending on the DES combination, to establish the formation
capacity of each DES mixture, and the same criteria was applied to
determine their stability. Hence, DESs formation was considered suc-
cessfully when a clear and homogeneous liquid was obtained at room
temperature, presenting an organoleptic stability for one month. DES
formation was considered prosperous for ChCl:oxaA (1:1), ChCl:oleA
(1:5), TBAC:aceA (1:5), TBAC:palA (1:1, 5:1), TBAC:oleA (1:1, 1:5, 2:1),
TBAC:linA (1:1, 1:5, 2:1), thymol:aceA (1:1, 5:1, 1:10), thymol:oleA
(1:1, 1:5) and thymol:linA (1:1, 1:5) combinations. These prepared DESs
were homogeneous liquids, without precipitates at ambient
temperature.

The effect of temperature in DES preparation process was evaluated
since it strongly influences the properties of DESs. At first, the prepa-
ration temperature was selected based on the melting points of the in-
dividual components. Essays showed mixtures with precipitates,
indicating that the successful DES formation did not occur using the
same preparation temperatures as the melting points of the substances.
Therefore, higher temperatures than melting points were required for
achieving the successful DES formation. The necessary temperatures to
achieve the successful preparation of these DESs are shown in Table 1.

In summary, the optimization of the minimum temperature required
is essential in DES preparation processes for achieving stable DESs
combinations.

Finally, the hydrophobicity of these DESs was evaluated studying
their behaviour in contact with water in order to determine their po-
tential application to environmental water extraction (Table 1). As the
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DESs combinations of ChCl:oxaA 1:1, ChCl:oleA 1:5, TBAC:aceA 1:5 and
thymol:aceA 1:10 proved to be hydrophilic, they were discarded for
further experiments since they were not suitable for the application of
the extraction process in water samples. Moreover, the DESs that
showed precipitation after their addition to the water, indicating a phase
rupture and, thus their poor stability (TBAC:palA 1:1 and 5:1 and
thymol:aceA 1:1 and 5:1) were also discarded. Therefore, the selected
hydrophobic DESs combinations were TBAC:oleA 1:1 and 1:5, TBAC:
linA 1:1, 1:5 and 2:1 (type III), thymol:oleA 1:1 and 1:5, and thymol:linA
1:1 and 1:5 (type V).

To our knowledge, the preparation and characterization of the DESs
thymol:oleA 1:5, thymol:linA 1:1 and 1:5, TBAC:oleA 1:5 and TBAC:linA
1:1, 1:5 and 2:1 have not been described in bibliography, and the DESs
thymol:oleA 1:1 and TBAC:oleA 1:1 will be applied for the first time to
the extraction of UV filters [31,32]. All these DESs are not included in
the database of the DESs prepared and described in bibliography [34].

TBAC:linA 2:1

3.74
3.38

TBAC:linA 1:5

3.90
3.37

TBAC:linA 1:1

5.17
3.34

3.2. Physicochemical characterization

Physicochemical characterization of DESs considered as viable (hy-
drophobic and stable over time) was carried out using different tech-
niques to determine the properties of DESs and to prove the
intermolecular interactions, as hydrogen bonds between components, in
order to confirm the successful formation of the DESs.

TBAC:oleA 1:5

6.91
3.34

TBAC:oleA 1:1

4.56
3.35

3.2.1. 'THNMR

'H NMR was employed to explore the interactions between compo-
nents of DESs. The 'H NMR spectra of type III and V DESs are given in
Supplementary Material, and Table 2 summarizes the most significant
chemical shifts obtained for both types of DESs. The strength of the in-
teractions created between HBAs and HBDs was assessed by comparing
the chemical shifts of the individual components with those of the DESs,
providing insights into the robustness of these interactions. Figs. S1-S13
show that DESs formation consisted of intermolecular interactions as
new signals were not observed in the spectra of all the studied DESs,
comparing with the individual components, thus concluding that there
was no chemical interaction between the components. As it was reported
by Florindo et al. [9], the most significant changes in chemical shifts and
consequently, higher changes in chemical shift of protons (A8y) should
be observed in the hydrogens next to the hydrogen bond formation.

In the case of type V DESs, significant signals of the individual
components that should show chemical shifts after the formation of
DESs were located at 4.62 ppm for the hydroxyl group of thymol, and
10.90 and 10.82 ppm for the carboxyl groups of oleic and linoleic acid,
respectively (Figs. S1-S3). For these DESs (Figs. S4-S7), a slight shift was
obtained in the hydroxyl group of thymol, which shifted from 4.62 ppm
to 4.65 and 4.63 ppm in DESs formed with oleic acid in 1:1 and 1:5
molar ratios, respectively (Ady = 0.03 and 0.01). In the combination
with linoleic acid the shifts were more evident, moving from 4.62 ppm to
4.67 and 3.67 ppm for 1:1 and 1:5 molar ratios (Ady = 0.05 and 1.00).
Differences in chemical shifts were more noticeable in the DESs formed
with linoleic acid, demonstrating a stronger interaction. This is evi-
denced by changes in the signals of carboxyl groups of oleic and linoleic
acid, moving at high field from 10.90 ppm to 10.85 and 10.75 ppm with
oleic acid 1:1 and 1:5 (A8yx = 0.05 and 0.15), and from 10.82 to 10.58
and 10.48 ppm with linoleic acid 1:1 and 1:5 (A8y = 0.24 and 0.34). The
increase of the concentration of the carboxylic acid increases the
strength of the intermolecular interaction since changes in chemical
shifts are more evident. Slight changes in chemical shifts of hydrogens
and the non-formation of new signals demonstrate the successful DESs
formation via intermolecular interactions, as a physical process. This
phenomenon was previously evidenced by other authors [35-37].

Furthermore, the rise in A8y of thymol in the presence of carboxylic
acids suggests that protons of carboxylic acids own less shielded envi-
ronment and greater acidity with decreasing the molar ratio of thymol.
The value of A8y is highly dependent on the protons position in each

Thymol:linA 1:5

3.67
10.48

Thymol:linA 1:1

4.67
10.58

Thymol:oleA 1:5

4.63
10.85

9 DESs (ppm)
Thymol:oleA 1:1

4.65
10.75

Linoleic acid
10.82

Oleic acid
10.90

§ individual compounds (ppm)

HBA
4.62

3.40

Peak

5 (Thymol)
7 (OleA)

8 (LinA)

4 (TBAC)

1H NMR chemical shifts for type III and V DESs and their individual components.

Table 2



A. Duque et al.

molecule, presenting the hydroxyl proton the higher Ady values as that
is where the interaction takes place. Herein, the nuclei are less shielded
from the applied magnetic field since the increased in hydrogen bonding
removes the electron density from the local vicinity of the nucleus.
Therefore, the formation of intermolecular hydrogen bonding in the
DESs is pushed by the greater acidity of the hydroxyl proton, making
carboxylic acids excellent HBDs [38].

In the case of type IIl DESs, the changes in chemical shifts were
highlighted in methyl groups next to nitrogen of TBAC (located at 3.40
ppm in Fig. S8) and in the carboxyl groups of the carboxylic acids (i.e.,
oleic and linoleic acid). Figs. S9-513, corresponding to type III DESs,
showed that the chemical shift of these methyl groups in TBAC moved at
high field from 3.40 ppm to 3.35 and 3.34 ppm using oleic acid as HBD
for 1:1 and 1:5 molar ratios (ASyz = 0.05 and 0.06) and to 3.34, 3.37 and
3.38 ppm using linoleic acid as HBD for 1:1, 1:5 and 2:1 molar ratios
(Ady = 0.06, 0.03 and 0.02). Moreover, signals of carboxyl groups of
oleic and linoleic acid moved significantly at high field from 10.90 ppm
to 4.56 and 6.91 ppm with oleic acid 1:1 and 1:5 (A8yg = 6.34 and 3.99)
and from 10.82 ppm to 5.17, 3.90 and 3.74 ppm with linoleic acid 1:1,
1:5 and 2:1 (Ady = 5.65, 6.92 and 7.08). These significant changes in
chemical shifts, especially observed in carboxylic acids, confirmed the
formation of strong hydrogen bond interactions between HBAs and
HBDs, proving the successful formation of highly stable DESs [31].
Concretely, in DESs composed of TBAC and oleic acid, as the concen-
tration of oleic acid increased, the change in the chemical shift was
smaller, hence the intermolecular hydrogen bond was weaker. By
contrast, employing linoleic acid as HBD, the increase in linoleic acid
concentration increased the strength of the hydrogen bond formed.

In this case, the rise in A8y of TBAC in the presence of oleic acid
suggests that protons of the carboxylic acid own less shielded environ-
ment and greater acidity with increasing the molar ratio of thymol.
However, this effect is reversed in the DESs formed with linoleic acid as
HBD. For type III DESs, the formation of intermolecular hydrogen
bonding in the DESs is driven by the greater basicity of the near-nitrogen
protons of the TBAC and the greater acidity of the hydroxyl proton of
carboxylic acids, making TBAC and carboxylic acids excellent HBA and
HBDs [38].
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3.2.2. FT-IR

Figs. 2 and 3 present the FT-IR spectra of type V and III DESs studied
and their individual components. Moreover, the FT-IR characteristic
bands of the functional groups of type III and V DESs and their precursor
components are summarized in Table 3.

Thymol showed stretching vibration bands at 3158 cm ! (O-H),
2865 and 1949 cm ! (symmetric and asymmetric ~-CHj), 1584-1620
cm ! (aromatic C=C) and 1239 cm ™! (C-0). The stretching vibrations
bands present for oleic acid are 2459-3292 em~! (O-H), 2852 and 2921
em ™! (symmetric and asymmetric -CHs), 1708 cm™! (C=0), 1408-1456
and 922 cm ™! (in plane and out of plane O-H) and 1283 cm ™! (C-0),
and for linoleic acid 2462-3328 cm™! (O-H), 2854 and 2923 em ™!
(symmetric and asymmetric -CHy), 1707 cm! (C=0), 1457-1416 and
917 cm~! (in plane and out of plane O-H) and 1281 em™! (C-O). The FT-
IR spectra of the prepared DESs presented the same profiles, maintaining
the characteristic bands of the precursors. As can be seen in Table 3, type
V DESs exhibited a broadening of the O-H stretching vibration bands
and slight shifts in some bands. The O-H broadenings were presented at
2436-3665, 2412-3587, 2379-3587 and 2427-3414 cm ™! for thymol:
oleA 1:1, thymol:oleA 1:5, thymol:linA 1:1 and thymol:linA 1:5,
respectively, evidencing the formation of hydrogen bonds between the
components. This effect is produced by a reduction of the force constant
caused by proton transfer through the hydrogen bonding of the com-
ponents, leading to peak broadening [39]. Slight shifts were also
observed in C-O bands to lower wavenumbers from 1282 cm ™! for oleic
acid and from 1281 cm™! for linoleic acid to 1223 and 1222 cm ™2,
respectively, in all type V DESs. These shifts suggest an increase of the
electron density of the carbonyl oxygen, which may be attributed to the
formation of hydrogen bonds between components [40]. Hence, the
O-H band broadenings and the wavenumber shifts in C-O bands indi-
cated the formation of hydrogen bonds between thymol and fatty acids
in the vicinity of the -COOH group, consequently, confirming the suc-
cessful formation of DESs, as it was previously reported for thymol:oleA
1:1 DES [32].

The successful formation of TBAC:oleA and TBAC:1inA DESs was also
proved by FT-IR analysis studying their hydrogen bond formation. The
TBAC presented stretching vibration bands at 2871 and 2956 cm™!
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Fig. 2. FT-IR spectra of type V DESs and their individual components.
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Fig. 3. FT-IR spectra of type III DESs and their individual components.

(symmetric and asymmetric -CHy) and 1025 c¢cm~! (C-N). The peaks
observed at 1466 and 1488 cm ™! correspond to the bending vibration of
—CHj3 and the peaks at 3400 cm ™! could be a consequence of moisture
during transport for analysis since TBAC is a hygroscopic substance
[41]. In type III DESs, noticeable broadenings in the O-H stretching
vibration bands (ranging from 2400 to 3600 cm 1) were also observed,
caused by the proton transfer through the hydrogen bonding of the
components [39]. Likewise, the peak observed in oleic acid at
1408-1456 cm ! (in plane O-H) disappeared in the DESs, and the peak
at 1283 cm™! (C-O) shifted to lower wavenumber in TBAC:oleA 1:1 and
1:5 DESs. In addition, the peak out of plane O-H shifted to lower
wavenumber, from 922 cm ™! to 881 and 879 cm ™ in these DESs. These
shifts suggest an increase of the electron density of the carbonyl oxygen,
attributed to the formation of hydrogen bonds between components
[40]. In linoleic acid-based type III DESs the same changes in bands were
observed. The band at 1416-1457 cm ™! (in plane O-H) also disappeared,
and the peaks at 1281 cm ™! (O-H) and 917 em™! (out of plane O-H)
shifted to lower wavenumbers in TBAC:linA 1:1, 1:5 and 2:1 DESs.
Therefore, as it happens in type V DESs, wavenumber shifts and O-H
band broadenings evidenced the hydrogen bond formation between the
precursor components, demonstrating the successful DESs preparation
[42]. The hydrogen bond formation of the DES TBAC:oleA 1:1 was
confirmed by Chen et al. [31].

The FT-IR spectra yielded conclusive evidence, demonstrating the
occurrence of intermolecular interactions between the starting reagents
employed in the preparation of the eutectic solvents. Variations in
properties of DESs is attributed to the number of hydrogen bonds formed
between HBAs and HBDs. More availability of hydroxyl groups (-OH) in
components leads to an increase in the number of hydrogen bonds
formed among them [43].

3.2.3. Density and thermal expansion coefficient
Densities of hydrophobic DESs were determined at room tempera-
ture. Variations in densities can be explained upon the basis of the Hole

Theory [44], which describes that the difference of densities between
different HBA and HBD combinations are attributed to a different mo-
lecular organization of DESs. According to this theory, DESs are
composed of holes and during the combination of different HBAs and
HBDs, the hole average sizes change, and thus the density value of the
DES. Therefore, the difference in densities between different HBA and
HBD combinations is attributed to a different molecular organization or
packing of the DES. The principal factor that leads to DESs formation is
the hydrogen bonding between the components, thus density values
change depending on the strength of this bonding which is influenced by
the DES components (different alkyl chain length or ion type) and their
molar ratios [17]. Moreover, a higher number of hydrogen bonds reduce
the free spaces available and, consequently, increase the density of DESs
[16,44]. As it is observed in Table 4, DESs presented a decrease in
density values with increasing the molar ratio of HBD due to increase in
free volume [45], and all the studied DESs owned densities lower than
water. This property is crucial since the liquid-liquid extraction methods
usually require the collection of the DES phase (containing the analytes)
after centrifugation, and this way the DES remains in the upper phase
facilitating its collection. Density values of DESs were lower than those
of their precursor HBAs (pthymol = 0.965 g-cm’3 and prpac = 1.018
g-cm’s) and similar to those of their precursor HBDs (polea = 0.895
g-cm ™2 and pjipa = 0.900 g-cm ). This variation might be attributed to
changes in the average hole sizes during the formation of DESs, pre-
vailing the density of the HBDs. Garcia et al. reported that most of the
reported type III DESs densities are higher than water, ranging from 1 to
1.35 g~cm’3 [46]. In addition, DESs based on metals salts presented
densities between 1.3 and 1.6 g-cm™>, whereas, hydrophobic DESs
(those studied in this work) obtained densities lower than water
[26,47,48].

Thermal expansion coefficient is a unique property for each fluid and
measures the tendency of a fluid to expand when heated and to contract
when cooled. Thermal expansion coefficient describes the change in
volume of a liquid with temperature, indicating the free volume of
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Table 3

FT-IR characteristic bands of type III and type V DESs and their precursor components.
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solvents. In other words, higher thermal expansion coefficient values
correspond to higher free volumes that create additional spaces between
unbound molecules, thus decreasing the density. The estimated thermal
expansion coefficient values are presented in Table 4 and ranged from
6.56:10"* to 7.85-107* K. In general, the thermal expansion coeffi-
cient values were high compared to previous studies, which explains the
obtained lower density values compared to other DESs [49]. The addi-
tion of HBD increases the thermal expansion coefficient in type III DESs.
This is probably due to a decrease of hydrogen bond interactions be-
tween the components, which results in a decrease in density, a higher
free volume and, consequently, an increase in the thermal expansion
coefficient. The opposite effect was observed in type V DESs. However,
as the variation in thermal expansion coefficients was minimal in this
type of DESs, it can be concluded that temperature and molar ratio did
not significantly affect their thermal expansion coefficient.

3.2.4. Refractive index

Refractive index is an important optical property of materials
calculated from the ratio of the speed of light in vacuum to that in a
second medium. Nonetheless, its determination remains limited in the
field of DESs.

Fig. 4 presents a decrease in refractive index when increasing the
wavelength since different wavelengths interfere to different extents
with the atoms of the medium. The refractive index of DESs at 589.3 nm
shown in Table 4 ranged from 1.461 to 1.478 and did not show signif-
icant differences with those of the individual components (njep = 1.458
and njipna = 1.466). According to literature, DESs commonly exhibit
refractive index values between 1.43 and 1.56, showing higher values
than water (1.33), since molecules with larger sizes have higher
refractive index [20,34]. These higher refractive index values of DESs
might have influenced in a better phase separation after the centrifu-
gation of the DLLME process.

In both type of DESs the refractive index values decreased by
increasing the molar ratio of the HBD. The addition of more HBD, which
acts as a solvent, was added into the solution containing the HBA (so-
lute) resulting in a less concentrated solution. This means that less light
strikes the molecules, thus reducing the refractive index [34].

3.2.5. Surface tension

Surface tension is a crucial property for DES characterization since it
is highly dependent on the strength of the intermolecular interactions
between the HBA and HBD, temperature, molar ratio, nature of HBAs/
HBDs and the alkyl chain length [20]. Hence, liquids of high density and
viscosity present high surface tensions.

As can be observed in Table 4, the DESs studied in this work pre-
sented surface tensions concordant to bibliography in a range of
31.6-33.4 mN-m ™!, which generally show values between 30 and 60
mN-m~! at 25 °C [34]. This property could help the phase separation
employing the DLLME procedure in water samples due to the difference
in surface tension of the DESs with water (ywater = 72.8 mN-m D).

Surface tensions were practically not influenced by the formation of
DESs as the surface tensions of oleic acid and linoleic acid were 31.9 and
30.4 mN-m !, being similar to those of DESs. The surface tension
decreased or increased slightly together with the molar ratio of the HBD,
depending on the nature of the HBA. In type V DESs, the change in
surface tension was not significant (31.6, 31.7, 31.9 and 32.1 mN-m~!
for thymol:oleA 1:1 and 1:5 and thymol:linA 1:1 and 1:5). Type III DESs
showed a more evident decrease in surface tension with increasing the
molar ratio of the HBD (32.9, 31.6, 33.4, 32.8 and 32.0 mN-m~! for
TBAC:oleA 1:1 and 1:5 and TBAC:linA 2:1, 1:1 and 1:5). No significant
differences were observed in surface tension values using oleic or lino-
leic acid as HBD.

The effect of the components and molar ratio on surface tension may
be explained by the Hole theory, which describes the relationship be-
tween surface tension and the average hole size. Based on this theory,
higher proportion of larger holes results in lower surface tension of a
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Table 4
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Prepared type III and V DESs and their physicochemical properties (density (p), thermal expansion coefficient (), refractive index (n), surface tension (y), dynamic

viscosity (u), ionic conductivity (k) and thermal conductivity (1)) at 25 °C.

DES P (g-cm’3) a-10* (K*I) n at 589.3 nm Y (mN~m*1) u (mPa-s) K (S-mfl) A (W-m'lel)
Thymol:oleA 1:1 0.913 7.85 1.478 31.6 23.4 0.04 0.152
Thymol:oleA 1:5 0.895 7.74 1.464 31.7 27.1 0.36 0.160
Thymol:linA 1:1 0.914 7.81 1.478 31.9 20.5 0.28 0.154
Thymol:linA 1:5 0.901 7.75 1.468 32.1 21.9 1.34 0.160
TBAC:oleA 1:1 0.911 6.66 1.471 32.9 460.6 63.6 0.153
TBAC:oleA 1:5 0.893 7.32 1.461 31.6 85.6 13.9 0.158
TBAC:linA 2:1 0.918 6.56 1.475 33.4 535.5 82.3 0.152
TBAC:linA 1:1 0.911 6.83 1.471 32.8 221.0 77.4 0.153
TBAC:linA 1:5 0.900 7.36 1.466 32.0 57.0 13.1 0.159
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Fig. 4. Refractive index at different wavelengths for a) type V and b) type III DESs at 25 °C.

liquid since the free volume increases by decreasing the ionic in-
teractions [45].

3.2.6. Viscosity

Viscosity is an important physical property of DESs since the appli-
cability of a solvent as a reaction media usually is decided considering
the viscosity of the solvent. The presence of an extensive hydrogen bond
network between the components of DESs is the main cause of their high
viscosities since it reduces the movement of free species in the DESs

[44]. Other factors related with the high viscosities of DESs are Van der
Waals or electrostatic interactions, the size of ions and the available free
volume [21]. The viscosities of DESs are affected by the chemical nature
of HBAs and HBDs, temperature, molar mass, and the molar ratio [25].

Most of the studied DESs have been recognized as viscous liquids at
room temperature presenting higher viscosities than water which is 1
mPa-s [16]. As it is shown in Table 4, the prepared type III and V DESs
also presented higher viscosities than water. This difference in viscos-
ities between the DESs and water leads to a better phase separation
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during the application of the DLLME procedure in water samples.
Overall, the viscosities of DES were very similar to those of their
HBDs (yolea = 31.9 mPa-s and pyjna = 26.7 mPa-s), with the viscosity of
the HBD prevailing in the DESs. Hence, the viscosity values of the
studied DESs were mainly affected by the chemical structure of HBA.
The DESs composed of TBAC obtained higher viscosities than those
composed of thymol. This may be attributed to the different intermo-
lecular hydrogen bond network depending on the components. Some
studies suggested that the molecular structure of the components (i.e.,
molecular weight and size) could considerably affect the mobility of the
whole system, increasing the viscosities [50]. In this case, TBAC presents
higher molecular weight than thymol (MWrgac = 277.9 g-mol~! and
MWihymo! = 150.2 g-mol~1) which significantly influenced the viscosity
of DESs, obtaining a viscosity value of 535.5 mPa-s with the DES with
the highest TBAC content (TBAC:linA 2:1). Likewise, the molar ratio
affected the viscosities of type III and V DESs differently. In the case of
type V DESs, viscosity values increased by decreasing the molar ratio of
thymol. This behaviour may be attributed to the ability of thymol to
disrupt the intermolecular hydrogen bonding of the HBD’s structure,
which led to a higher degree of freedom and, thus decreasing the vis-
cosity of the DESs. However, for type III DESs, the increase in the molar
ratio of HBD decreased the viscosity of the DES. This is because TBAC
may act as a bridge connecting the other groups and, therefore, a lower
molar ratio of HBA in DES causes a decrease in viscosity due to the poor
network formed between the different groups of the HBA and HBD [34].

3.2.7. Ionic conductivity

Ionic conductivity is a significant characteristic for DESs since
numerous investigations involve power system applications as their
potential use in advanced electrolytes for redox-flow batteries [51].
Ionic conductivity is proportional to the rate of migration of ions inside
the DESs and is directly proportional to the viscosity which is related to
the Hole theory [44].

According to literature, due to relatively high viscosities of DESs they
usually exhibit low conductivities (<1000 pS~cm’1), as shown in Table 4
[34]. The DESs components and their molar ratios influenced the con-
ductivity values of DESs. Ionic conductivities of type III DESs were
higher than those of type V DESs as higher weight ratio of the TBAC in
structure of DESs leads to higher conductivity values [34].

In type III DESs, by increasing the molar ratio of HBD, the amount of
ions from HBA decreased, thus decreasing the ionic conductivity value
of the mixture. Meanwhile, the ionic conductivities of type V DESs,
whose viscosities increased by increasing the molar ratio of HBD,
increased by addition of the HBD. This proves that ion mobility and, thus
ionic conductivity are dependent not only on the availability of suitable
voids, but also on the type and strength of HBA-HBD interactions [52].

3.2.8. Thermal conductivity

Thermal conductivity is essential for the application of DESs in heat
transfer operations [53]. Nevertheless, although conventional proper-
ties of DESs have widely been investigated, the reported data about
thermal conductivity are very scarce and mostly limited to ChCl-based
DESs [54]. As can be seen in Table 4, thermal conductivity values did
not show significant differences between type IIl and V DESs and ranged
from 0.152 to 0.160 W-m ™' K™%,

Results are in accordance with literature as previous studies
demonstrated that large changes in thermal conductivity are only ob-
tained when structurally very different HBAs and HBDs are involved (e.
8., AchCliurea 1:2 = 0.245 W-m~! K™1). Furthermore, these results pre-
sented negligible effect of molar ratios on thermal conductivity, since
when the HBD content increased, the DESs presented practically the
same thermal conductivity.

3.2.9. TGA
The evaluation of thermal stability of DESs is essential since it allows
the determination of decomposition or phase changes of the solvent. In
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addition, it is possible to define the maximum temperature (Topset) at
which DESs maintain the liquid state without suffering alterations. The
thermograms obtained are shown in Fig. 5 and in Table 5 onset tem-
peratures are given.

As can be observed in Table 5, the values of the onset temperatures
for the DESs are between those of their pure constituents, denoting a
similar maximum working temperature. The only exception is the TBAC:
linA 1:5 DES, being the value of its onset temperature higher than those
of its pure components. In addition, thermograms showed that all the
DESs and their precursor components were completely degraded in the
temperature range of 170-400 °C.

Fig. 5a and 5b show the thermograms obtained for type V DESs and
their precursors. The mass loss for thymol occurred at 170 °C, otherwise
for oleic acid at 270 °C and for linoleic acid at 266 °C, according to the
degradation temperature of the components. The thermal decomposi-
tion of oleic acid-based type V DESs (Fig. 5a) occurred in various steps,
attributed to the decomposition of thymol and oleic acid. The thermal
decomposition of thymol:oleA 1:1 and 1:5 occurred with a first mass loss
of 28 % and 12 % at 175 °C and 176 °C, due to the removal of thymol. A
second mass loss of 72 % and 88 % was determined at 248 °C and 260 °C
attributed to the oleic acid. For linoleic acid-based type V DESs the same
effect was observed (Fig. 5b). A first mass loss of 37 % and 15 % at
170 °C and 171 °C corresponding to thymol was observed for thymol:
linA 1:1 and 1:5 DESs. The second mass loss 63 % and 85 % occurred at
258 °C and 262 °C, attributed to the linoleic acid.

In the case of type III DESs, the thermogram of TBAC (Fig. 5c and 5d)
presented a 12 % of mass loss at around 100 °C due to the removal of
water since this product contained < 7 % of water and TBAC is a hy-
groscopic substance. Complete thermal decomposition of TBAC
occurred at 190 °C. The water content was 3 % for the DESs TBAC:oleA
1:1, 1:5 and TBAC:linA 1:5, and 7 % for TBAC:linA 1:1 and 2:1. As it was
demonstrated with type V DESs, the thermal decomposition of these
DESs also occurred in various steps, being characteristic of TBAC and
each fatty acid. For TBAC:oleA 1:1 and 1:5 DESs, a first mass loss of 42 %
and 30 % was determined at 213 °C and 222 °C due to the removal of
TBAC. A second mass loss of 58 % and 70 % was defined at 262 °C and
265 °C, attributed to the oleic acid. For linoleic acid-based DESs, the first
mass loss of 58 %, 24 % and 77 % were observed at 226 °C, 225 °C and
195 °C in 1:1, 1:5 and 2:1 molar ratios. The second mass loss corre-
sponding to linoleic acid were of 42 %, 76 % and 23 % at 264 °C, 278 °C
and 262 °C.

As can be seen, the difference in degradation percentages clearly
varies with the molar ratio of the DESs. That is, as the molar ratio of the
HBD increases, the degradation temperature its closer to that of its HBD,
which is higher than that of the HBAs. Therefore, it is necessary to in-
crease the proportion of the compound that has higher degradation
temperatures in order to obtain higher thermally stable DESs.

These results evidenced that the degradation behaviour of DESs is
highly dependent on the nature of the DES constituents and molar ratios
[55]. The thermograms of the DESs are influenced by multiple factors
that are involved in their formation and, thus their thermal properties.
Hence, the nature of the HBA or HBD, intermolecular interactions, water
composition, the number of carbon atoms and hydrogen bonding
strength can highly affect the thermal stability of the DESs [40].

3.3. Application of deep eutectic solvents to the extraction of UV filters
from aqueous samples

Hydrophobic DESs were evaluated for the extraction of three UV
filters with different polarities (namely, BZ3, MBC, and OC) from
aqueous samples using a validated DES-based DLLME-HPLC-VWD
methodology.

The obtained %ERs for each UV filter after the DES-based DLLME-
HPLC-VWD method are summarized in Table 6. The DESs composed of
thymol and oleic acid provided the highest %ERs for all the UV filters
evaluated, ranging from 99 % to 103 %. These high %ERs may be
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Fig. 5. TGA analysis of a) oleic acid-based type V DESs, b) linoleic acid-based type V DESs, c) oleic acid-based type III DESs and d) linoleic acid-based type III DESs.

Table 5
Onset decomposition temperatures and mass loss percentages of type III and
type V DESs and their precursor constituents.

DESs Tonset (°C) Mass loss
HBA HBD DES DES

Thymol:oleA 1:1 170 270 175, 248 28 %, 72 %
Thymol:oleA 1:5 170 270 176, 260 12 %, 88 %
Thymol:linA 1:1 170 266 170, 258 37 %, 63 %
Thymol:linA 1:5 170 266 171, 262 15 %, 85 %
TBAC:oleA 1:1 190 270 213, 262 42 %, 58 %
TBAC:o0leA 1:5 190 270 222, 265 30 %, 70 %
TBAC:linA 1:1 190 266 226, 264 58 %, 42 %
TBAC:linA 1:5 190 266 225, 278 24 %, 76 %
TBAC:linA 2:1 190 266 195, 262 77 %, 23 %

Table 6

Extraction recoveries (%ERs) obtained with different DESs combinations in Mili-
Q water spiked at a concentration of 200 ng mL ! for all the UV filters (%RSD of
three replicates).

DES BZ3 MBC oC
Thymol:oleA 1:1 99 (3) 102 (1) 102 (1)
Thymol:oleA 1:5 103 (1) 101 (1) 102 (1)
Thymol:linA 1:1 n.d. 91 (1) n.d.
Thymol:linA 1:5 n.d. 86 (2) n.d.
TBAC:oleA 1:1 61 (4) 103 (1) 106 (2)
TBAC:o0leA 1:5 103 (1) 97 (1) 76 (3)
TBAC:linA 1:1 n.d. 88 (1) n.d.
TBAC:linA 1:5 n.d. 52 (2) n.d.
TBAC:linA 2:1 n.d. 92 (1) n.d.

n.d.: non-detected.

attributed to the formed London dispersion forces between the non-
polar compounds (UV filters) and the hydrophobic solvent (thymol
and oleic acid) [56]. Moreover, thymol could be able to establish n-n
interactions with UV filters due to its aromaticity. Likewise, the UV filter
with a log kqy value of 5.14 (i.e., MBC) presented high %ERs (>88 %) in
all cases except for the TBAC:linA 1:5 DES with only 52 %. This
behaviour can be due to the effect of increasing the molar ratio of
linoleic acid to TBAC, which leads to a decrease in the extraction
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capacity of the DES. Specifically, the extraction capacity decreased
significantly from 88 % to 52 % as the TBAC:linA molar ratio increased
from 1:1 to 1:5. This may be a consequence of the capacity of linoleic
acid to form different conformations, such as lipid bilayers, as the molar
concentration of linoleic acid increases. Hence, the excess of linoleic
acid in 1:5 molar ratios could lead to a lower solubilization of UV filters
in the DES, decreasing their %ER. All the resultant %RSD values were
lower than 5 %, demonstrating the good repeatability of the proposed
DES-based DLLME-HPLC-VWD method.

4. Conclusions

Hydrophobic type III and type V DESs based on carboxylic acids
combined with TBAC or thymol as HBA have been successfully prepared
and characterized. The DESs TBAC:oleA 1:5, TBAC: linA 1:1, 1:5 and 2:1,
thymol:oleA 1:5, and thymol:linA 1:1 and 1:5 have been investigated for
the first time as eutectic mixtures. The DESs formation via hydrogen
bonding between components was clearly demonstrated in all cases
since O-H band broadenings and band shifts were evidenced via FT-IR in
all the DESs, and chemical shifts were also proved via 'H NMR, being
more evident in type III DESs.

Densities of DESs proved to be lower than water, facilitating the
collection of the upper phase in liquid-liquid extractions, which con-
tains the extractant (i.e., DESs) together with the analytes. Furthermore,
the resultant refractive index, surface tension and dynamic viscosity
values of DESs were different than those of water. This difference
contributed to improved phase separation in the liquid-liquid
extraction.

The onset decomposition temperature values were determined for
each DES and the precursor components, defining the thermal behaviour
of the DESs, generally being in the ranges of the individual constituents.

Moreover, these type III and type V DESs demonstrated ability as UV
filter extractants from aqueous samples. The DESs consisted of thymol
and oleic acid provided the highest %ERs ranging from 99 % to 103 %,
suggesting the high compatibility between the components of the DESs
and the UV filters.

On balance, all these results showed the potential applicability of
these novel DESs to the analysis of pollutants from environmental waters
inside a green chemistry framework.
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