
Vol.:(0123456789)

Food Analytical Methods 
https://doi.org/10.1007/s12161-024-02583-z

RESEARCH

Method Development and Optimization of Liquid‑Liquid 
Microextraction Based on the Decomposition of Deep Eutectic Solvent 
for the Determination of Chromium (VI) in Spinach: Assessment 
of the Greenness Profile Using Eco‑scale, AGREE, and AGREEprep

D. Moema1 · TA. Makwakwa1 · H. N. Nyambaka2 · S. Dube1 · MM Nindi3

Received: 31 August 2023 / Accepted: 11 January 2024 
© The Author(s) 2024

Abstract
A simple, effective, and ligandless liquid-liquid microextraction (LLME) procedure based on the decomposition of hydro-
phobic deep eutectic solvents (HDES) was developed for the separation and pre-concentration of chromium (VI) ions in 
spinach leaves, before the determination by flame atomic absorption spectrophotometry. In the proposed study, the first 
stage involved the leaching of chromium (VI) from spinach leaves with 0.1 M Na2CO3, and in the second stage, chromium 
(VI) extract was preconcentrated with the LLME procedure using a DES prepared from the combination of DL-menthol 
and formic acid as a chelating agent and extraction solvent. The DES decomposed in an aqueous donor phase resulting in 
the dispersion of menthol and extraction of Cr (VI) ions. Under optimal experimental conditions, the limits of detection 
(LOD) and quantification (LOQ) were 0.63 and 2.1 µg L−1, respectively. The relative standard deviation (RSD) was less 
than 7%, and the pre-concentration factor (PF) was found to be 31.25. The accuracy of the present methodology was tested 
by recovery experiments. The greenness of the developed method was assessed using three quantitative green metrics tools: 
Analytical Eco-scale, AGREE, and AGREEprep, with only Analytical Eco-scale qualifying the proposed method as green.

Keywords  Deep eutectic solvents · DES decomposition · Liquid-liquid microextraction · Spinach · Chromium (VI) · 
Greenness assessment

Introduction

Contamination by heavy metals has become a worldwide 
environmental problem due to anthropogenic and natural 
sources. They are harmful to humans and the environment 
because of their toxicity and carcinogenicity (Aigbe and 
Osibote 2020). The oxidation state of a metal determines 

its potential risk and benefits; therefore, an accurate deter-
mination of each species is of great importance (Abkenar 
et al. 2010). Chromium is one of the most common heavy 
metals found in nature. It occurs mainly in two stable oxi-
dation states, namely (+3) and (+6). Hexavalent chromium 
is a public concern because of its toxic effects on humans, 
animals, plants, and microorganisms (Alemayehu et  al. 
2011). Chromium (VI) can easily enter groundwater and 
soil through natural and anthropogenic sources and poses 
a serious threat to the health of human beings via its entry 
into the food cycle (Ahmed et al. 2017). Therefore, it is of 
great importance to determine the concentration of Cr(VI) 
in a variety of food and biological samples to protect human 
safety. Atomic absorption spectrometry (AAS), whether 
with flame or electrothermal atomization, remains one of 
the most established and widely used techniques for the 
determination of Cr in various matrices (Zeeb et al. 2013, 
Nguyen et al. 2022, Goodarzi et al. 2022, Yan et al. 2023). 
However, sample preparation is necessary to reduce the 

 *	 D. Moema 
	 moemaed@unisa.ac.za

1	 Department of Chemistry, College of Science, Engineering, 
and Technology, University of South Africa, Florida 1709, 
Johannesburg, South Africa

2	 Department of Chemistry, Kenyatta University, 
P.O. Box 43844‑00100, Nairobi, Kenya

3	 Institute for Nanotechnology and Water Sustainability 
(iNanoWS), The Science Campus College of Science, 
Engineering, and Technology (CSET), Florida Park, 
South Africa

http://crossmark.crossref.org/dialog/?doi=10.1007/s12161-024-02583-z&domain=pdf


	 Food Analytical Methods

influence of the matrix effects as well as to preconcentrate 
the analytes of interest due to their low content in the sam-
ple (Shirani et al. 2019, Andruch et al. 2022). Liquid-liquid 
microextraction (LLME) is a miniaturized version of the 
conventional liquid-liquid extraction method (LLE) and has 
attracted significant attention as a sample preparation tech-
nique because of its simplicity of operation, short extrac-
tion time, high preconcentration factors, and low analysis 
costs (Sajid and Alhoosani 2018, Zhu et al. 2018). However, 
halogenated organic solvents are the most used extraction 
solvents in LLME methods. Even though they are used in 
minute volumes, they are toxic, volatile, flammable, and 
environmentally unsustainable (He et al. 2022). Nowadays, 
the trend in sample preparation methods has been focused 
on replacing environmentally unsustainable solvents with 
new solvents that comply with the concept of green chem-
istry such as ionic liquids (ILs) and deep eutectic solvents 
(DESs) (Ribeiro et al 2015). Ionic liquids are a group of 
organic salts with low melting points below 100 °C, negligi-
ble vapor pressure, low flammability, and designability (Dai 
et al. 2013). However, the synthesis is complex and costly, 
and they are not biodegradable (Quin et al. 2020).

Deep eutectic solvents (DESs) are analogs of ILs and 
share some of the unique physicochemical properties with 
ILs, such as low volatility, nonflammability, and design-
ability, and were first proposed by Abbott and coworkers 
(Abbott et al. 2003). They are prepared by heating two or 
more components that function as a hydrogen bond acceptor 
(HBA) and hydrogen bond donor (HBD) at a certain mole 
ratio through hydrogen bond interactions to form a eutectic 
mixture with a melting point lower than that of each compo-
nent (Smith et al. 2014). They have several advantages over 
ILs and traditional organic solvents such as simplicity of 
preparation, nontoxic, biocompatibility and biodegradabil-
ity, and low production cost (Florindo et al. 2020). Examples 
of the use of DES in LLME for the extraction of metal ions 
(Karimi et al. 2015, Pourmohammad et al. 2020, Shishov 
et al 2020a, b, Ragheb et al. 2021, Pinheiro et al 2021, 
Shamsipur et al. 2022) have been reported in the literature 
demonstrating that they are becoming more acceptable as 
green alternative solvents. In 2018, a dispersive liquid-liquid 
microextraction method based on the in situ decomposition 
of a DES in the aqueous phase was published for the first 
time by Shishov and coworkers (Shishov et al. 2018). In 
their method, a DES made of tetrabutylammonium bromide 
(TBABr) and formic acid was used as the dispersive agent, 
and octanol was the extraction solvent. The aqueous sample 
phase was injected into an extraction mixture of dispersive 
solvent (DES) and extraction solvent, which resulted in the 
decomposition of the DES, and dispersion of the extraction 
solvent in the aqueous sample phase was observed resulting 
in fast extraction of analytes into extraction solvent drop-
lets (Shishov et al. 2018). Shishov and coworkers developed 

another method in 2019 where a DES made of TBABr and 
heptanol was injected into an aqueous sample resulting in 
the dissolution of its water-soluble component and simul-
taneous dispersion of the organic phase and extraction of 
hydrophobic analytes (Shishov et al. 2019). Since then, 
LLME methods based on the decomposition of DES in the 
aqueous phase have been utilized for the preconcentrating 
of organic compounds in the liver (Shishov et al. 2020a, b), 
organic analytes in honey (Nemati et al. 2021), antifungal 
drugs in biological samples (Ezoddin et al. 2022), and metal 
ions in beverages and vegetable oil (Shishov et al. 2020a, 
b, Shishov et al. 2022). In this work, we report on the uti-
lization of a DES prepared by mixing DL-menthol as an 
HBD and formic acid as HBA in liquid-liquid microextrac-
tion based on in situ decomposition of DES for a ligand-less 
extraction and preconcentration of Cr(VI) ions in spinach 
sample by flame atomic absorption spectrophotometry. Sev-
eral parameters affecting the proposed procedure were inves-
tigated such as the selection of DES, DES molar ratio, DES 
volume, sample pH, the volume of sample, and salting out 
effect. Furthermore, the greenness of the proposed method 
was assessed using quantitative green metrics tools, namely, 
Analytical Eco-Scale (AES), AGREE, and AGREEprep.

Materials and Methods

Reagents and Materials

All reagents and solvents used in this study were of ana-
lytical grade. Formic acid (FA), acetic acid (AA), trichloro-
acetic acid (TCAA), hydrochloric acid, sodium hydroxide, 
and DL menthol were all obtained from Fluka Biochemica-
Sigma-Aldrich (Steinheim, Germany). The chromium stand-
ard (1000 µg mL−1) was obtained from (Merck, Germany). 
The working standard solutions were prepared by appropri-
ate dilutions of the stock solution with double distilled water 
to obtain proper concentrations. Ten millimeter centrifuge 
tubes with a conical bottom were used for extraction, and a 
1-mL Hamilton syringe was used for removing the organic 
phase.

Samples

The spinach samples (swiss chard) used in this study were 
acquired at local supermarkets in Nairobi, Kenya. The sam-
ples were dehydrated in the oven at 80 °C for 24 h to remove 
excess water. Following that, a blender was used to grind 
the samples. Prior to usage, the samples underwent screen-
ing. For all the optimization and validation studies, spinach 
samples (spiked or nonspiked) were utilized.
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Instruments

Absorbance measurements were performed with a Shi-
madzu AA6200 Flame Atomic Absorption Spectrophotom-
eter (Kyoto, Japan) containing a 100-mm burner head and a 
deuterium lamp for background correction. The flame was 
generated with a mixture of acetylene and air with flow rates 
of 2.3 and 15 L min−1, respectively. A chromium hollow-
cathode lamp operated at a current of 10 mA, wavelength of 
357.9 nm, and spectral resolution of 0.7 nm was used. The 
pH measurements of sample solutions were carried out using 
a Metrohm pH meter model 654 (Herisau, Switzerland). A 
Hettich centrifuge, model ROTOFIX 32A (Kirchlengern, 
Germany), was used for phase separation. A laboratory hot 
plate from Gerhardt (Konigswinter, Germany) was used for 
all the heating.

Preparation of DL‑Menthol‑Based DES

The synthesis of DES was carried out by mixing DL menthol 
(as a common HBA) with different organic acids, namely 
formic acid, acetic acid, and trichloroacetic acid (as HBDs) 
in a 10-mL screw-cap tube with the desired molar ratio. Fol-
lowing the addition of the aforementioned components, the 
contents of the screw-cap tube were sealed and placed in a 
water bath at 80 °C with constant stirring until a homogene-
ous liquid formed.

Pretreatment of Spinach Samples

The chromium (VI) in spinach was determined according to 
a method developed by Panichev et al. 2005. The sample was 
prepared by weighing 0.25 g (dry weight) of spinach leaves, 
spiking with total chromium standard at 10 µg L−1, allow-
ing it to dry, and thereafter transferred into a 100-mL glass 
beaker. Twenty-five milliliters of 0.1 mol L−1 Na2CO3 was 
added, and the contents of the beaker were boiled for 15 min 
on a hot plate before being allowed to cool. After cooling, 
the sample was filtered through a Whatman no. 1 filter paper 
and diluted to a final volume of 25 mL with double distilled. 
It should be noted that the aqueous Cr(VI) solution obtained 
in this section was used as a donor phase for preconcentra-
tion by the LLME procedure.

Liquid‑Liquid Microextraction Procedure

Eighty microliters of DES made from DL-menthol and for-
mic acid at a ratio of 2:1 was transferred into a 10-mL cen-
trifuge tube followed by rapid injection of 2.5 mL of aqueous 
spinach sample solution (obtained from the “Pretreatment 
of Spinach Samples” section) previously adjusted to pH 3 
followed by 100 mg of NaCl, this resulted in DES decom-
position. The tube was then centrifuged for 5 min at 4000 

rpm, and the top organic phase was easily collected with a 
syringe and transferred to another clean dry test tube and 
diluted with 0.50 mL of 0.5 M HNO3. The resulting solu-
tion was directly injected into the flame atomic absorption 
spectrophotometer, for the determinations.

Statistical Analysis

The data obtained in this study were subjected to an analy-
sis of variance (ANOVA) for testing the linearity signifi-
cance and the calculation of correlation coefficient (R) and 
coefficient of determination (r2); the LODs and LOQs were 
calculated from linearity. Data was processed using the com-
puter program Excel 2016 (Microsoft Office®). The level of 
statistical significance was set at p < 0.05.

Results and Discussion

An LLME method based on the in situ decomposition of 
DES was developed in this study for the extraction and 
preconcentration of Cr(VI) before determination by flame 
atomic absorption spectrophotometer. A pretreatment 
step is the most crucial step in the determination of hexa-
valent chromium in plant samples. The chosen method’s 
experimental conditions should be able to quantitatively 
solubilize Cr(VI) while also avoiding the interconversions 
between Cr(VI) and Cr(III) (Seby and Vacchina 2018).
In 2005, Panichev and coworkers demonstrated that chro-
mium (VI) compounds in plants can be leached using 0.1 
M Na2CO3 (Panichev et al. 2005). The method has since 
been used for determination of Cr(VI) in soil and plants 
(Mandiwana et al. 2007), different teas (Mandiwana et al. 
2011a, b), medicinal plants (Owolabi et al. 2016), and bread 
together with breakfast cereals (Mathebula et al. 2017). In 
the proposed study, the first step was the pretreatment of 
the previously dried and ground spinach leaves with 0.1 M 
solution of Na2CO3 for the leaching of Cr(VI). The 2.5 mL 
of this extract was then used as the donor phase in the LLME 
procedure for the preconcentration of Cr(VI). In the LLME 
procedure, the deep eutectic solvent served as the dispersive 
agent, chelating agent, and extraction solvent. The aqueous 
Cr(VI) extract was directly added to the synthesized DES 
(DL-menthol: formic acid), resulting in the decomposition 
of the hydrophilic and hydrophobic components of DES due 
to the strong interactions between the aqueous phase and the 
formic acid. Formic acid served as a dispersive agent while 
the menthol served as an extraction solvent and chelating 
agent. Parameters such as the sample pH, composition of 
DES, the effect of DES ratio, volume of DES, sample vol-
ume, and salting out effect were studied and optimized to 
obtain the best conditions for the proposed method. All the 
optimization studies were carried out in triplicate using 2 
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mL of the spinach extract previously spiked with 10 µg L−1. 
One variable at a time (OVAT) was adopted for all the opti-
mization studies, and the analytical results were expressed 
as the mean value ± standard deviation.

Optimization of LLME Procedure

Effect of DES Composition

In the LLME method based on DES decomposition, a DES 
as an extraction solvent is critical and should be able to 
decompose when in contact with aqueous media. To facili-
tate DES decomposition and leaching out into the water 
phase, a hydrophobic DES synthesized by the combination 
of a hydrophilic and a hydrophobic precursor is a require-
ment (Florindo et al. 2017, Nemati et al. 2021). Various 
eutectic mixtures incorporating menthol as HBA with dif-
ferent HBDs have already been reported in the literature as 
hydrophobic DES due to its low water solubility (Ribeiro 
et al. 2015, Fan et al. 2020, Ortega-Zamora et al. 2020, Yena 
and Row 2020). In this study, DL menthol was incorpo-
rated as HBA in the DES synthesis together with three dif-
ferent hydrophilic organic acids namely: formic acid (FA), 
trichloroacetic acid (TCAA), and acetic acid (AA) at a 1:1 
mole ratio. Among the DESs synthesized, the absorbance 
signal increased in the following HBD order, formic acid > 
trichloroacetic acid > acetic acid (Fig. 1). Despite TCAA 
having the highest acidity (pka value of 0.66 among the 
HBDs used), formic acid exhibited the highest absorbance. 
This could be attributed to the commercial formic acid’s 
high water content (Díaz-Álvarez and Martín-Esteban 2022) 
which might have aided in the DES decomposition. The DES 
created with formic acid as the HBD was chosen as the opti-
mum for further studies.

Effect of DES Mole Ratio

The ratio between HBA and HBD is one of the important 
factors as it influences the physicochemical properties and 
extraction ability of a DES (Zhang et al. 2012). To obtain the 
optimum ratio of the extraction solvent, different mole ratios 
(1:1, 1:2, 1:3, 3:1, and 2:1) of DL menthol: formic acid were 
investigated. As can be seen in Fig. 2, the DES prepared at 
mole ratios where the proportion of menthol increased up 
to 2 gave the highest absorbance, and there was a decrease 
when the ratio of the acid was increased. This is most likely 
owing to the positively charged menthol being more avail-
able to interact the Cr(Vi) ions.The DL menthol: formic acid 
at 2:1 was chosen for further studies.

Effect of Sample pH

The pH of the aqueous solution before extraction is an 
important parameter that affects the analyte-DES complex 
formation and the extraction of the analytes into especially 
for ionizable analytes such as Cr(VI) (Sorouraddin et al. 
2020, Pourbakhshi 2021). It should be noted that no com-
plexing agent was used in this study because the DES also 
functioned as a chelating agent. For this purpose, the pH 
of the aqueous phase (Cr(VI extract) was adjusted in the 
pH range of 2–8 by adding 1 M HCl or NaOH solution. 
As seen in Fig. 3, the absorbance increased up to pH 3 and 
decreased up to pH 6. This is because at lower pHs Cr(VI) 
is present as HcrO4

−, which is the negatively charged form 
of Cr(VI) (Fenti et al. 2020), and it has also been shown that 
the DL-menthol molecule acquires a net positive charge as 
an HBA in the presence of organic acids as HBDs (Paul 
et al. 2023) thus resulting in the electrostatic interaction 
between HCrO4

− and DL-menthol molecule and thereby 

Fig. 1   Effect of DES com-
position on the absorbance 
of Cr(VI). Conditions: 2 mL 
sample solution containing 10 
µg L−1 Cr(VI) at pH 2, DES 
volume (100 µL)
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making the transfer of Cr(VI) from the aqueous phase into 
the DL-menthol. The results demonstrated in Fig. 3 show 
that the absorbances increase from pH 2 to 3 and decrease 
at pHs higher than 5. Similar observations were reported by 
other researchers (Shi et al. 2020, Pourbakhshi et al. 2021). 
In their studies, they observed that the extraction of Cr (VI) 
was the best in the pH ranges from 2 to 5. The pH of the 
sample was optimum at 3.

Effect of DES Volume

The DES volume plays a very crucial role as it affects 
the preconcentration or dilution of the extracted analyte 
(Shishov et al. 2019). To examine the effect of DES volume, 
a series of volumes from 50 to 200 µL were evaluated. As 

shown in Fig. 4, an increase in the volume of the extraction 
solvent led to the dilution effect. Different extraction vol-
umes would result in various volumes of the upper phase. 
The use of 80 µL of DES was chosen as the optimum in 
subsequent experiments.

Salting Out Effect

The addition of salt has often been shown to reduce the 
solubility of the analytes in aqueous environments and pro-
mote mass transfer into the organic phase, which leads to 
an increase in the extraction efficiency of the target analytes 
(Farajzadeh et al. 2018). In studies where the hydrophilic 
component of a DES was a salt for example, tetrabutylam-
monium bromide (Shishov et al 2018, Shishov et al. 2019), 

Fig. 2   Effect of DES mole ratio 
on the absorbance of Cr(VI). 
Conditions: 2 mL sample 
solution containing 10 µg L−1 
Cr(VI) at pH 3, DES (menthol: 
FA), DES volume (100 µL)

Fig. 3   Effect of sample pH on 
the absorbance of Cr(VI). Con-
ditions: 2 mL sample solution 
containing 10 µg L−1 Cr(VI), 
DES (menthol: FA), DES vol-
ume (100 µL)
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the salt facilitated the salting out effect and promoted mass 
transfer between the two phases. For this reason, the salting 
out effect was examined by studying the absorbance in the 
presence of various amounts of NaCl (0 to 100 mg). While 
NaCl is a non-expensive salt, it is important to reduce the 
amounts of reagents while keeping good extraction effi-
ciencies. It should be noted that we did not exceed 100 mg 
because we intended to use as little material as possible. As 
can be seen in Fig. 5, increasing the amount of salt causes an 
increase in absorbance; thus, 100 mg NaCl was used.

Effect of Sample Volume

The sample volume can influence the extraction efficiency 
and preconcentration factor (PF) (Shishov et al. 2019). The 

volume ratio of organic: aqueous phases is important to 
reach a higher enrichment factor and extraction efficiency for 
a lower concentration of the analytes from the larger sam-
ple volume (Pourbakhshi et al. 2021). The sample volume 
was varied from 1.0 to 2.5 mL. The optimum volume was 
achieved at 2.5 mL as shown in Fig. 6. It should be noted 
that we did not go further than 2.5 mL because we wanted 
to use less material. Thus, a sample volume of 2.5 mL was 
selected as the optimum.

Analytical Performance of the PROPOSED METHOD

The analytical performance of the proposed method was 
investigated using linearity, precision, accuracy, the limit 
of detection (LOD), the limit of quantification (LOQ), 

Fig. 4   Effect of DES volume on 
the absorbance of Cr(VI). Con-
ditions: 2 mL sample solution 
containing 10 µg L−1 Cr(VI) pH 
3, DES (menthol: FA)

Fig. 5   Effect of the salting out 
on the absorbance of Cr(VI). 
Conditions: 2 mL of sample 
solution containing 10 µg L−1 
Cr(VI) at pH 3, DES (menthol: 
FA), DES volume (80 µL)
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recoveries, and preconcentration factor (PF). Matrix-
matched standards were used to mitigate any matrix interfer-
ences. The linearity was evaluated by using a 5-point matrix-
matched calibration curve, and this was in the range of 15 to 
250 µg L−1. The coefficient of determination (r2) was 0.9996 
and the correlation coefficient (r) was 0.9999, indicating 
good linearity. The linearity significance was evaluated 
using ANOVA, where a relationship between absorbance 
and concentration is expected. From Table 1 it can be seen 
that Regression SS > Residual SS (0.00043683 2 > 1.37704 
x 10−07), Regression MS > Residual MS (0.000436832 > 
6.88522 x 10−08), and F > Significance F (6344.496622 > 
0.00015758), thus indicating a relationship between absorb-
ance and concentration. The limit of detection (LOD) was 
estimated from the linear regression based on the formula 
xlod = 3sy/x/b where sy/x is the standard error of the regres-
sion and b is the slope. Similarly, the limit of quantification 
was calculated using the expression LOQ = 10sy/x/b. The 
LOD and LOQ obtained were 0.63 and 2.1 µg L−1 respec-
tively. Recovery experiments were used to assess the accu-
racy of the proposed method. Three different concentrations 
(25, 50, and 100 µg L−1) were added to spinach samples and 
subjected to the proposed method. The recoveries obtained 
ranged from 96.32 to 104% at all spiked concentration lev-
els (Table 2) and PF was 31.25. The repeatability of the 
method was tested by measuring three repeated extractions 

of spinach sample solution spiked at the 25 µg L−1 concen-
tration level on the same day, and the reproducibility was 
tested over 3 consecutive days, the percent relative standard 
deviation was 5.3% and 6.7%, indicating good repeatability.

Assessment of Method Greenness

The greenness of the method was evaluated using three 
quantitative green metrics tools: Analytical Eco-scale, 
AGREE, and AGREEprep. The details, which include the 
advantages and disadvantages of the proposed metrics tools, 
can be found elsewhere in the literature (Sajid et al. 2022). 
Briefly, the Analytical Eco-scale approach provides quanti-
tative information regarding the greenness of the analytical 
method in terms of the type and amount of reagents and 
solvents, instrument energy, occupational hazards, and waste 

Fig. 6   Effect of sample volume 
on preconcentration of Cr(VI). 
Conditions: sample solution 
containing 10 µg L−1 Cr(VI) at 
pH 3, DES (menthol: FA), DES 
volume (80 µL)

Table 1   ANOVA table for 
testing the significance of 
regression

ANOVA

df SS MS F Significance F
Regression 1 0.000436832 0.000436832 6344.496622 0.00015758
Residual 2 1.37704 × 10−7 6.88522 x 10-08

Total 3 0.00043697

Table 2   Recovery of Cr(VI) in spinach sample

Mean value ± standard deviation at 95% confidence level (n = 3)

Added (µg 
kg−1)

Found (µg kg−1) % recovery

Spinach 25 26 ±1.04 104
50 51.5 ±2.78 103
100 96.32 ±1.0400 96.32
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generation. To determine the final eco-scale score, penalty 
points are allocated to each parameter, and the total pen-
alty points are subtracted from 100 (Gałuszka et al. 2012). 
The AGREE metric, on the other hand, is based on 12 
principles of green analytical chemistry, which are trans-
lated into a unified scale ranging from zero to one (Pena-
Pereira et al. 2020). The AGREE results are presented in 
a pictogram with a zero to one scale indicating the over-
all score in the center and the individual scores for each 
GAC principle outside. The red-yellow-green color scale 
represents the methodological performance in each of the 
twelve assessment principles, while the dimension of each 
principle’s associated sector represents the weight of each 
principle. Very recently, Pena-Pereira et al. have suggested 
AGREEprep as an excellent indicator for the comprehensive 
sustainability assessment that focuses on sample preparation 
(Pena-Pereira et al. 2022). This metric tool is based on ten 
effect categories, which are then recalculated into sub-scores 
on a 0–1 scale. Each section in a pictogram is a different 
color, ranging from red to green. The AGREE categories 
are as follows: (a) in situ sample preparation; (b) use safer 
solvents and reagents; (c) target sustainable, reusable, and 
renewable materials; (d) minimize waste; (e) minimize sam-
ple, chemical and material amounts; (f) maximize sample 
throughput; (g) integrate steps and promote automation; (h) 
minimize energy consumption; (i) choose the greenest pos-
sible post-sample preparation configuration for analysis; and 
(j) ensure operator safety. The evaluation process generates 
a pictogram with a score in the center that summarizes the 
method’s overall greenness. Table 3 demonstrates that our 
proposed method received a score of 72 on the Eco-scale, 
indicating that it is an acceptable green method. The devel-
oped method, on the other hand, received an overall AGREE 
score of 0.49. Although the proposed methodology has the 

fewest red color in AGREE, it is not considered green, and 
hence, it represents a negative ecological impact on the envi-
ronment. According to the literature, an AGREE score of 
at least 0.6 needs to be attained for the method to be con-
sidered green (Ferreira et al. 2022). The criteria to focus 
on to improve the method are in situ measurement, waste 
generation minimization, multiple analyte analysis, energy 
consumption minimization, and reducing the use of toxic 
solvents. Table 3 also includes the results of the AGREEprep 
of the proposed method. The method evaluated was based on 
liquid phase microextraction based on in situ decomposition 
of deep eutectic solvent for the determination of chromium 
(VI). Ex situ extraction was performed using DES synthe-
sized from DL-menthol and formic acid, both of which are 
considered sustainable or renewable. The method used non-
hazardous 100 mg NaCl and 0.1 M Na2CO3, which were 
counted as waste because of their contact with the sample. 
The sample also contained toxic and corrosive NaOH and 
HCl for pH adjustment, as well as HNO3 used for final dilu-
tion before analysis. The sampling procedure was manual 
and consisted of three steps. With a sample throughput of 4 
per hour, the energy demand was estimated to be 148 Wh. 
The total amount of waste included pure solvents, mixtures, 
and filter paper. The final determination technique was 
FAAS, and more than four hazards were identified resulting 
from the toxicity of the solvents utilized. With a final score 
of 0.34, analysis using the AGREEprep metric showed that 
the applied method did not satisfy the requirements for the 
method to be considered green. This method can be made 
green by opting for greener alternatives for criteria 1, 2, 7, 
and 10, which corresponds to favoring in situ sample prepa-
ration, using safer solvents and reagents, integrating steps 
and promoting automation, and ensuring safe procedures 
for the operator. In conclusion, the proposed method, as 

Table 3   Metrics tools 
parameters for the proposed 
method in this study

AES PP AGREE AGREEprep

Reagents Sodium carbonate 2

Nitric acid 6

Hydrochloric acid 4

Sodium hydroxide 2

Menthol 4

Formic acid 6

Sodium chloride 0

Instruments ≤1.5 kWh/sample 1

Centrifuge 1

Occupational hazard 0

Waste 3

Total PP 28

Eco-Scale 72

PP penalty points, AES Analytical Eco-scale
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assessed by AGREE and AGREEprep tools, was found to 
be unsustainable, and it is characterized by a range of dif-
ferent GAC criteria that highlight negative environmental 
problems, including health and safety. Only AES qualified 
the proposed method as green. The disagreement between 
these tools may be attributed to their vast difference in the 
criteria used to evaluate the proposed method.

Conclusions

A liquid-liquid microextraction based on in situ decomposi-
tion of the deep eutectic solvent method was developed and 
optimized for separation, preconcentration, and determina-
tion of Cr(VI) in spinach leaves before flame atomic absorp-
tion spectrophotometry detection. The developed method 
allows for the preconcentration and determination of Cr(VI) 
in spinach samples at µg L−1 levels with good reproducibil-
ity and accuracy. The proposed method was compared with 
other microextraction methods reported in the literature for 
preconcentration and the determination of Cr(VI) in food 
and other samples (Table 4). The relative standard deviation 
was comparable to that of other approaches. In contrast to 
other approaches, the PF was lower. The suggested method 
is superior to other to other approaches in a number of ways. 
For example, it uses Na2CO3, a common reagent that is 
readily available in most laboratories to separate Cr(VI). It is 
also ligandless. The greenness of the procedure was assessed 
utilizing a range of green metric tools.
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