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Abstract
In this work, a new generation of hydrophobic deep eutectic solvents (DESs) was prepared using eugenol (as hydrogen bond
donor) and benzyltriethylammonium bromide, benzyltributylammonium bromide, benzyltriethylammonium chloride and
benzyltributylammonium chloride (as hydrogen bond acceptor) in different molar ratios. These DESs were applied to vortex-
assisted dispersive liquid-liquid microextraction of Sudan dyes from food samples, followed by high-performance liquid chro-
matographic determination. The influencing parameters, including the type of DES, amount of DES, extraction time, solution pH
and salt addition, were investigated and optimized. Under the optimized conditions, a linear range of 2–1000 ng mL−1 with
determination coefficients of <0.999 was obtained. Limits of detection and limits of quantification were in the range of 0.5 to
1 ng mL−1 and 2 to 3 ng mL−1, respectively. The proposed method was successfully used in the determination of Sudan dyes in
chili sauce, chili powder and ketchup, and satisfactory recoveries of between 89.9 and 119.3% were obtained, with relative
standard deviations in the range of 0.1–6.8%. The proposed method is simple, green and efficient, and can be applied to
determine Sudan dyes in complex matrices.
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Introduction

Sudan dyes are a family of phenyl-azoic derivatives, common-
ly used as colorants or polishing agents in plastics, oils, floor
polishes, wax, and so on due to their low cost and color fast-
ness [1]. Toxicological studies show that Sudan dyes and their
metabolites may induce DNA damage, respiratory problems,
liver, spleen and bladder cancers [2–4]. Therefore, the
International Agency for Research on Cancer has notified
Sudan dyes as category 3 carcinogens [5]. However, illegal
addition of Sudan dyes to foodstuffs, particularly chili-
containing in foodstuffs has been reported [6]. In this regard,
development of an effective method for the determination of
Sudan dyes in food samples is of great importance.

High-performance liquid chromatography (HPLC) with
ultraviolet-visible detection has been widely used for the de-
termination of Sudan dyes. However, this instrument is not
sensitive enough for the determination of Sudan dyes in food
samples due to the complexity of the sample matrices and low
concentration of the analytes [7, 8]. Therefore, various sample
preparationmethods have been developed for the extraction of
Sudan dyes, including solid-phase extraction [9], dual
solvent–stir bar microextraction [10], U-shaped hollow fi-
ber–liquid-phase microextraction [10] and molecularly
imprinted matrix solid-phase extraction [11]. However, some
of the methods are tedious and time-consuming, while others
require large amounts of organic solvents. In recent years,
significant efforts have been focused on developing simple,
green and rapid techniques for the extraction and pre-
concentration of Sudan dyes in food samples [12–15].
Dispersive liquid-liquid microextraction (DLLME) has
attracted considerable attention because of its low cost, sim-
plicity, high extraction efficiency and speed [16]. The major
drawback of the method is the use of highly toxic and pollut-
ing extraction solvents, namely chloroform, carbon tetrachlo-
r ide and chlorobenzene. As a resul t , al ternat ive
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environmentally friendly and greener solvents have been iden-
tified for use as extraction solvents in DLLME [17].

Ionic liquid (IL) have been used as a potential and powerful
alternative to conventional organic solvents [18, 19].
However, deficiencies of ILs include high cost, complex prep-
aration and in some cases toxicity. Therefore, their applica-
tions in sample preparation still present some great challenges.
Recently, deep eutectic solvents (DESs) have been used as a
substitute for ILs in the extraction of trace amounts of analytes
in DLLME [20]. A DES is synthesized by mixing a hydrogen
bond acceptor (HBA) and a hydrogen bond donor (HBD) in a
certain molar ratio, which then form a liquid with a melting
point lower than any of the individual components [21–23].
Physicochemical properties of DESs are similar to those of
ILs, such as low flammability, low vapor pressure, and good
solubility for both organic and inorganic chemicals, but with
benign characteristics, including low cost, easy synthesis, and
biodegradability. [21–24]. The use of DESs in sample prepa-
ration has shown extraordinary performance as comparedwith
most of the organic solvents and ILs [19, 24–30]. However,
most DESs in sample preparation are water-miscible, which
limits their use in the liquid samples. Development of hydro-
phobic DESs can result in low volumes of DES usage as well
as the elimination of the use of a disperser or emulsifier or-
ganic solvents. Preparation and application of hydrophobic
DESs in sample preparation has gained considerable attention
of researchers in recent years [19, 25–31]. For example, hy-
drophobic DES formed from trioctylmethylammonium chlo-
ride and 2-octanol for the extraction of sulfonamides in fruit
juices has been reported [26]. Zhang et al. synthesized a hy-
drophobic DES, composed of trioctylmethylammonium chlo-
ride and 4-cyanophenol, as the extraction solvent for the
vortex-assisted DLLME of formaldehyde in biological and
indoor air samples [25]. However, only a few hydrophobic
DESs have been used so far to extract analytes from aqueous
solution.

In this study, a new generation of hydrophobic DESs
composed of eugenol and different HBAs including
b e n z y l t r i e t h y l ammon i um b r om i d e (BTEAB ) ,
b e n z y l t r i b u t y l ammon i um b r om i d e (BTBAB) ,
benzyl t r ie thylammonium chlor ide (BTEAC) and
benzyltributylammonium chloride (BTBAC) were de-
signed and prepared. The prepared DESs were used as
extraction solvents in vortex assisted-DLLME (VA-
DLLME) for the extraction of Sudan dyes, followed by
high-performance liquid chromatography with diode array
detector (HPLC-DAD) determination. To the best of our
knowledge, this is the first report on the preparation of
these hydrophobic DESs and their application in VA-
DLLME to extract Sudan dyes. The parameters influencing
the extraction efficiency were investigated and optimized.
The proposed method was successfully applied in the de-
termination of Sudan dyes in different food samples.

Materials and methods

Reagents and chemicals

Sudan III, Sudan IV and Sudan red G were purchased from
Aladdin (Shanghai, China). HPLC-grade methanol and aceto-
nitrile were supplied byMerck (Darmstadt Germany). BTEAB,
BTBAB, BTEAC, BTBAC, sodium chloride (NaCl) and sodi-
um hydroxide (NaOH) were obtained from TCI (Shanghai,
China). Ultrapure water was obtained on a Milli-Q water puri-
fication system (Millipore, Burlington, MA, USA).

Stock solutions of each analyte were prepared at a concen-
tration of 250 μg mL−1 in acetonitrile and stored at 4 °C.
Working solutions were prepared by diluting the stock solu-
tions with ultrapure water at different known concentrations.

Instruments

The separation and quantification of Sudan dyes were performed
on an Agilent 1260 HPLC system. The chromatographic sepa-
ration was performed on a Zorbax Eclipse C18 column (5 μm,
4.6 mm× 150 mm, Agilent). The sample injection volume was
10 μL and column temperature was controlled at 30 °C. The
mobile phase was composed of acetonitrile and water (95:5, v/v)
and the flow ratewas set at 1mLmin−1. SudanRedG and Sudan
III were analyzed at a wavelength of 480 nm, and Sudan IV was
detected at a wavelength of 515 nm. The structure of the DESs
was characterized by Fourier transform infrared (FT-IR) spec-
troscopy (Nicolet iS10, Thermo Fisher Scientific, Waltham,
MA, USA) and proton nuclear magnetic resonance spectra (1H
NMR) (Bruker Ascend™ 400, Germany) in chloroform.
Differential scanning calorimetry (DSC) (Netzsch DSC 200
F3, Germany) was used to determine the melting/freezing points
of the DESs. The sample amount was 10 mg, and closed alumi-
num pans were used. The following temperature scheme was
used: initial temperature of −30 °C, increased to 50 °C at
5 °Cmin−1. The determination was under a nitrogen atmosphere
at a flow rate of 25 mL min−1.

Initial sample pretreatment

In this study, chili sauce, chili powder and ketchup were ob-
tained from a local supermarket randomly. For each sample,
0.5 g of the sample was weighed and mixed with 15 mL
methanol. After ultrasonication for 10 min, the mixture was
centrifuged for 15 min at 1676×g. Finally, 1.0 mL of the
resulting solution was further diluted to 10 mL by adding
ultrapure water and subjected to the extraction procedure.

Preparation of DESs

In this work, BTEAB, BTBAB, BTEAC and BTBAC were
selected as HBAs and eugenol was used as HBD to prepare
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the DESs. DESs were synthesized by weighing a proper
amount of HBA and HBD in a round-bottom flask with a
stopper. They were then placed in a water bath at 70 °C until
a homogeneous liquid was obtained. The prepared DESs were
stored in desiccators until use. The prepared DESs were hy-
drophobic in nature due to the HBAs containing long carbon
chains and being highly hydrophobic.

The VA-DLLME procedure

An aliquot of deionized (8 mL) water spiked with 80 ng mL−1

of each Sudan dye or food sample was added to a 10 mL
centrifuge tube with a conical bottom. Then, 75 mg of the
extraction solvent was injected into the sample solution,
which was subsequently vortexed for 1 min to obtain a cloudy
solution. After centrifugation for 5 min at 1676×g, two phases
were obtained and the DES phase (lower phase) was collected.
Finally, the DES phase was mixed with 50 μL of methanol
and 10 μL of the mixture was introduced into the HPLC
system for analysis.

Results and discussion

Effect of the composition of DES

In the present work, DESs were prepared from BTEAB,
BTBAB, BTEAC or BTBAC as the HBA and eugenol as
the HBD. The prepared DESs are listed in Table 1. The com-
position of DES is an important parameter in the DES-VA-
DLLME procedure. The extraction efficiency of the target
analytes by DES 1–4 mentioned in Table 1 was investigated.
It can be seen from Fig. 1 that the DES prepared fromBTEAB
and eugenol (DES-1) provided the highest extraction efficien-
cy for Sudan dyes. Br− as HBA components provided larger
volume and lower electrostatic force than Cl−, consequently
exhibiting higher hydrophobicity ability. Therefore, DES-1
had higher extraction efficiency for the hydrophobic target
analytes than DES-3. On the other hand, the increase in alkyl
chain length of HBA led to a decrease in the peak areas. The

possible reason for this phenomenon is that an increase in the
alkyl chain length of HBA led to increasing difficulty for
Sudan dyes to interact with DESs. Therefore, the longer chain
length of HBA reduced the extraction efficiency. Hence, DES
composed of BTEAB and eugenol was used for further
optimization.

Characterization of the prepared DESs

The structural characterizations of DES-1 were investigated
using 1H NMR and FT-IR. The 1H NMR spectra of
BTEAB, eugenol and DES-1 are shown in Fig. 2a (1H NMR
spectra and FT-IR spectra of DES-2, DES-3,DES-4, DES-5
and DES-6 are given in Supplementary Information (ESM)).
The peaks of DES seen can be attributed to BTEAB and
eugenol, and no additional peaks were found. Figure 2b de-
picts the FT-IR spectrum of BTEAB, eugenol and DES-1. The
DES was formed from intermolecular hydrogen bonding be-
tween BTEAB and eugenol. This can be confirmed by the
broad band at 3525 cm−1 related to the stretching vibration
of the O-H group in eugenol changing to 3262 cm−1 in DES-1.
Based on the results obtained above, it could be said that DES-
1 was prepared successfully.

The densities of the prepared DESs were determined by
measuring the mass of a certain volume, and the densities of
the prepared DESs were in the range of 1.01–1.17 g mL−1.

Table 1 Composition, melting
point and density of investigated
DESs

Abbreviation HBA HBD Molar
ratio

Melting/freezing
point (°C)

Density
(g mL−1)

Aspect in the aqueous
solution

DES-1 BTEAB eugenol 1:2 −3.16 1.17 transparent liquid

DES-2 BTBAB 1:2 −0.93 1.01 transparent liquid

DES-3 BTEAC 1:2 −2.11 1.10 transparent liquid

DES-4 BTBAC 1:2 1.22 1.05 transparent liquid

DES-5 BTEAB 1:2.5 −9.50 1.13 transparent liquid

DES-6 BTEAB 1:3 −17.24 1.11 transparent liquid

DES deep eutectic solvent, BTEAB benzyltriethylammonium bromide, BTBAB benzyltributylammonium bro-
mide, BTEAC benzyltriethylammonium chloride, BTBAC benzyltributylammonium chloride

Fig. 1 Effect of the type of DES on the extraction efficiency
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The melting/freeing point of the DESs was determined using a
DSC, and they ranged from −17.24 °C to 1.22 °C. A DSC
thermogram of DES-1 is included in the ESM (Fig. S11).

Effect of the molar ratio of DES

The extraction efficiency of the DESs varies depending upon
the molar ratio of the HBA and HBD. Therefore, DES-1 with
molar ratios from 1:2 to 1:3 was prepared and investigated.
DESs with a higher portion of BTEAB were not investigated
due to their crystal precipitation. From the results shown in
Fig. 3a, DES at a molar ratio of 1:2 had the highest chromato-
graphic signals for all of the analytes. Thus, a molar ratio of
1:2 of DES-1 was chosen as the extraction solvent.

Amount of the extraction solvent

The amount of the extraction solvent has a significant influ-
ence on the extraction efficiency in the VA-DLLME proce-
dure. In general, the amount of the extraction solvent should
be as low as possible so as to obtain the highest enrichment
factor and lowest toxicity to the environment. The amount of
DES-1 was investigated to be in the range of 50–200 mg (see

ESM Fig. S12). The chromatographic signals increased with
the DES-1 amount from 50 mg to 75 mg, and then decreased
when the DES-1 amount exceeded 75 mg. Higher amounts of
DES-1 did not increase the extraction efficiency due to the
dilution effect. Therefore, the amount of DES was determined
to be 75 mg.

Effect of salt addition

The addition of salt to the aqueous solution has two different
roles in the microextraction procedure. On the one hand, the
availability of analytes for extraction can be improved by in-
creasing the amount of salt due to the salting-out effect. On the
other hand, the amount of extraction solvent could increase
after extraction, thus leading to a decrease in the concentration
of the analytes. To investigate the effect of salt addition, dif-
ferent amounts of NaCl (0–10%, w/v) were added to the aque-
ous solution. Results showed that the extraction efficiency
was the highest with the addition of 0.5% NaCl, and then
the chromatographic signals decreased in salt concentrations
greater than 0.5%. The possible reason for this phenomenon is
that salting-out effect played a predominant role at lower salt
concentrations. However, higher salt concentrations led to

Fig. 2 a 1H NMR spectra of BTEAB, eugenol and DES-1 and b FT-IR spectra of BTEAB, eugenol and DES-1

Fig. 3 a Effect of molar ratio of HBA and HBD of DES on the extraction efficiency and b effect of solution pH on the extraction efficiency
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higher viscosities of the aqueous samples, and therefore re-
sulted in poor extraction efficiency. Thus, the optimal salt
concentration was 0.5% (w/v).

Solution pH

The pH of the solution is one of the most important parameters
in the extraction of Sudan dyes. The effect of solution pH was
investigated in the range of 3–12, as the Sudan dyes are un-
stable in strongly acidic or basic media. As shown in Fig. 3b,
the chromatographic signals increased with the increase in the
solution pH and reached a maximum at solution pH of 9, then
remained constant when the pH increased to 10, and finally, at
further higher pH values. According to these observations, a
solution pH of 9 was chosen in further experiments.

Method validation

To evaluate the performance of the proposed method, its lin-
earity, precision, limit of detection (LOD), limit of quantifica-
tion (LOQ), enrichment factor (EF), and recovery are investi-
gated under the optimized conditions and the results are listed
in Table 2. The method showed good linearity in the range of
2–1000 ng mL−1 for Sudan Red G and 3–1000 ng mL−1 for
Sudan III and Sudan IV with satisfactory coefficients (r2)
higher than 0.994. The LODs and LOQs were determined
as- signal-to-noise ratios of 3 and 10; the LODs ranged from
0.5 ng mL−1 to 1 ng mL−1 and the LOQs ranged from
2 ng mL−1 to 3 ng mL−1. The precision, illustrated with the
relative standard deviations (RSDs, calculated for the lowest
concentration in the linear range, n = 6), was in the range of

1.4–4.6% for Sudan dyes. EF was calculated by the following

equation: EF ¼ CDES Caq [CDES was the analyte concentration
in the separated DES phase and Caq was the initial concentra-
tion of analytes within the real sample (after the initial sample
pretreatment process)]. The extraction recoveries (ERs) were

calculated according to the following equation: ER% ¼ EF

�VDES Vaq � 100 (VDES and Vaq were the DES volume and
the solution volume, respectively). Extraction recoveries and
EFs were calculated for three replicate determinations of so-
lutions containing 10 ng mL−1 of each analyte; ERs and EFs
were in the range of 86.3–90.9% and 92–97, respectively.

Analysis of food samples

The proposed method was used to detect Sudan dyes in dif-
ferent food samples (chili powder, chili sauce and ketchup)
and the obtained results are summarized in Table 3. As can be
seen, no analytes were detected in the real samples, indicating
that Sudan dyes were not present in all the samples or below
the LODs for the method. To investigate the matrix effects, the
real food samples were spiked with three concentrations (10,
100 and 250 ng mL−1) of the Sudan dyes. As shown in
Table 3, the relative recoveries (RR) (defind as the ratios of
HPLC peak areas of the respective spiked real sample extracts
to those of the of spiked ultrapure water extracts) ranged from
89.9% to 119.3% with RSDs% ranging from 0.1% to 6.8%.
Figure 4 shows the chromatograms of the ketchup sample, and
the ketchup sample spiked with 5 ng mL−1 of each Sudan dye
after performing the VA-DLLME procedure. The results in-
dicate that the proposed method is an efficient method for the
determination of Sudan dyes in real food samples.

Table 2 Analytical performance
of the proposed method for the
determination of Sudan dyes

Linear range
(ng mL−1)

r2 RSD% LOD (ng mL−1) LOQ (ng mL−1) EF ER%

Sudan red G 2–1000 0.999 4.6 0.5 2 97 90.9

Sudan III 3–1000 0.994 3.1 1 3 94 88.1

Sudan IV 3–1000 0.997 1.4 1 3 92 86.3

RSD relative standard deviation, LOD limit of detection, LOQ limit of quantification, EF enrichment factor, ER
extraction recovery

Table 3 Analytical results for the determination of Sudan dyes in food samples

Analyte Chili powder Chili sauce Ketchup

Added 10 ng mL−1 100 ng mL−1 250 ng mL−1 10 ng mL−1 100 ng mL−1 250 ng mL−1 10 ng mL−1 100 ng mL−1 250 ng mL−1

RR (RSD %) RR (RSD %) RR (RSD %) RR (RSD %) RR (RSD %) RR (RSD %) RR (RSD %) RR (RSD %) RR (RSD %)

Sudan red G 93.2 (2.0) 96.9 (4.2) 98.7 (5.6) 109.6 (1.4) 93.6 (3.1) 102.8 (1.6) 101.6 (2.2) 89.9 (4.3) 100.3 (5.6)

Sudan III 92.1 (0.1) 95.4 (3.8) 96.1 (4.0) 108.6 (4.1) 91.1 (4.1) 92.5 (3.9) 119.3 (0.2) 97.3 (1.5) 107.3 (2.9)

Sudan IV 97.1 (5.9) 103.9 (3.1) 110.2 (2.8) 94.7 (2.7) 107.3 (2.7) 95.9 (1.8) 95.7 (3.6) 102.2 (2.0) 102.2 (6.8)

RR relative recovery, RSD relative standard deviation
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Comparison of DES-VA-DLLME method with other re-
ported methods

In this section, a comparison between the proposed method
with those of other reported methods was performed in terms
of extraction solvent, LOD, linear range, matrices and extrac-
tion time, and the results are summarized in Table 4. As the
results show, the RSD% and LOD are comparable with those

of the other mentioned methods [32–36]. It can be seen that
VA-DLLME is one of the fastest procedures in terms of ex-
traction speed, which could be attributed to the large contact
area between the DES droplets and the aqueous solution due
to vortexing [32–36]. Moreover, the hydrophobic DES can be
deemed as environmentally friendly alternatives to the con-
ventional organic solvents and some ILs [32, 33, 35, 36].
Therefore, the proposed method can be applied to determine

Fig. 4 HPLC-DAD
chromatogram of (a) ketchup
sample spiked with 5 ng mL−1 of
each analyte and (b) ketchup
sample. Peak identification: (1)
Sudan red G, (2) Sudan III and (3)
Sudan IV

Table 4 Comparison of analytical features of different methods for Sudan dyes

Method Extraction
solvent

Extraction
time (min)

RSD% Linearity
(ng mL−1)

LOD (ng mL−1) Matrices Reference

CO2-EA-EME-SS hexanoic acid 15 4.5–6.8 4.0–2000 1.0–5.0 Turmeric, saffron, pepper [32]

DLLME chlorobenzene 37 3.7–5.9 1.2–160 0.18–0.46 Water samples [33]

PMME – – 3.1–5.7 1–1000 0.13–0.29 Wine sample [34]

Centrifugeless DLLME method
based on solidification of
floating organic droplets

1-undecanol 7 4.5–9.1 2.5–1000 0.7–8.0 Turmeric powder, chili sauce,
river water and waste water.

[35]

In situ IL-DLLME [C6MIM]PF6 11 1.29–6.41 1.5–1000 0.299–0.455 Tap water, lake water, red wine,
vinegar, soy sauce, and two
kinds of fruit juices

[36]

DES-VA-DLLME DES-1 7 1.4–4.6 2–1000 0.5–1 Chili powder, chili sauce and
ketchup

This study

CO2-EA-EME-SS effervescence-assisted emulsification microextraction using an efficient switchable solvent, DLLME dispersive liquid-liquid
microextraction, PMME polymer monolith microextraction, IL-DLLME ionic-liquid-dispersive liquid–liquid microextraction, RSD relative standard
deviation, LOD limit of detection
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Sudan dyes in food samples with satisfactory accuracy, preci-
sion and fast extraction.

Conclusions

For the first time, four hydrophobic DESs based on eugenol
were designed and prepared. The DES formed from BTEAB
and eugenol at a molar ratio of 1:2 was used as the
microextraction solvent in VA-DLLME, followed by HPLC-
DAD for the determination of Sudan dyes in food samples.
Under the optimized conditions, high recoveries, low LODs
and good precision were obtained. Using the DESs as extrac-
tion solvent, problems associated with the traditional extrac-
tion solvents were overcome. The proposed method has sig-
nificant features such as low cost, simplicity and high extrac-
tion efficiency. Finally, this method showed satisfactory
clean-up for the extraction of Sudan dyes from food samples.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03337-0.
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