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Natural deep eutectic solvents (NADES) have gained much attention as a viable and sustainable alternative to
traditional organic solvents in multiple areas of analytical chemistry, including extraction of contaminants from
samples of environmental concern. In this work, a total of 68 potential NADES have been assayed and further
evaluated as sustainable solvents in the development of an ultrasound (US)-assisted extraction method for tri-
azinic herbicides from agricultural soil samples and final determination by HPLC-UV. Choline chloride (ChCl)
was used as hydrogen bond acceptor (HBA), and different carboxylic acids, alcohols and amines were tested as
hydrogen bond donors (HBDs) in different molar ratios in order to find the optimum combination able to form
appropriated NADES for the extraction of triazines. Among the different ChCl:carboxylic acids mixtures tested,
those consisting of ChCl:formic acid and ChCl:acetic acid, both in a molar ratio 1:2, presented the better physico-
chemical properties (pH, stability at room temperature, water miscibility, etc.). Concerning amines, NADES
could not be obtained at any of the combination assayed whereas, among the alcohols tested, 2,3-butanediol was
found to be the most appropriated for NADES formation. A three-level factorial design was then used to further
evaluate the effect of time and temperature on the ability of these selected optimum NADES for the US-assisted
extraction of triazines from agricultural soil samples. Under optimal conditions, the developed US-assisted
extraction method provided quantitative recoveries (from 87 to 104 %) with good reproducibility (RSDs
lower than 12 %) and limits of detection (LODs) lower than 0.05 ug g’1 for all target triazines.

1. Introduction Chemistry” as an essential set of guidelines for greening analytical lab-

oratories. The first principle recommended avoiding sample preparation

Increased environmental awareness is driving the scientific com-
munity to consider environmental protection in the design of methods
and procedures. In 1998, Anastas and Warner introduced the concept of
“Green Chemistry” to prevent threats to human health and the envi-
ronment in all types of chemical processes [1]. Later, Green Analytical
Chemistry (GAC) emerged as one of the most active areas of green
chemistry, focused on the design and development of new analytical
methods that correlate analytical needs with environmental problems
[2]. Since then, several approaches were used to meet the objectives of
GAC such as miniaturization, use of alternative solvents or solvent-free
extraction techniques, among others [3]. However, it was not until 2013
that Gatuszka et al. [4] proposed the “12 Principles of Green Analytical

and using direct analytical techniques. Although analytical instrumen-
tation has drastically improved sensitivity and selectivity, the direct
sample analysis is not always possible. In this regard, sample prepara-
tion remains one of the most important step with goals including the use
of smaller initial sample sizes, improved extraction selectivity, increased
automation, waste reduction, and minimization or, if possible, elimi-
nation of organic solvents [5]. To assist in the systematic development of
greener sample preparation methods, Lopez-Lorente et al. [6] intro-
duced “The Ten Principles of Green Sample Preparation (GSP)”. These
include using safer solvents/reagents and materials that are renewable,
recycled, and reusable; minimizing waste generation and energy re-
quirements; and enabling high sample throughput, miniaturization,
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HBD, Hydrogen bond donor; HCOOH, Formic acid; IL, Ionic liquid; MAE, Microwave-assisted extraction; NADES, Natural deep eutectic solvents; PLE, Pressurized
liquid extraction; PPZ, Propazine; SIM, Simazine; TER, Terbuthyilazine; UAE, Ultrasound-assisted extraction; US, Ultrasound.
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procedural simplification/automation, and operator safety. Accord-
ingly, the development and use of new solvents to replace the traditional
organic solvents is of particular importance for the design of new sus-
tainable analytical methods [7,8].

Over the past two decades, new environmentally friendly solvents -
the so-called “green” solvents - have been developed and introduced.
Ionic liquids (ILs), organic salts in the liquid state at ambient conditions
(consisting of an organic cation and an organic or inorganic anion were
initially considered as “green” solvents. However, despite their prom-
ising technical performance, recent studies have shown that several ILs
families are eco(cyto)toxic, rather resistant to biodegradation and
capable of producing harmful secondary metabolites [9].

Alternatively, deep eutectic solvents (DESs) are considered as a new
class of environmentally friendly solvents and have attracted much
attention due to their favorable physical and thermodynamic properties
[10]. DESs were first introduced by Abbott etal.[11] and can be
described as mixtures of two or more components, a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD), linked by hydrogen
bond interactions to form a mixture with a melting point much lower
than the individual components. Depending upon the components of the
mixtures, DES are classified in four different groups [12]. In this regard,
mixtures classified as Type III eutectic solvent, usually employ choline
chloride (ChCl) as hydrogen bond acceptor and urea, glycerol, ethylene
glycol or malonic acid are typically used as HBDs among others [13].
Because of their biodegradability, relatively low cost and availability,
ChCl-based DES have been used for a variety of applications, including
solubilizing, electrochemistry and purification procedures [14]. Besides,
when DES are prepared with compounds of natural origin such as car-
boxylic acids, amino acids and sugars, they are called Natural Deep
Eutectic Solvents (NADES). NADES have interesting properties for use in
extraction processes, such as a very high solubility of both non-polar and
polar compounds, an adjustable viscosity, and their inner sustainability
among others. NADES are compliant with green chemistry principles
and are becoming increasingly popular for the extraction of active nat-
ural compounds from plants, foods and other natural matrices [15,16].

In recent years, they have also been successfully applied for the
extraction of contaminants such as residual organic solvents [17],
benzophenone-type UV filters [18], anti-inflammatory drugs [19],
phthalic acid esters [20,21], sulfonamides [22-24], and parabens [25]
from environmental water samples, beverages, foods and pharmaceu-
ticals of personal care products. Besides, NADES have been used for the
analysis of pesticides in environmental waters [26-28], but the appli-
cation of NADES for the extraction of triazines in environmental samples
is a recent area of research [29-31].

Triazines are a class of pesticides that belong to the family of her-
bicides. They are the most widely used as pre- and post-emergent her-
bicides for weed control in food crops. Despite their important role in
weed control, triazines have been banned from production and use in
the European Union and several developed countries. However, they are
still used in most parts of the world [32]. As a result, their residues can
be found in the soil, they can also get into the water through runoff, and
they can accumulate in sediments. Triazines are considered hazardous
compounds with high environmental persistence, stability and toxicity.
Thus, they have been widely analyzed in the aquatic environment.
However, there is a need to monitor them in topsoil, where less attention
has been paid to the presence of parent compounds and their trans-
formation products [33].

In view of this comments, the aim of this work was to prepare a ChCl-
based NADES to be used as extractant solvent in an ultrasound US-
assisted extraction method for triazinic herbicides in soil samples. A
total of 68 NADES using ChCl as HBA and various natural compounds
(carboxylic acids, alcohols and amines) as HBDs were prepared in
different molar ratios. Three NADES were selected considering their
stability, easy and reliable handling of micropipettes, and compatibility
with HPLC. Then, the extraction time and temperature of the US-assisted
extraction method was optimized for the three selected NADES and
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applied for the extraction of agricultural soil samples. Finally, the
greenness of the sample preparation method was assessed with the
metric tool AGREEprep [34] and compared with other published
methods.

2. Experimental
2.1. Chemicals and materials

Desethylatrazine (DEA), desisopropylatrazine (DIA), simazine (SIM),
atrazine (ATR), propazine (PPZ), terbutylazine (TER), choline chloride
(ChQl), 1,2-butanediol, 2,3-butanediol trimethylamine and 2-butyl-
amine were purchased from Sigma-Aldrich (Madrid, Spain). Panreac
(Barcelona, Spain) supplied formic acid and acetic acid. Acetonitrile
(ACN) and methanol (MeOH) were obtained from Scharlab (Barcelona,
Spain). Purified water was obtained from a Millipore (Madrid, Spain)
purification system. All other chemicals were of analytical grade and
used as received. Stock standard solutions for each triazine (1 g/L) were
prepared in acetonitrile and stored in the dark at —20 °C. Stock solutions
were diluted in the appropriate solvents to the required concentrations.

2.2. Preparation of NADES

NADES were prepared by mixing appropriate amounts of ChCl
(acting as HBA) and different natural carboxylic acids, amines and al-
cohols acting as HBDs in screw cap 8 mL glass tubes. For each HBD
group, four HBA:HBD molar ratios were assayed (2:1, 1:1, 1:2 and 1:4).
Subsequently, tubes were tightly closed and then introduced into an
oven at a temperature of 60 °C, equipped with a low-profile roller
(Barloworld Scientific, Staffordshire, UK) that provided a rotation of 24
rpm, for a minimum time of 30 min. Once formed, NADES were stored at
room temperature until use.

Optimum NADES were characterized by Fourier-transform infrared
(FT-IR) spectroscopy on a Jasco FTIR-460 Plus spectrophotometer. All
spectra were recorded by attenuated total reflectance between 4000 and
400 cm ™!, with the sample in the solid state without other treatment.

2.3. Ultrasound-assisted extraction of triazines from soil samples

Soil samples were collected from an experimental plot located in the
Madrid region (La Canaleja, Alcald de Henares). Soil samples were
sieved (2 mm) and stored at room temperature until analysis. Soil
characterization data are presented in Table S1. Spiked samples were
prepared by adding 0.2 mL of a mixture of triazines in acetonitrileto 1 g
of soil placed in 6 mL empty solid-phase extraction glass cartridges
dotted with PTFE filters (Supelco) and were closed using one-way
stopcocks. Spiked samples were stored in dark conditions overnight at
room temperature to allow solvent evaporation and sample
equilibration.

For the extraction of triazines, 1 mL of NADES was added to soils and
the cartridges were closed using glass caps. Subsequently, they were
placed upright in a tube rack and immersed in the ultrasonic water bath
(Bransonic 3800, Emmerson L.A., Alcobendas Madrid), keeping water
level above the extraction solvent level inside the cartridges. After
performing extraction at the corresponding times and temperatures, the
cartridges were placed in the vacuum manifold and extracts were
conveniently collected. A volume of 1 mL of purified water was then
added and collected in the same vials. Finally, the aqueous NADES ex-
tracts were diluted up to 4 mL with purified water before chromato-
graphic analysis. The experimental setup allowed the simultaneous
extraction of 3 samples.

2.4. HPLC-DAD analysis

All chromatographic measurements were performed on an Agilent
Technologies 1200 series HPLC instrument equipped with a quaternary
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high-pressure pump, vacuum degasser, autosampler and diode array
detector. Prior to analysis, NADES-based sample extracts were diluted
up to 4 mL with purified water. Target analytes were separated by
gradient elution from 80 % water (A) and 20 % acetonitrile (B) to 40 % A
and 60 % B in 25 min using a sample volume of 100 pL injected into a
Kromasil 100 C18 5.0 um (150 x 4.6 mm i.d.) analytical column. Tri-
azines were simultaneously monitored at 220 and 230 nm. Quantifica-
tion was performed by external calibration using peak area
measurements.

3. Results and discussion
3.1. Preparation of ChCl based-NADES

As mentioned in the Introduction, the use of ChCl as HBA allows the
obtainment of mainly polar NADES depending on the type of HBD,
which theoretically would be appropriated for the extraction of selected
medium to high polar triazines. In the present work, three groups of
natural chemical compounds were evaluated as HBD, namely carboxylic
acids, alcohols and amines. For the three groups studied, different ChCl:
HBD molar ratios were assayed from 2:1 to 1:4. Those mixtures able to
lead NADES formation in less than 240 min at 60 °C were selected and
some physical and chemical characteristics as well as the feasibility for
micropipette retrieval were studied.

3.1.1. Choline chloride:carboxylic acids NADES

Table 1 shows the different combinations tested and summarizes the
physico-chemical properties obtained using the selected carboxylic acids
as HBD in the preparation of ChCl based-NADES, arranged according to
the length of the alkyl chain (number of carbons) of the carboxylic acids
and the different molar ratios tested. As mentioned in Experimental, the
different ChCl:HBD mixtures were transferred to centrifuge tubes and
introduced in an oven at 60 °C equipped with a roller that allows rota-
tion at 24 rpm. All tubes were maintained a minimum of 30 min incu-
bation time, and up to 240 min for those mixtures showing no NADES
formation at shorter incubation times.

As it can be observed, only using formic acid as HBD, NADES were
obtained at 60 °C after 30 min regardless of the ChCl:HCOOH molar
ratio assayed. Besides, it was observed that the longer the alkyl chain of

Table 1
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the carboxylic acids tested, the larger amount of carboxylic acid was
required for NADES formation. These results correlates with the
diminishment of the acidic strength of the carboxylic acid used as HBD
and thus with the ability of forming strong hydrogen bonds with ChCl.
Such ability decreases as the pKa of the carboxylic acid increases and
accordingly, mixtures using hexanoic acid did lead to NADES formation
only at 1:4 M ratio. Also, it has to be mentioned that in some cases, and
also related with the length of the alkyl chain of the carboxylic acid used,
obtained NADES at 60 °C did precipitate after reaching room tempera-
ture, thus preventing its subsequent use.

Another important aspect that has to be taken into account is the
possibility of the obtained NADES to be accurately handled by micro-
pipettes. Accordingly, only NADES for which micropipette use is
labelled as ‘easy” or “medium/easy” in Table 1 allowed taking NADES
microvolumes in an accurate manner.

Finally, the miscibility of NADES with water is also an important
parameter to be taken into account from a practical point of view. It is
clear that the usually high viscosity of NADES prevents the direct in-
jection of NADES extracts in the chromatographic system making
necessary their previous dilution with water. In our study, all NADES
successfully obtained and stable at room temperature (NADES 1,3,4,7, 8,
12 and 16) showed good miscibility with water up to 10 fold.

Taking all this comments into account, it was concluded that formic
and acetic acids were the most appropriated carboxylic acids to form
ChCl based-NADES. Among the different tested mixtures, the molar ratio
1:2 was selected for both acids as optimum for further experiments.

3.1.2. Choline chloride:Alcohols NADES

Table 2 summarizes the physico-chemical properties of the different
mixtures tested for the preparation of ChCl-based NADES using several
natural alcohols (mono- and diols) as HBD. As it can be seen, and
similarly as the characteristic observed using natural carboxylic acids,
the increase in the length of the alkyl chain of the alcohols tested
negatively affects their ability to act as HBD in NADES. Among the
mono-alcohols tested, only NADES 28 (ChCl:ethanol, molar ratio 1:4)
was successfully obtained, however it precipitated after 8 h at room
temperature, thus preventing its further use.

Comparing the results obtained for 2-propanol and 1,3-propanol, it is
evident that the presence of an additional hydroxyl group in the alkyl

Physico-chemical properties of mixtures of ChCl and selected carboxylic acids as HBD after 30 min at 60 °C.

Designation ChCl:Acid C number Molar ratio NADES formation Aspect at room temperature pH" Use of micropipettes
NADES-1 Choline chloride:Formic acid: 1 1:1 YES Homogeneous liquid 0.5-1 Medium
NADES-2 Choline chloride:Formic acid 1 2:1 YES Precipitated 0.5-1 —_—
NADES-3 Choline chloride:Formic acid 1 1:2 YES Homogeneous liquid 0.5-1 Easy
NADES-4 Choline chloride:Formic acid 1 1:4 YES Homogeneous liquid 0.5-1 Easy
NADES-5 Choline chloride:Acetic acid: 2 1:1 NO

NADES-6 Choline chloride:Acetic acid 2 2:1 NO —_—

NADES-7 Choline chloride:Acetic acid 2 1:2 YES Homogeneous liquid 1-1.5 Medium/easy
NADES-8 Choline chloride:Acetic acid 2 1:4 YES Homogeneous liquid 1-1.5 Medium/easy
NADES-9 Choline chloride:Propanoic acid 3 1:1 NO

NADES-10 Choline chloride:Propanoic acid 3 2:1 NO e R —
NADES-11 Choline chloride:Propanoic acid 3 1:2 YES Precipitated Not measurable

NADES-12 Choline chloride:Propanoic acid 3 1:4 YES Homogeneous liquid 2.0-2.5 Medium
NADES-13 Choline chloride:Butyiric acid 4 1:1 NO

NADES-14 Choline chloride.Butyric acid 4 2:1 NO — —
NADES-15 Choline chloride:Butyric acid 4 1:2 YES Precipitated Not measurable

NADES-16 Choline chloride:Butyric acid 4 1:4 YES Homogeneous liquid 2.5-3.0 Difficult
NADES-17 Choline chloride:Valeric acid 5 1:1 NO

NADES-18 Choline chloride.Valeric acid 5 2:1 NO _ _
NADES-19 Choline chloride:Valeric acid 5 1:2 YES Precipitated Not measurable R
NADES-20 Choline chloride:Valeric acid 5 1:4 YES Precipitated Not measurable R
NADES-21 Choline chloride:Hexanoic acid 6 1:1 NO e
NADES-22 Choline chloride.Hexanoic acid 6 2:1 NO —_— R
NADES-23 Choline chloride:Hexanoic acid 6 1:2 NO Precipitated Not measurable

NADES-24 Choline chloride:Hexanoic acid 6 1:4 YES Precipitated Not measurable

MISCIBILITY WITH WATER: NADES 1, 3, 4, 7, 8, 12 and 16 are miscible up to a ratio 1/10 NADES/Water.

# , Measured with pH test strips; room temperature.
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Table 2
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Physico-chemical properties of mixtures of ChCl and selected alcohols as HBD after 30 min at 60 °C.

Designation CHCL:Alcohol C number Molar ratio NADES formation Aspect at room temperature pH? Use of micropipettes
NADES-25 Choline chloride:Ethanol 2 1:1 NO Precipitated R — e
NADES-26 Choline chloride:Ethanol 2 2:1 NO Precipitated  — o
NADES-27 Choline chloride:Ethanol 2 1:2 NO Precipitated R R
NADES-28 Choline chloride:Ethanol 2 1:4 YES Precipitated R — e
NADES-29 Choline chloride:2-propanol 3 1:1 NO Precipitated  — B
NADES-30 Choline chloride:2-propanol 3 2:1 NO Precipitated R R
NADES-31 Choline chloride:2-propanol 3 1:2 NO Precipitated _ _
NADES-32 Choline chloride:2-propanol 3 1:4 NO Precipitated _ _
NADES-33 Choline chloride:1-Butanol 4 1:1 NO Precipitated  — R
NADES-34 Choline chloride:1-Butanol 4 2:1 NO Precipitated B R —
NADES-35 Choline chloride:1-Butanol 4 1:2 NO Precipitated _ _
NADES-36 Choline chloride:1-Butanol 4 1:4 NO Precipitated  — R
NADES-37 Choline chloride:1-Pentanol 5 1:1 NO Precipitated _— _
NADES-38 Choline chloride:1-Pentanol 5 2:1 NO Precipitated _ _
NADES-39 Choline chloride:1-Pentanol 5 1:2 NO Precipitated _— _—
NADES-40 Choline chloride:1-Pentanol 5 1:4 NO Precipitated  — R —
NADES-41 Choline chloride:1-Hexanol 6 1:1 NO Precipitated _— _
NADES-42 Choline chloride:1-Hexanol 6 2:1 NO Precipitated _— _—
NADES-43 Choline chloride:1-Hexanol 6 1:2 NO Precipitated  — R —
NADES-44 Choline chloride:1-Hexanol 6 1:4 NO Precipitated B — R —
NADES-45 Choline chloride:1,3-Propanediol 3 1:1 NO Precipitated _— _—
NADES-46 Choline chloride:1,3-Propanediol 3 2:1 NO Precipitated

NADES-47 Choline chloride:1,3-Propanediol 3 1:2 YES Homogeneous liquid 5.0 Easy
NADES-48 Choline chloride:1,3-Propanediol 3 1:4 YES Homogeneous liquid 5.0-5.5 Easy
NADES-49 Choline chloride:1,3-Butanediol 4 1:1 NO Precipitated S

NADES-50 Choline chloride:1,3-Butanediol 4 2:1 NO Precipitated _

NADES-51 Choline chloride:1,3-Butanediol 4 1:2 YES Homogeneous liquid 5.5 Medium
NADES-52 Choline chloride:1,3-Butanediol 4 1:4 YES Homogeneous liquid 4.5 Easy/Medium
NADES-53 Choline chloride:2,3-Butanediol 4 2:1 NO Precipitated

NADES-54 Choline chloride:2,3-Butanediol 4 1:1 NO Precipitated R —

NADES-55 Choline chloride:2,3-Butanediol 4 1:2 YES Homogeneous liquid 4.5 Medium
NADES-56 Choline chloride:2,3-Butanediol 4 1:4 YES Homogeneous liquid 4.5 Easy/Medium

MISCIBILITY WITH WATER: NADES 47, 48, 51, 52, 55 and 56 are miscible up to a ratio 1/10 NADES/Water.

@, Measured with pH test strips; room temperature.

chain, has a very positive effect in terms of NADES formation. As it can
be seen in Table 2, using 1,3-propanediol as HBD allows NADES for-
mation at 1:2 ChCl:1,3-propanediol molar ratio, whereas NADES for-
mation did not occur when 2-propanol was used even at 1:4 M ratios.
The same effect can be observed by comparing the results obtained for
butanol and butanediol isomers (1,3- and 2,3-butanediol). The use of
both butanediol isomers allows the obtainment of the corresponding
NADES both at 1:2 and 1:4 M ratios, whereas it does not occur when
butanol was used even increasing reactions time up to 240 min.
Concerning handling with micropipettes, NADES obtained using 1,3-
propanediol (NADES 47 and 48) and those prepared using 1,3- and 2,3-
butanediol at 1:4 M ratio (NADES 52 and 56) were accurately handled.
Besides, all of them resulted miscible with pure water up to a 1:10 v/v
ratio. However, blank injections of diluted 1,3-propanediol and 1,3-
butanediol NADES led to the obtainment of dirty chromatograms
(high background noise and large amount of unknown interference
peaks) and thus they were discarded for further studies. On the contrary,
the injection of NADES 52, based on 2,3-butanodiol, led to clean enough
chromatograms and thus it was selected for further experiments.

3.1.3. Choline chloride:Amines NADES

Triethylamine and 2-butylamine were also evaluated as HBDs to
form ChCl based NADES. However, none of them succeeded in forming
NADES in any of the ratios tested (from 2:1 to 1:4), probably due to the
weaker hydrogen bonds of ChCl-amines compared to those formed when
alcohols or carboxylic acids are used as HBDs. Finally, glycine, which
presents both hydroxyl and amine groups in its structure, was tested but
NADES formation was not achieved either.

3.2. Characterisation of optimum NADES by FT-IR spectroscopy

FT-IR spectroscopy was used for the characterization of optimum

NADES, namely NADES 3, 7 and 56, and their individual components
(choline chloride, formic acid, acetic acid and 2,3-butanediol), and their
corresponding spectra are shown in Figs. S1-S3. Regarding the infrared
spectra of NADES 3 (Fig. S1), an intense peak is observed at 1708 cm ™!
corresponding to C = O stretching, which is shifted from the corre-
sponding band at 1684 cm ™! observed in the infrared spectra of formic
acid, indicating that hydrogen bonds are present in that area during
NADES formation. Besides, the wide band from ~3400 to ~2500 em!
corresponds to the stretching of the O-H bond, which is characteristic of
carboxylic acid dimers or the existence of hydrogen bonding to car-
boxylic acid molecules, suggesting again the interaction by hydrogen
bonding between formic acid and ChCl. In addition, the band at 3214
em™?, corresponding to O-H vibration in the ChCl spectra, becomes
imperceptible in the spectrum of NADES 3, thus indicating the formation
of new hydrogen bonds. Similar conclusions about the formation of
NADES 7 can be derived according to the spectra shown in Fig. S2. As
can be seen, the C = O stretching band present in acetic acid spectra at
1690 cm ™! is shifted to 1711 ecm ™}, and the O-H vibration band at 3214
cm ™!, which was present in the ChCl spectra, disappears upon NADES
formation.

Finally, Fig. S3 shows the spectra of NADES 56 compared with those
of ChCl and 2,3-butanediol. In this case, apart from the disappearance of
the O-H vibration band at 3214 cm ™! present in the ChCl spectra, only a
slight shift of the O-H vibration typical of diols from 3358 cm™! to 3308
em ™! was observed, indicating the formation of new hydrogen bonds
after NADES 56 formation. It is important to point out that previous
works have also shown similar variations in the spectra obtained during
NADES formation compared to the spectra of the independent compo-
nents [35,36].
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3.3. Ultrasound-assisted extraction of triazines from soil using NADES

According to the results obtained in the above section, the NADES
selected as optimum were NADES 3, NADES 7, and NADES 56. Selected
NADES were further evaluated as alternative sustainable solvents for the
extraction of triazines in soil samples using an ultrasound-assisted
extraction method in small columns as shown in Fig. 1 and following
the experimental setup presented in Table S2.

Soil amounts were fixed in 1 g, NADES volume in 1 mL, and a three-
level factorial design was then used to further evaluate and optimize the
time and temperature for the ultrasound-assisted extraction of triazines
by the different selected NADES. Experimental design and data analysis
were performed using the statistical package Statgraphics Centurion
XVII, release 17.2.00 (The Plains, Virginia, USA), and Table S2 shows
the 9 randomised experiments performed, which were run in triplicate
for each selected NADES. Figs. S4-S6 show the response surface charts
generated from the experimental design on the effect of extraction time
(min) and temperature (°C) on the recovery (%) of spiked samples with
triazines at 0.5 pg g~! concentration level. For an easy visualization and
interpretation of the obtained results, Figs. 2-4 shows the recoveries
obtained under the different experimental conditions (extraction time
and temperature) of each target analyte using the three optimum
selected NADES.

According to the results depicted in Fig. 2 using NADES 3 (ChClL:
formic acid, molar ratio 1:2) as extracting solvent, it seems evident that
increasing temperature resulted unfavourable for the extraction of the
selected triazines, with a significant reduction of the obtained recoveries
at 43 °C and more so at 60 °C compared to those obtained at 25 °C. It is
well-known that viscosity decreases when temperature increases and
thus theoretically solvent would easily reach pores of samples favouring
the extraction of target analytes. However, it has been reported that an
increase of temperature leads to a reduction of the polarity of deep
eutectic solvents [37]. In this regard and in spite of the reduction of the
viscosity, the lower polarity of NADES 3 at high temperatures results
unfavourable to the extraction of the selected triazines. Regarding
extraction time, at 25 °C there is an initial increase in recoveries at 17.5
min followed by a decrease in the recoveries at 30 min. This result
suggests that although the temperature of the ultrasonic bath can be
easily controlled, local increments of temperature inside the extraction
cartridges may occur at long extraction times, resulting in the afore-
mentioned change in polarity of NADES, which negatively affects the
extraction of target analytes. The effect of extraction time is not so sig-
nificant at higher temperatures although, in general, it can be observed
that long extraction times did not favour the extraction of triazines using
NADES 3.

The results obtained using NADES 7 (ChCl:acetic acid, molar ratio
1:2) are depicted in Fig. 3. The viscosity values that can be found in the
literature for NADES 3 and NADES 7 are 18.00 and 39.00 mPa.s,
respectively [35]. According to these values, recoveries obtained after 5
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min extraction at 25 °C using NADES 7 were lower than those achieved
with NADES 3, although they can easily be improved by increasing
extraction time up to 30 min. Concerning the extraction temperature,
working at 43 °C generally provides better recoveries than working at
25 °C, likely due to the effect of the reduction in viscosity with the in-
crease in temperature explained above. However, it seems that at 60 °C,
the polarity of NADES 7 would also be reduced, negatively affecting the
recoveries at 5 min, which were even lower than those obtained at 25 °C.

Finally, the results obtained for the extraction of triazines using
NADES 56 (ChCl: 2,3-butanediol, 1:4) are shown in Fig. 4. As can be
observed, increasing temperature produced a positive effect on the
extraction of selected triazines in this case, in such a way that quanti-
tative recoveries for all of them were achieved in just 5 min at 60 °C. To
the best of our knowledge, viscosity of NADES 56 has not been reported.
However, the viscosity of a NADES formed by ChCl and 1,3-butanediol
in a 1:3 molar ratio was reported to be 88 mPa.s by Abbott et al. [38].
Accordingly, it can be assumed that viscosity of NADES 56 would be
similar to this value and thus higher than that of NADES 3 and 7.
However, it seems that despite this higher viscosity, NADES 56 presents
a much more suitable polarity for the extraction of triazines than NADES
3 and 7, which compensates for the negative effect of the higher vis-
cosity. As a result, higher recoveries were obtained for all analytes
regardless of the extraction temperature. In fact, the increase in tem-
perature with NADES 56 was not detrimental, but slightly improved the
recoveries obtained for all the triazines. Regarding the extraction time,
the influence of this parameter was most appreciated at 25 °C, allowing
quantitative recoveries to be obtained for all the triazines in 30 min.

Apart from these theoretical discussions, and according to all the
results obtained, the following conditions for the simultaneous extrac-
tion of the seven triazines for each NADES were selected as optimum for
further experiments: 17.5 min at 25 °C for NADES 3, 30 min at 25 °C for
NADES 7 and 5 min 60 °C for NADES 56.

3.4. Compatibility of selected NADES used for the extraction of triazines
with final HPLC-DAD analysis

Fig. 5 shows a comparison of the UV-chromatograms at 220 nm
obtained after injection of standard solutions of triazines (0.5 pg g~ 1) in
1 mL of NADES 3 (Fig. 5a), NADES 7 (Fig. 5b), and NADES 56 (Fig. 5¢)
diluted up to 4 mL with purified water. As can be seen, several in-
terferences are observed in the obtained chromatograms regardless of
the NADES tested, that could complicate or even prevent the final
determination of the selected triazines. When diluted NADES 3 and 7
were injected, a big hump appeared at the beginning of the chromato-
gram as a consequence of their strong absorbance at 220 nm. Although
monitoring at 230 nm improved in a certain extent the chromatogram
cleanliness (chromatograms not shown), DIA and DEA still remained
strongly interfered. In fact, the match factors obtained (provided by the
Spectra comparison tool associated with the HPLC-DAD equipment used

NADES: 1 ml
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0
— =
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Soil(1g) =—b
ﬁ
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Dilute up to 4 mL
with purified water

[
(0]
Q
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Fig. 1. Ultrasound-assisted extraction scheme.
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Fig. 3. Effect of extraction time and temperature on the obtained recoveries (R%) of selected triazines by ultrasound-assisted extraction using NADES 7.
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Fig. 4. Effect of extraction time and temperature on the obtained recoveries (R%) of selected triazines by ultrasound-assisted extraction using NADES 56.

in the present work) by comparing the spectra obtained for these ana-
lytes with those spectra recorded in purified water were very low, thus
preventing the assignment of the corresponding peaks to DIA and DEA.
In the case of NADES 56, although chromatograms obtained both at 220
and 230 were not free of interferences, the chromatogram baseline was
clearly improved, allowing to achieve match factors over 950 for all the
triazines studied. Consequently, NADES 56 was finally selected as op-
timum sustainable solvent for the US-assisted extraction of triazines
from soil samples.

3.5. Analytical performance of the US assisted extraction method using
NADES 56

Table 3 summarizes all the analytical parameters for the developed
US assisted extraction method for triazines in soil using NADES 56. The
linearity of the method was tested by using soil samples spiked with the
selected triazines in the range 0.025 to 2.5 pg g~ *. The corresponding
calibration curves for each analyte were linear in all cases in the con-
centration range studied and the correlation coefficients obtained by
regression analysis ranged from 0.992 to 0.998 depending upon the
analyte tested. The limits of detection were calculated as three times the
signal over the background noise obtained in the analysis of a blank soil
sample at the retention times of the corresponding analytes and the
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Fig. 5. UV-V is chromatograms at 220 nm of a 0.5 pg g~ ! standard solution of
triazines in NADES diluted up to 4 mL with purified water. (A) NADES 3 (B)
NADES 7 (C) NADES 56. Peak numbers: (1) DIA; (2) DEA; (3) SIM; (4) ATZ; (5)
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Table 3
Summary of analytical parameters for the developed US assisted extraction
method for triazines in soil using NADES 56 (5 min, 60 °C).

R? Recovery RSD  Recovery RSD  LOD LOQ
(%) (0.1 (%) (%) (2 pg (%) (ng/ (ng/

rgg ™" g 8 8)
DIA 0.992 93.0 12.0 99.7 10.5 0.045 0.15
DEA 0.994 94.5 11.2 88.4 9.6 0.032 0.11
SIM 0.993 99.2 9.9 97.9 8.9 0.043 0.14
A 0.998 96.5 7.3 95.1 5.2 0.025 0.08
PPZ 0.996 104.7 6.8 95.2 4.3 0.042 0.14
TER 0.996 87 10.2 89.5 10.1 0.050 0.17

quantification limits, both shown in Table 3, were determined using a
value of 10 times the background noise. The values obtained were in all
cases low enough to allow the determination and quantification of all
the selected triazines at realistic concentration levels in soil samples
[39].

Finally, a recovery study using soil samples, previously analysed to
confirm the absence of the selected triazines, was used to evaluate the
accuracy and precision of the developed method. The study was carried
out at two different spiking levels (0.1 and 2.0 pg g™ 1), close to the
extremes of the previously established operating range (from LOQ to 2.5
ug g 1. Five replicates were analysed for each concentration level.
Fig. 6 shows an example of the chromatograms obtained for each
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Fig. 6. UV-Vis chromatograms at 220 nm/230 nm obtained after extraction of
triazines using NADES 56 from spiked soil samples at (A) 2.0 pg. g’1 and (B)
0.1 pg. g’1 concentration level. Peak numbers: (1) DIA; (2) DEA; (3) SIM; (4)
ATZ; (5) PPZ; (6) TER.

concentration and the mean values of the obtained recoveries (R%) with
their corresponding relative standard deviations (RSDs) for each anal-
ysis are summarised in Table 3. As can be seen, the recoveries were
quantitative in all cases and the RSDs obtained were lower than 12 %,
confirming the accuracy and precision of the developed method.

3.6. Greenness assessment of the proposed method

The analytical performance of the proposed method was compared
with other previously reported methods for triazines determination in
soils [40-43], and the results are summarized in Table S3. The analytical
performance of the proposed method was slightly inferior to previous
methods in terms of sensitivity and recoveries, although good enough to
allow the quantification of all the selected triazines in soil samples. In
addition, in our work the volume of extraction solvent has been signif-
icantly reduced and the organic solvents have been completely replaced
by a green solvent. Besides, an evaluation of the method in terms of
environmental impact and safety was performed using AGREEprep
software [30], a metric tool that assesses the sample preparation step.
The rating is based on ten criteria related to various environmental as-
pects, including the selection and use of solvents, materials and re-
agents, as well as waste generation, energy consumption, sample size
and throughput. The result of that evaluation is a pictogram with a
summary of the total greenness of the method. Fig. 7 shows the picto-
grams obtained after the evaluation of the proposed method and the
other methods for triazine analysis in soils compared above. This work
received the highest score of those compared (0.69) and stands out in 4
impact categories (criterion 2: use safer solvents and reagents; criterion
3: target sustainable, reusable and renewable materials; criterion 4:
minimize waste; and criterion 10: ensure safe procedures for the
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operator). In addition, the small sample size and good sample
throughput resulted in good scores in criteria 5 and 6. For criterion 8
(minimize energy consumption) the authors decided to consider the
heating time of the ultrasonic bath, although it is performed outside the
sample preparation step. This energy consumption should not be
forgotten as it is relatively high (the final score without this consider-
ation would have been 0.79). Alternatively, the main disadvantage of
the proposed method is that the sample preparation is performed “ex
situ” (the sample is collected and transported to the laboratory for
subsequent preparation). In conclusion, according to the AGREEprep
score, the proposed method can be considered significantly greener than
the other methods compared.

4. Conclusions

In the present work, 68 different mixtures were tested for the prep-
aration of ChCl-based NADES in combination with natural carboxylic
acids, alcohols and amines as HDBs. From this study, valuable insights
have been provided related to the influence of the kind and number of
functional group present in the HDB as well as their alkyl change length.
In this regard, the proper formation of NADES depends of the strength of
hydrogen bonding ChCl-HDB and thus the use of carboxylic acid is in
general favourable whereas long alkyl chains negatively affects NADES
formation. Besides, the use of proper bi-functional HDBs (i.e. diols) re-
sults favourable to NADES formation.

Accordingly, three different NADES, using formic acid, acetic acid
and 2,3-butanediol were selected as HDB and a three-level factorial
design was used to evaluate the effect of time and temperature on the
US-assisted extraction of triazines from soil samples. This study not only
allowed the optimal experimental conditions to be achieved, but also
provided some valuable information on the fate and physicochemical
variations of NADES under the common working temperatures used in
extraction techniques. In this regard, an increase of the extraction
temperature leads to a viscosity reduction, and thus it would favour
extraction of target analytes, but in parallel NADES become less polar
which might negatively affect the extraction of certain compounds
depending upon their physico-chemical properties. Accordingly, the
change in both viscosity and polarity of NADES with the temperature
has to be taken into account during method development, since both
parameters present a significant effect on extraction of target analytes.
Nevertheless, the present work allowed the optimisation of extraction
conditions for triazines using three different NADES and finally a ChCl-
based NADES combined with 2,3-butenodiol was selected due to its
compatibility with HPLC-UV analysis.

The final US-assisted extraction developed method using optimum
NADES allows the extraction and final determination of triazines from
soil samples at realistic concentration levels. Besides, it is important to
point out that, under optimum experimental conditions, the extraction
was carried out in only 5 min, saving both analysis time and energy
consumption, which, together with the use of a sustainable solvent,
makes the proposed method a good alternative to other published

methods considering the Principles of Green Analytical Chemistry.
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