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30 min of stirring time. All extraction experiments were carried out at 298.15 K and
30 min of centrifugation time at 6000 rpm. As the results show, these deep eutectic
solvents based on menthol can be used to extract both nitrophenolic compounds, while
those based on thymol can only be applied for the removal of 4-nitrophenol. All studied
solvents present high extraction efficiencies, over to 90%, assuring their capability as
extraction agents in aqueous systems.
© 2021 The Author(s). 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/).

Liquid-liquid extraction

1. Introduction

Agriculture is one of the industrial activities that consumes more water, and it is considered the main source of
pollution in rivers and streams due to the presence of phenolic derivatives among the composition of herbicides,
insecticides and fungicides that are commonly used to protect harvest (Diaconu et al., 2010; Mateo-Sagasta et al., 2017;
Park et al, 2021). Loos et al. (2009) published an article about the presence of polar organic pollutants in different
European rivers from 27 countries, finding that two of the most frequent substances were 4-nitrophenol and 2,4-
dinitrophenol, which were detected in 87% and 86% of studied samples, respectively. These phenolic compounds are toxic
for human life and they are severe pollutants for the environment, therefore they must be removed from wastewater in
order to avoid the contamination of natural water (Boehncke et al., 2000; Chaouchi and Hamdaoui, 2014).

Different techniques can be found in literature to remove phenolic substances from aqueous or organic samples.
Some of these studies are based on the adsorption of the pollutants from water (Magdy et al., 2018; Singh et al., 2018;
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Zhu et al., 2009), others are based on membrane sorption either from aqueous phases (Bartolomé et al., 2007) or from
organic solvents forming in situ deep eutectic mixtures (Shishov et al., 2020, 2021b). Solid phase extraction (SPE) or
solid-liquid extraction techniques were also applied followed by chromatographic separation coupled with different
detection systems (Heberer and Stan, 1997; Padilla-Sanchez et al., 2010). Liquid-liquid extraction (LLE), is a simple, cheap
and versatile technique, making it an interesting separation method for industry. To remove pollutants from aqueous
samples, volatile organic compounds (VOCs) are the most commonly used extraction solvents, Cladera et al. (2000) used
them to satisfactorily remove 2, 3 and 4-nitrophenol. However, due to their low vapour pressure and high toxicity, it
is crucial to replace them by safer ones. lonic Liquids (ILs) have been presented as good replacement solvents for VOCs
with high extraction efficiencies in many different studies (Brinda Lakshmi et al., 2013; Fan et al., 2014; Sas et al., 2019).
Nevertheless, they have some disadvantages such as high cost and toxic properties for the environment, which point out
the need to explore other extraction solvents with more desirable characteristics. In this line of research, Yang et al. (2013)
developed a supramolecular solvent to separate nitrophenols from aqueous samples by liquid-liquid microextraction
(LLME), an effective technique when removing small initial concentrations of nitrophenols, in the range of micrograms per
liter. Many studies present Deep Eutectic Solvents (DESs) as extraction agents to replace ILs, because these compounds
have the same advantages as ILs and improve their disadvantages, such as toxicity and cost (Verma and Banerjee, 2018).

Information about water content and stability of hydrophobic DESs after mixing them with water is of utmost
importance to apply them as extraction agents of pollutants from aqueous samples, recent works have studied the
behaviour of DESs formed by quaternary ammonium salts, carboxylic acids or other natural compounds such as thymol
and menthol (Dietz et al., 2019; Shishov et al., 2021a; van Osch et al,, 2019, 2015).

Faraji et al. (2020) studied the use of a ternary DES, based on tetrabutylammonium bromide, octanoic acid and thymol,
as extraction solvent to remove 4-nitrophenol and 2,4-dinitrophenol from water samples, using dispersive liquid-liquid
micro-extraction (DLLME). Their results showed that nitrophenolic compounds were recovered with high efficiencies,
92.5% and 98.7%, respectively, but this technique is only valid for low concentrations of nitrophenol (1-500 png/L). Higher
initial concentrations of phenol were studied by Rodriguez-Llorente et al. (2020). This article gather a comparison between
conventional solvents, terpenoids and DESs for the extraction of some phenolic derivatives by LLE. They concluded that
the extraction of 2NP is favourable using menthol and thymol-based DESs, although the extraction yields decreases as
ratio DES/aqueous phase is reduced.

In this work, six hydrophobic DESs based on menthol, thymol and decanoic acid were prepared in two different
proportions, and they were used as extraction solvents to remove 2-nitrophenol (2NP) and 4-nitrophenol (4NP) from
aqueous solutions. The starting compounds chosen to form the used DESs were selected with the aim of enhancing the
interactions between the extraction agents and nitrophenols. Due to the aromatic structure of thymol, -7 interaction
with the target compounds could be favoured. Moreover, the non-aromatic compounds, menthol and decanoic acid, could
link by hydrogen bonding between -OH groups. The influence of the position of the nitro group in the studied phenolic
compounds will be discussed, since 2NP molecule may establish intramolecular bonds between its nitro and alcohol
groups, thus not allowing interactions with the extraction agents.

Before studying the extraction capability of these extraction solvents, their behaviour in water was analysed. For that
purpose, their water content and their stability in water were evaluated. Moreover, the best extraction parameters (DES-
rich phase/water-rich phase ratio and stirring time) were studied and used to carry out LLE for the ternary systems {DES
+ nitrophenol + water}. From these results, the extraction efficiencies of the studied solvents were determined.

2. Experimental
2.1. Chemical reagents

Specifications of compounds used in this work are listed in Table 1. Water used in the whole experimental procedure
was of Milli-Q quality.

2.2. Methods

2.2.1. Formation of DES

The DESs were obtained by weighing, stirring and heating the starting compounds in specific molar ratios, following the
bibliography (Bergua et al., 2021; Florindo et al., 2018; Martins et al., 2018; van Osch et al., 2019). The six solvents prepared
were: Thymol:DL-Menthol (1:1), Thymol:DL-Menthol (1:2), DL-Menthol:Decanoic acid (1:1), DL-Menthol:Decanoic acid
(2:1), Thymol:Decanoic acid (1:1) and Thymol:Decanoic acid (2:1). A Mettler Toledo Excellent plus XP205 analytical
balance, with an uncertainty of & 3 - 1074 g, was used for weighing and a thermostatic magnetic stirrer IKA RCT basic,
with an uncertainty of +1 K, was used for stirring and heating (at 343.15 K) until an homogeneous liquid was achieved.
Once formed, DESs were left 48 h prior to their use in order to test their stability.

The thermal behaviour of the prepared DES was studied by Differential Scanning Calorimetry technique (DSC), using
a DSC Q 1000 TA Instruments. The obtained results give an indication about the range of temperatures at which solvents
keep in liquid state. DSC thermograms of the formed DES, as well as of their components separately, were acquired by
heating from 193.15 K to 343.15 K, with a rate of 10K min~!, under inert atmosphere (50 mL min~! of N,). All samples
were analysed in hermetic aluminium capsules. The standard uncertainty for temperature measurements is = 1 K.
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Table 1
Chemical name, structure, supplier, purity (the purities are provided by the supplier) and CAS
number of compounds used in this work.

Chemical name Structure Supplier Purity  CAS number
OH
DL-menthol Alfa Aesar 98% 89-78-1
OH
Thymol ACROS Organics  99% 89-83-8

(0]
Decanoic acid MOH ACROS Organics ~ 99% 334-48-5
o
I
2-nitrophenol o :@ ACROS Organics ~ 99% 88-75-5
HO

o}
i

4-nitrophenol 07 \O\ Sigma Aldrich  99%  100-02-7
OH

2.2.2. Study of stability and hydrophobicity in water of obtained DES

With the aim of using the formed DESs for extractions in aqueous samples, their stability in water and their
hydrophobicity were studied. Binary mixtures of 50% (v/v) DES-water were prepared in glass cells with silicon covers and
placed in a thermostatic bath with a Poly-Science digital temperature controller + 0.01 K, coupled to a Phoenix Instrument
RSM-0.3-0.1 K magnetic stirrer. Mixtures were stirred for 8 h and after that they were allowed to settle overnight. Then,
water-rich phases were analysed by 'H NMR at 400 MHz, using a Bruker DPX 400 NMR, with the aim of proving their
stability checking that in water phases there are no signals of DES compounds. After that, a sample of DES-rich phase was
carefully separated and the water content was measured using a Mettler Toledo C20 Coulometric KF Titrator.

2.3. Extraction procedure

A spectrophotometric UV-Vis method was carried out using a JASCO spectrophotometer V-750 with an uncertainty of
4 0.002 abs from 0 to 0.5 abs and + 0.003 abs from 0.5 to 1 abs, respectively. Calibration curves of both 2-nitrophenol
(2NP) and 4-nitrophenol (4NP) were performed at the maximum absorbance for each compound, being 207 nm for 2NP
and 317 nm for 4NP. A brief description for the preparation of nitrophenolic aqueous solutions can be found in SI section
1.

Ternary mixtures of DES - nitrophenol - water were prepared as indicated in SI section 2, and stirred at controlled
temperature (298.15 K) in a thermostatic bath in order to allow contact between both aqueous and DES-rich phases.
Then, both phases of the mixture were separated by 30 min of centrifugation at 6000 rpm in a Hettich Universal 320
Centrifuge. Finally, samples from aqueous phases were analysed and the extraction capability of DESs (E) was calculated
by the difference between the initial concentration (C;) and the final concentration that remains in the aqueous phase
after the extraction procedure (Ct), as follows:

E%) = (%) -100 (1

Moreover, other important parameters that can influence the extraction process, are stirring time and volume ratio of the
two phases. These parameters were evaluated in order to find the best values that allow to reach the maximum extraction
capability of DESs and the obtained results are discussed in the following section.
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Table 2

DES name, molar ratio, abbreviation and water content (mg L™') after their formation (pure) and after equilibrium with water (hydrated).
DES name Molar ratio Abbreviation Water content (mg L™!) Water content (mg L)

pure solvents hydrated solvents

Thymol:Menthol 1:1 [Thy:Mth] (1:1) 218.1 £ 53 19336 + 127
Thymol:Menthol 1:2 [Thy:Mth] (1:2) 2072 £ 24 16343 £ 211
Thymol:Decanoic acid 1:1 [Thy:C10] (1:1) 5394 + 7.0 35421 + 424
Thymol:Decanoic acid 2:1 [Thy:C10] (2:1) 473.8 + 8.7 38113 + 167
Menthol:Decanoic acid 1:1 [Mth:C10] (1:1) 4906 + 1.4 21551 + 258
Menthol:Decanoic acid 2:1 [Mth:C10] (2:1) 399.0 £ 99 21658 + 196

3. Results and discussion
3.1. Formation of DES

In order to know the thermal behaviour, the obtained solvents were analysed by DSC and the melting temperatures,
as well as glass transition temperatures, are presented in Table SI 1. These results enable us to observe the deeper glass
transition/melting point of DESs when compared to the starting compounds. Furthermore, it is possible to establish a
wide range of working temperatures at which these solvents remain in liquid state, allowing to work with them at room
temperature, and being those based on thymol and menthol the ones that present the widest range of temperatures.

3.2. Stability and hydrophobicity in water of DES

In order to study the stability of the obtained solvents and to check that there is no solubilization of HBD and HBA
in water, water phases were analysed by 'H NMR. The results verify the stability of all solvents in water, due to the fact
that no signal, neither of DESs nor of starting compounds, were found in aqueous phase spectra. As example, the obtained
spectrum for water-rich phase of [Thymol:Decanoic acid] (1:1) can be consulted in supplementary information (Figure SI
1).

Water content of DES-rich phases was measured after the equilibrium with water in order to study their hydropho-
bicity. These values (mg L~!) were compared with those measured immediately after the formation of DESs, and results
are presented in Table 2, together with name, molar ratio and abbreviation of solvents used in this work. These data vary
between 207.2 to 539.4 mg L~! when pure solvents are compared, being low values for all studied solvents. However,
after their mixture with water all DESs absorbed a significant amount of water, resulting those based on menthol in the
most hydrophobic ones, capturing the least water amount. When these values are compared with those obtained by van
Osch et al. (2019) for the same solvents, similar results are found between them. Furthermore, the results from this work
are significantly lower in water content than those measured for other hydrophobic DES, before and after their mixture
with water (van Osch et al., 2015).

Moreover, hydrophobicity of hydrated DESs was studied in a range of temperatures from 298.15 K to 343.15 K. This
study showed that saturated DESs do not follow the usual behaviour expected for this kind of solvents, on the contrary,
their water content remains stable despite increasing the temperature (Table SI 2). Therefore, hydrated DESs show a
constant behaviour that allows to work with them at different temperatures without changing their behaviour in aqueous
systems.

3.3. Study of the extraction parameters

Before the use of these solvents to extract phenolic pollutants from water, the parameters which have influence in the
extraction process were established with the aim of obtaining the best extraction efficiencies. For that, stirring time and
phase volume ratio Vpgs:V, were studied using {[Thy:Mth](1:1) + 4NP + water} system at different initial concentrations.
The 4NP was selected due to its high presence in pesticides and fungicides substances used in agriculture.

3.3.1. Study of the influence of stirring time

This parameter is essential in order to achieve the correct contact between the immiscible phases (DES and water)
and therefore the extraction process of phenolic compound from water to DES phase takes place. Three stirring times
were studied, 30 min, 1 h and 2 h to remove 4NP from initial concentrations of 50, 100, 500 and 1000 mg L. From
the experimental (Fig. 1) it is possible to conclude that, in general, the influence of the stirring time is small, due to the
fact that all extraction results are higher than 90%. Henceforth, in order to reduce the time of the process and the energy
consumption, 30 min was selected.
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Fig. 1. Extraction efficiency (E%) versus initial concentration (C;) for 4NP, using [Thy:Mth] (1:1) as extraction solvent, at different initial concentrations
and for different stirring times: (s==) 30 min; (===) 1 h and (=) 2 h. This experiment was conducted with 1:1 ratio Vpgs:V.
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Fig. 2. Extraction efficiency (E%) versus initial concentration (G;) of 4NP, using [Thy:Mth] (1:1) as extraction solvent, at different initial concentrations
and for different volume ratios of DES-phase and water-phase: (mmss) (1:1); (ms=) (1:2) and (ss=) (1:3).

3.3.2. Study of the influence of phase volume ratio Vpgs:V

Optimizing this parameter allows to know the lower amount of extraction solvent which produces high extraction
efficiencies, in order to reduce the consumption of DES. For this study, three Vpgs:Vyy ratios were tested: (1:1), (1:2) and
(1:3). As it is possible to observe in Fig. 2, (1:1) volume ratio present better results than the other two studied ratios,
being more noticeable at the lowest initial concentration, obtaining extraction efficiencies higher than 85%. These higher
extraction efficiencies justify the choice of this ratio for the extraction process, although the higher solvent consumption.

Moreover, Fig. 2 shows a growing trend of the extraction capability as initial concentration of 4NP increases at the
selected volume ratio, which denotes that DES does not become saturated and its binding sites are enough for all the
studied initial concentrations.

To sum up, the parameters used in this work to study the extraction capability of the eight obtained DESs were: (1:1)
Vpes:Vw ratio, 30 min of stirring time and 30 min of centrifugation at 6000 rpm. All experiments were performed at
298.15 K.

3.4. Liquid-liquid extraction of 2NP and 4NP from aqueous solutions

In order to evaluate the extraction ability of obtained DESs to remove two phenolic compounds (2NP and 4NP) from
water, ternary systems {DES + nitrophenol + water} were prepared and a liquid-liquid extraction was carried out using
the extraction parameters reported in the previous section.

The results showed that for the extraction of 2NP with solvents based on thymol ([Thy:Mth] (1:1), [Thy:Mth] (1:2),
[Thy:C10] (1:1) and [Thy:C10] (2:1)) the obtained absorbances were not consistent. In order to go deeper with this
evidence, water-rich samples after extraction procedure were analysed by HPLC-DAD. In the obtained chromatograms
it was possible to observe a new peak that is not consistent with any peak of studied analytes, so that these solvents
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Fig. 3. Extraction efficiencies vs. initial concentrations for the systems {DES + 4NP + water}: (=) [Thy:Mth] (1:1); (sss=) [Thy:Mth] (1:2); ()
[Thy:C10] (1:1); (we=) [Thy:C10] (2:1); (smmm) [Mth:C10] (1:1) and (s===) [Mth:C10] (2:1).

were not used in this work for the extraction of 2 NP. As an example, Figure SI 2 shows the obtained chromatogram
for the extraction of 2NP using [Thy:Mth] (1:1). These results are not in agreement with those obtained by Rodriguez-
Llorente et al. (2020) for the extraction of 2NP using thymol-based DESs. They reported high extraction yields for the
extraction of 2NP by LLE with Thymol:Menthol solvent, using CG-FID as quantification technique for aqueous phase. With
this separation technique they may only focus on 2NP signal but the new peak stated in this work (Figure SI 2) should
be taken into account, as it could denote the formation of a new third component lowering the final concentration of
nitrophenol measured, that may lead to no-real extraction yields.

For the extraction systems with 4NP, the results are shown in Fig. 3. It is possible to observe that all extraction
efficiencies are high, superior to 90% for most of the studied initial concentrations of 4NP, except for [Mth:C10] (1:1)
which present extraction efficiencies higher than 85%.

As far as the authors knowledge, it is barely found bibliography about liquid-liquid extraction (LLE) of nitrophenolic
compounds from water using DESs as extraction agents. However, the extraction of nitrophenolic compounds from
aqueous matrices by LLE using other extraction solvents, VOCs, was reported in 1997 by Chee et al. (1997). In this work,
there were listed some references for the extraction of both 4NP and 2NP with recovery percentages of 40% and 57%,
respectively.

To compare the suitability of the studied solvents for the extraction of nitrophenolic compounds from water, the results
presented will be discussed as follows: the influence of the compounds which were used to form the extraction solvents,
the influence of the molar ratio of the starting compounds and the influence of the nitro group position in phenolic
compound structure on the extraction efficiency.

3.4.1. Influence of the extraction agent

3.4.1.1. Study of the starting compounds. Fig. 4 shows a comparison between the extraction efficiency of DESs depending
on the starting compounds used. When thymol-based DESs were used (Fig. 4a), better results were achieved in the
presence of menthol, being more noticeable at low initial concentrations of 4NP. When menthol-based DESs were used
(Fig. 4b), similar extraction efficiencies were reached either with thymol or decanoic acid. When decanoic acid-based
DESs were used (Fig. 4c), higher yields are obtained if this starting compound is combined with menthol. Consequently,
the presence of non-aromatic cyclic compound (menthol) increases the extraction efficiency of the formed DESs for the
extraction of 4NP. This behaviour could be explained with the Kamlet-Taft parameters («, 8 and 7*) for menthol and
thymol-based solvents studied by Martins et al. (2018). Menthol has a large g8 value that represents a high capacity to
accept hydrogen bonding, while thymol is not a good hydrogen bond acceptor, this fact benefit the linkage of the target
compound with menthol. Moreover, although 7* parameter (that refers to the polarizability of the solvent) is higher in
thymol-based solvents because of the aromatic ring of thymol molecule, co-planarity of molecules is required in order to
establish -7 interaction.

3.4.1.2. Study of molar ratio. Fig. 5 shows a comparison between the molar proportion of starting compounds used for the
formation of DES. When molar ratio of menthol increases in [Thy:Mth] solvent (Fig. 5a), extraction capability of DES grows
slightly. Regarding the presence of thymol in [Thy:C10] DES (Fig. 5b), extraction efficiency increases as molar ratio also
increases. As for the increment of menthol proportion in [Mth:C10] extraction agent (Fig. 5¢), ratio (2:1) showed better
results at high initial concentration of 4NP. Therefore, increasing the molar proportion of cyclic over lineal structures
increases the extraction capability of the studied DESs. Moreover, the higher non-aromatic ratio, the higher extraction
efficiency.
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Fig. 4. Extraction efficiencies vs. initial concentrations for the systems {DES + 4NP + water}: (m===) [Thy:Mth] (1:1); (s===) [Thy:C10] (1:1) and ()
[Mth:C10] (1:1). Comparison between thymol-based DES (a), menthol-based DES (b) and decanoic acid-based DES (c).
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Fig. 5. Extraction efficiencies vs. initial concentrations for the systems {DES + 4NP + water}: (ss=) [Thy:Mth] (1:1); (===) [Thy:Mth] (1:2); (=)
[Thy:C10] (1:1); (===) [Thy:C10] (2:1); (mms=) [Mth:C10] (1:1) and (===) [Mth:C10] (2:1). Comparison between influence of menthol molar ratio in
[Thy:Mth] (a), thymol molar ratio in [Thy:C10] (b) and menthol molar ratio in [Mth:C10] (c).
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Fig. 6. Extraction efficiencies vs. initial concentration of 4NP (empty squares) and 2NP (filled squares), using menthol-based DESs: (mmm) [Mth:C10]
(1:1) and (w===) [Mth:C10] (2:1).

3.4.2. Influence of nitrophenolic compound.

From Fig. 6 it is possible to observe that menthol-based DESs are suitable candidates for the removal of both 4NP and
2NP from water, reaching extraction efficiencies higher than 70%. Although at high initial concentrations of nitrophenolic
compound similar results were obtained, at low initial concentrations 4NP extraction yields were promoted up to 97%.
The better extraction results for 4NP can be associated with the position of nitro and alcohol groups in this molecule,
that allows the possibility to link with the extraction solvent by hydrogen bonding. Furthermore, the formation of
intramolecular bonds between nitro and alcohol groups in 2NP molecule, could be the cause of the lower extraction
efficiencies obtained for this target compound (Kovacs et al., 2000).
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Comparing the results obtained for the extraction of 2NP, the observed behaviour corroborates that increasing menthol
proportion enhances the extraction capability of studied DESs.

4. Conclusions

In this work, the preparation of six DESs based on thymol, menthol and decanoic acid with the aim of removing two
nitrophenolic compounds from water, are reported. The thermal behaviour of the extraction solvents was studied by DSC
analysis and their stability in water, as well as their hydrophobicity, were analysed by means of 'H NMR and KF titrator,
respectively.

The influence of the stirring time and volume ratio of DES:aqueous phase on the extraction yields was studied.
Experimental results confirmed that 30 min of contact between phases are enough to achieve good extraction efficiencies,
and volume ratio (1:1) was selected as the most suitable between the studied proportions.

The six formed DESs were satisfactorily applied for the extraction of 4NP with high extraction efficiencies, while two of
the six studied DESs, those based on [Mth:C10], showed significant extraction capability for removing 2NP. Furthermore,
it was confirmed that the presence of menthol as starting compound of DESs promotes an increase in the extraction
efficiency for the removal of both 2NP and 4NP.

In conclusion, the best extraction agent is [Mth:C10] (2:1) for both nitrophenolic compounds and regarding to the
extraction of 4 NP, [Thy:Mth] (1:2) presents the best results.
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