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Abstract Solidification of ionic liquid (SIL) has been applied
in microwave-assisted liquid-liquid microextraction method
for analyzing Sudan dyes in juice samples. 1-Ethy-3-
methylimidazolium hexafluorophosphate ([C,MIM][PF¢])
was selected as the extraction solvent due to its relatively high
melting point. With the aid of microwave irradiation, the dyes
could be easily extracted into ionic liquid phase without dis-
persive solvent. The solid microdroplet could be easily sepa-
rated from liquid. Compared with traditional dispersive liquid-
liquid microextraction, this method will greatly simplify the
collection procedure and shorten the operation time. Several
experimental parameters, including the amount of ionic liquid,
microwave power and irradiation time, pH of sample solution,
and ionic strength, were systematically investigated and opti-
mized. The limits of detection for Sudan I, II, III, and IV were
1.08, 1.30, 1.14, and 1.19 ng/L, respectively. The recoveries
of the analytes ranged from 83.42 to 115.56 % and relative
standard deviations were lower than 11.53 %, when the pres-
ent method was applied to the analysis of real samples.
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Introduction

Sudan dyes are a group of lipophilic azo dyes that are widely
used as coloring agents in oils, waxes, floor and shoe polishes,
and printing inks (Li et al. 2014; Murty et al. 2009). However,
the azo functional groups and aromatic rings in Sudan dyes
may lead to adverse effects on health such as allergic and
asthmatic reactions, DNA damage, hyperactivity, and liver
cancer (Zhao et al. 2012). International Agency for Research
on Cancer (IARC) has classified these Sudan dyes as category
3 carcinogen (Avila et al. 2011). Consequently, the addition of
Sudan dyes to foodstuff is forbidden in any national and in-
ternational food regulation act (Qiao et al. 2011).
Unfortunately, the illegal use of the dyes has still been found
in varieties of foodstuffs due to their fresh color, colorfastness,
wide availability, and low cost (Schummer et al. 2013).
Therefore, there is a pressing need to develop a rapid, reliable,
effective, and environmental friendly method for the identifi-
cation and quantification of Sudan dyes.

Until now, high-performance liquid chromatography
(HPLC; Ertas et al. 2007), liquid chromatography—mass spec-
trometry (LC-MS; Chen et al. 2013), gas chromatography—
mass spectrometry (GC-MS; He et al. 2007), immunoaffinity
chromatography (IAC; Li et al. 2010), and capillary electro-
phoresis (Mejia et al. 2007) have been applied to the determi-
nation of Sudan dyes from different foodstuffs. However, be-
cause the excellent dyeing property of Sudan dyes, the dosage
of'the dye is precious little. Considering the low concentration
of the dyes and the matrix complexity of the samples, sample
preparation plays an important role in the whole analytical
procedure. Various methods have been applied in the pretreat-
ment process, such as solid-phase extraction (SPE; Qi et al.
2011), liquid-liquid extraction (LLE; Long et al. 2011), solid-
phase microextraction (SPME; Hu et al. 2012), liquid-phase
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microextraction (LPME; Yu et al. 2008), and cloud point ex-
traction (CPE; Liu et al. 2007). SPE and LLE were initially
developed in sample preparation, but they are somewhat te-
dious and unfriendly to both the environment and operators.
SPME, LPME, and CPE overcome the disadvantages of ex-
penditure of organic solvent, but still suffer from long extrac-
tion time, low enrichment factor, or repeatability.

Dispersive liquid-liquid microextraction (DLLME; Viiias
et al. 2015a; Farajzadeh et al. 2015) was developed to reduce
the extraction time and enhance enrichment factors by
injecting extraction solvents and disperser solvents into aque-
ous sample to form cloudy state. However, the extraction sol-
vents are usually chlorobenzene, chloroform, and carbon tet-
rachloride; all of them are very toxic and environmentally
hazardous (Vifias et al. 2014a). As an environmentally friend-
ly solvent, the room temperature ionic liquids (RTILs) are
semiorganic salts, with important features including high vis-
cosity, low vapor pressure, good thermal stability, a wide
range of miscibility with water and other organic solvents,
nonflammability, and dual natural polarity (Poole and Poole
2010; Ravelo-Pérez et al. 2009). Ionic liquid (IL) has been
applied in LPME (Wang et al. 2013a), SPME (Wang et al.
2014), and aqueous two-phase systems extraction (Yu et al.
2015). Furthermore, IL could also be a good alternative to
traditional organic solvents in dispersive liquid-liquid
microextraction. Tonic liquid dispersive liquid-liquid
microextraction (IL-DLLME) has been developed and shows
superiority in respect of rapidity, low-cost, high-enrichment
factor, and perfect recovery (Wen and Zhu 2014; Viias et al.
2015b).

Based on traditional DLLME methods, many IL-DLLME
methods have been developed, including ultrasonic-assisted
IL-DLLME (Zeeb et al. 2014), in situ IL-DLLME
(Fernandez et al. 2014), and temperature control IL-DLLME
(Amjadi et al. 2013). Recently, it was reported that ILs could
efficiently absorb microwave energy and thus could be used as
solvents and co-solvents for microwave-assisted extraction.
Contrast to the conventional extraction methods, microwave-
assisted IL-DLLME greatly reduces the extraction time and
enhances the recoveries.

However, the main challenge of DLLME (including IL-
DLLME) is the separation of the small volume of extraction
solvent from the water phase. Although the liquid is immisci-
ble with water phase, the flexible liquid is hard to be separated.
Therefore, some researchers invented micropipettes or cone
tip needle syringes from appropriate or specialized apparatus
(i.e., conical neck centrifuge vials, narrow-neck flasks, etc.) to
resolve the problem, but it still cost patience and can hardly
extract perfectly from water. Besides, these apparatus are ei-
ther home-designed or not readily available, especially for
larger volumes (Giannoulis et al. 2013). Song etc. developed
the homogeneous ionic liquid microextraction which is based
on utilizing a hydrophilic IL ([C;,MIM]Br) as extraction

solvent, then transfered into hydrophobic solid-state ionic lig-
uid after adding ammonium hexafluorophosphate
(INH4][PF¢]) (Song et al. 2015). This method simplifies the
collection process of the extraction solvents; however, we still
could combine the extraction and preconcentration into one
step to improve and optimize the methods. Without the addi-
tional of anion-exchange reagent, the method could be easy,
cheap, green, and low-consuming.

In this method, solidification of ionic liquid (SIL) has been
applied in microwave-assisted liquid-liquid microextraction
method for the extraction and enrichment of Sudan dyes
from juice samples. 1-Ethy-3-methylimidazolium
hexafluorophosphate ([C,MIM][PF¢]) was chosen as the ex-
traction solvent. It was solid at room temperature with the melt
point of 62.5 °C. Then, the heating effect of microwave irra-
diation made the IL melt and dissolve in the sample solution.
The IL containing the dyes transferred into solid IL again by
freezing and separated from the sample solution after centri-
fugation. The whole process took a short time without any
extra equipment or traditional toxic extraction solvent.
Furthermore, the method was applied into real sample analysis
with good performance in detection limit and recoveries.
Thus, a rapid, green, effective, and sensitive method for the
determination of Sudan dyes in juice samples was established.

Experimental
Chemicals and Reagents

The standards of Sudan I-IV were obtained from the National
Institutes for the Control of Pharmaceutical and Biological
Products (Beijing, China). Standard stock solutions for the
dyes at the concentration level of 500 pg/mL were prepared
in acetonitrile and stored at 4 °C. The mixed working solu-
tions were obtained by diluting the standard stock solutions
with acetonitrile. Chromatographic grade acetonitrile and
methanol were purchased from Fisher Scientific Company
(Pittsburgh, PA, USA). Pure water was obtained with a
Milli-Q water purification system (Millipore Co., USA).
Sodium chloride, sodium hydroxide, and hydrochloric
acid were of analytical-reagent grade and purchased
from Beijing Chemical Factory (Beijing, China). 1-Ethy-3-
methylimidazolium hexafluorophosphate ([C,MIM][PF¢])
was obtained from Chengjie Chemical (Shanghai, China).

Apparatus and Instruments

Chromatographic separation and determination of the Sudan
dyes were performed on the 1100 series liquid chromatograph
(Agilent Technologies Inc., USA) equipped with quaternary
gradient pump, a degasser, photodiode-array detector (DAD),
a heated column compartment, an injection value, and an LC
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Fig. 1 The effect of amount of IL on the extraction recovery of Sudan
dyes. Experimental condition: the extraction solvent, ([C,MIM][PF]);
microwave power, 180 W; microwave irradiation time, 90 s; NaCl
concentration, 7 %; spiked concentration, 70 pg/L

workstation. Eclipse XDB-C18 column (3.5 pum,
4.6 mm x 150 mm, Agilent, USA) was used.

The extraction was performed on a modified household
microwave oven (SANYO, China) with a maximum micro-
wave output power of 600 W. The microwave output power
can be controlled with a continuously changeable transformer.
A DELTA-320 acidity meter (Mettler-Toledo Instruments,
Shanghai, China) was used for pH measurement. The phase
separation was performed on an LDZ4-1.2 centrifuge (Jingli
centrifuge, Beijing, China).

Sample Preparation

Four juice samples were purchased from a local supermarket
(Changchun, China), including pink juice (sample 1), red juice
(sample 2), pale pink juice (samples 3), and purple juice
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Fig. 2 The effect of ionic strength on the extraction recovery of Sudan
dyes. Experimental condition: the extraction solvent, ([(C,MIM][PF]),
0.18 g; microwave power, 180 W; microwave irradiation time, 90 s;
spiked concentration, 70 pg/L
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Fig. 3 The effect of microwave power on the extraction recovery of
Sudan dyes. Experimental condition: the extraction solvent,
([CoMIM][PF¢]), 0.18 g; microwave irradiation time, 90 s; NaCl
concentration, 7 %; spiked concentration, 70 pg/L

(sample 4). The sample solution was filtered through
0.45-um filters before extraction.

The samples used for recovery and precision studies were
previously determined to be free of the Sudan dyes consid-
ered. The spiked samples were prepared by spiking the mixed
working standard solution into samples. All results were ob-
tained with sample 1 except for those mentioned in Sections
324,

Extraction Procedure

Two milliliters of the spiked sample and 0.14 g NaCl were
placed into 5 mL glass centrifuge tube. Then, 0.18 g
[C,MIM][PFg] was added into the sample solution. The tube
was immediately placed in the microwave oven and irradiated
under the microwave power of 180 W for 90 s. The solid IL
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Fig. 4 The effect of microwave irradiation time on the extraction
recovery of Sudan dyes. Experimental condition: the extraction solvent,
([C,MIM][PFg)), 0.18 g; microwave power, 180 W; NaCl concentration,
7 %; spiked concentration, 70 pg/L
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Table 1  Experimental results of the orthogonal test

Design ID Factor Recovery (%)

number
(A) Amount (B) Ionic (C) microwave (D) microwave Sudan | Sudan II Sudan IIT Sudan IV
of IL strength power irradiation time

1 A B, C, D, 33.13 35.53 41.23 69.52

2 Ay B> C, D, 81.10 85.57 96.05 100.03

3 Ay B; Cs D; 68.01 76.00 61.21 97.98

4 A, B, C, D; 63.66 74.68 81.88 83.53

5 A, B, Cs D, 80.45 83.67 82.40 82.68

6 Ay B; C, D, 63.20 61.08 68.32 87.72

7 A; B, C; D, 70.63 75.54 65.81 84.96

8 As B, C, D; 76.74 81.54 84.94 89.60

9 As B; C, D, 61.04 57.94 60.82 85.51

was melted with the assistance of microwave irradiation and
dispersed as very fine droplets into sample solution by shaking
with hand for 30 s. After that, the analytes were extracted into
the IL droplets. The tube was placed into a refrigerator for
5 min; the IL solidified because of the low melting point
(62.5 °C). After centrifugation at 3,500 rpm for 5 min, the
IL was deposited at the bottom of the tube. The solid IL phase
was separated from the mixture, then it was purged under mild
nitrogen stream to remove the remaining sample solution in
the solid IL. Then, the IL was dissolved in 100 pL of aceto-
nitrile. The resulting solution was filtrated through 0.22 pum
PTFE filter membrane, and then directly analyzed by HPLC-
Uwv.

Chromatographic Determination

A gradient elution solvent was applied which contained water
as mobile phase A and acetonitrile as mobile phase B. The
gradient condition was as follows: 0—5 min, 90-95 % B; 5—
8 min, 95-100 % B; 8-18 min, 100 % B; 18-22 min, 100
95 % B; 22-24 min, 95-90 % B. The flow rate of the mobile
phase was 0.5 mL/min and the temperature of the column was
kept at 35 °C. The injection volume of analytical solution was
20 pL. The monitored wavelengths were 478 nm for Sudan I
and Sudan II, 520 nm for Sudan III and Sudan IV (Sun et al.
2011).

Results and Discussion
Optimization of Extraction
Effect of Amount of IL

The influence of amount of IL on extraction efficiency was
studied by adding different amounts of IL (0.12-0.24 g). As

shown in Fig. 1, the extraction efficiency increased along with
the amount of IL from 0.12 to 0.18 g, because the analytes’
diffusion rate from the solution into micro-droplet is directly
related to the interfacial area between the two liquid phases.
When the amount exceeded 0.18 g, the recoveries remained
approximately constant. Hence, 0.18 g was IL was chosen as
the ideal amount in the proposed method.

Effect of pH of Sample Solution

The pH of the sample solution plays an important role in the
extraction of organic compounds. Therefore, in the present

Table 2 Analysis of orthogonal test results

Analytes  Factor K;* K, Ks R® Optimal level
Sudan I A 4921 69.10 69.47 2026 A;
B 55.81 7943 6408 23.62 B,
C 57.69 68.60 73.03 1534 GC;
D 5821 71.64 6947 1343 D,
SudanII A 6570 73.14 71.67 744 A,
B 61.92 8359 65.01 21.67 B,
C 59.38 7273 7840 1874 GC;
D 59.05 74.06 7740 1835 D
Sudan Il A 66.19 7753 70.52 1134 A,
B 63.00 8780 6345 2480 B,
C 64.86 7958 69.81 1472 C,
D 61.51 7673 76.01 1522 D,
Sudan IV A 89.18 84.64 86.69 454 A
B 79.34  90.77 9040 1143 B,
C 82.28 89.69 8854 741 C,
D 79.24 9090 90.37 11.66 D,

*KF =(1/3)3, the recoveries of target analytes at Fi

PR =max{K;" } —min{K;" }, here F and i mean factor and setting level,
respectively
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Fig. 5 Absorption spectra of the eluates from the standard solution (4) and spiked sample (B). / Sudan I, 2 Sudan II, 3 Sudan III, 4 Sudan IV

study, the effect of pH values ranging from 1.0 to 11.0 was
investigated. The results indicated that the pH does not affect
the extraction recovery significantly. The reason may be that
Sudan dyes exist in neutral molecules under ordinary condi-
tions and do not undergo noticeable dissociation or proton-
ation in moderately acidic or basic media (Yu et al. 2012).
Accordingly, the pH of the sample solution was not adjusted
for simplify.

Effect of lonic Strength

The addition of salt to the extract is usually made to improve
the enrichment efficiency of the analytes because the in-
creased ionic strength of aqueous phase could aid the partition
of analytes to organic phase (Lv et al. 2010). To examine the
influence of ionic strength on the extraction efficiency, we
compared sodium sulfate with sodium chloride in the experi-
ment; the effects were similar. Sodium chloride was chosen
due to it dissolved in water easily (Sun et al. 2011). A series of
experiments were performed by adding different amounts of
sodium chloride (0—11 %, w/v). As shown in Fig. 2, the re-
coveries of Sudan dyes increased with the increase of NaCl

concentration from 0 to 7 %, and then decreased when NaCl
concentration exceeds 7 %. The addition of salt into sample
solution can decrease the solubility of analytes in sample so-
lution and contribute to phase separation. However, when the
amount of NaCl was excessively large, the viscosity of sample
solution increased, thereby decreased the transfer of Sudan
dyes into extraction phase. Therefore, the concentration of
NaCl was chosen as 7 % in all subsequent experiments.

Effect of Microwave Power

In this method, the proper temperature makes the solid IL melt
absolutely and then contributes to the formation of cloudy
solution. The analytes were transferred from the sample solu-
tion to the extraction solvent due to the existence of the fine IL
droplets. The temperature is strongly related to the power and
time of microwave (Xu et al. 2011). The effect of microwave
power was studied by varying the power between 60 and
360 W when the irradiation time was 90 s. It was shown in
Fig. 3 that the recoveries of dyes increased with the increase of
the microwave power from 60 to 180 W, and slowly decreased
thereafter. If the microwave power was too low, the IL could

Table 3 Analytical performance

Analyte Regression Correlation Liner range LOD LOQ
equation® coefficient (ug/L) (ug/L) (png/L)
Sudan I A=0.8290c-0.6851 0.9991 4.50-300 1.08 3.60
Sudan II A=0.8326¢-0.6967 0.9992 4.50-300 1.30 434
Sudan I1I A=0.9552¢-1.5273 0.9993 4.50-250 1.14 3.80
Sudan IV A=0.9380c¢-0.9335 0.9991 4.50-250 1.19 398

? A4, peak area of Sudan dyes; ¢, Sudan dyes concentration in micrograms per liter
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Table4 The intra- and inter-day precisions and recoveries® of the assay

Analyte Intra-day (n=15) Inter-day(n=15)

Recovery (%) RSD (%)  Recovery (%)  RSD (%)
Sudan I 95.57+£4.90 5.13 89.40+5.51 6.16
Sudan 11 92.71+4.42 4.77 90.15+2.96 3.29
Sudan Il 89.95+5.37 5.97 92.35+5.39 5.84
Sudan IV~ 88.06+4.49 5.10 92.00+4.89 532

#Mean recovery + standard deviation, %, n=5

not well disperse into the sample solution or even keep solid
phase, which will directly affect the extraction efficiency.
Excessively, too high microwave power may also contribute
to the degradation of the analytes. Based on the results, 180 W
was selected as the appropriate microwave power.

Effect of Microwave Irradiation Time

The influence of microwave extraction time on extraction re-
covery was studied under the microwave power of 180 W. As
shown in Fig. 4, the recoveries of Sudan dyes increased obvi-
ously with the increase of the irradiation time from 60 to 90 s
and the maximum recoveries were obtained at 90 s. When the
irradiation time was longer than 90 s, the recovery decreased
slightly due to the increase in solubility of [C,MIM][PF] at

higher temperature (You et al. 2007). Hence, 90 s was adopted
in the following experiments.

Orthogonal Experiment

In order to determine the optimum operating conditions and
the probable interaction between variables, an orthogonal ex-
periment (Lo(3*)) was carried out based on the previous ex-
perimental results obtained by the univariate method. The
amount of IL (A, 0.16 g; A,, 0.18 g; Az, 0.20 g), ionic
strength (B4, 5 %; B,, 7 %; Bs, 9 %), microwave power (Cj,
150 W; C,, 180 W; Cs, 240 W), and microwave irradiation
time (D4, 75 s; D, 90 s; D5 105 s) on recoveries of analytes are
shown in Table 1. In the study, the other experimental param-
eters are the same as those selected by univariate method. The
K,, which is the mean effect of each factor at the different
levels, and R value, which is the range, are calculated and
listed in Table 2. Based on the experimental results, the
amount of IL, ionic strength, microwave power, and micro-
wave irradiation time were selected as 1.8 g, 7 %, 180 W, and
90 s, respectively.

Method Validation

The target analytes were identified by comparing their reten-
tion times and absorption spectra with those of the authentic
standard analytes (Wang et al. 2013b). The spectral data for

Fig. 6 Typical chromatograms for

2
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Table 5  Analytical results of real samples (n=3)

Analyte Spiked Sample 1 Sample 2 Sample 3 Sample 4
(ug/L)
Recovery (%)  RSD (%)  Recovery (%)  RSD (%)  Recovery (%)  RSD (%)  Recovery (%)  RSD (%)
Sudan I 10 105.26 10.90 105.92 6.15 97.22 741 93.86 6.92
90 110.06 497 115.56 7.09 103.52 2.77 93.82 3.63
Sudan II 10 100.35 7.78 106.58 3.49 83.42 8.04 93.42 6.45
90 106.92 7.70 109.61 8.75 101.76 8.43 90.30 3.95
Sudan IIT 10 109.17 11.30 111.88 0.79 98.75 10.74 98.75 3.35
90 105.85 6.16 102.17 6.97 98.94 11.01 91.82 0.92
Sudan IV~ 10 104.36 11.53 114.88 2.20 85.00 10.43 89.29 4.62
90 101.79 4.24 99.53 9.63 100.60 10.10 90.30 6.37

each chromatographic peak are helpful in the identification of
species. The results are shown in Fig. 5.

Linearity

The working curves were constructed by plotting the corre-
sponding peak areas measured versus the concentrations of
Sudan dyes in a series of spiked samples (Vifias et al.
2014b). The corresponding linear regression equations and
correlation coefficients are listed in Table 3. Good linearities
are obtained with the correlation coefficients ranging from
0.9991 to 0.9993.

Limit of Detection and Quantification

The limit of detection (LOD) and limit of quantification
(LOQ) are the lowest concentration yielding a signal/
noise ratio of 3 and 10, respectively. The results obtained
are given in Table 3. The LODs and LOQs for Sudan
dyes are in the range of 1.08-1.30 and 3.60-4.34 pg/L,
respectively.

Precision and Accuracy

The intra- and inter-day precision of the present method were
obtained by analyzing the spiked sample at concentrations of
70 ng/L. The intra-day precision was performed by analyzing
spiked samples five times on the same day. The inter-day
precision was performed by analyzing spiked samples over
five working days. As Table 4 show, acceptable RSD values,
ranging from 4.77 to 5.97 % and from 3.29 to 6.16 % for intra-
and inter-day, were obtained, respectively. The recoveries in
the range of 88.06-95.57 % and 89.4-92.35 % for intra- and
inter-day, were also obtained, respectively.

Application of the Method

The practical applicability of the present method was evaluat-
ed by determining Sudan dyes from the four kinds of spiked
juice samples. The typical chromatograms of the blank and
spiked samples are shown in Fig. 6. As listed in Table 5, the
present method provides good recoveries (85.00-115.56 %)
and acceptable precision (0.79—11.53 %). It can be considered
that the present method provides good recoveries and

Table 6 Comparison with other reported methods for the Sudan dyes determination in liquid samples

Method Matrix Type and volume of extraction solvent ~ Extraction ~ Recovery (%)  LOD (pg/L) Ref.

time(min)
DLLME Red wine and juice 50 pL [C4MIM][PF¢] 10 68.54-108.28  0.428-1.454*  Sunetal. 2011
ATPS E Candy 400 pL C4[MIM]BF,4 0.15 g SDBS 3 82.3-112.1 3.68-5.45° Yu et al. 2015
MSPE Water 3 mL acetonitrile (elution solvent) 20 86.9-93.6 2.9-7.3% Lietal. 2014
DLLME Water 100 pL chlorobenzene 30 89.5-98.6 0.18-0.46" Zhou et al. 2014
This method  Juice 0.18 g [C,MIM][PF¢] 2 83.42-115.56 1.08-1.30% This work

#The unit of LOD is micrograms per liter

® The unit of LOD is micrograms per kilogram
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acceptable precisions for the determination of Sudan dyes in
real juice samples.

Comparison of MA-LLME-SFO with Other Methods

In order to evaluate the performances, some other methods
reported in the literature, including dispersive liquid-liquid
microextraction (DLLME) (Sun et al. 2011; Zhou et al.
2014), aqueous two-phase systems extraction (ATPSE) (Yu
et al. 2015), magnetic solid-phase extraction (MSPE) (Li et
al. 2014), were compared with the present method for Sudan
dye extraction, and the results are shown in Table 6. From the
table, the proposed method showed superiority over others in
respect of extraction time and the amount of organic solvent
with acceptable recoveries and detection limits.

Conclusion

In the present work, SIL has been applied in microwave-
assisted liquid-liquid microextraction method for analyzing
Sudan dyes in juice samples. This method provided satisfac-
tory linearity, repeatability, and detection limit within short
time. Moreover, the use of solid-state IL as substitute of tradi-
tional chlorinated extraction solvent makes the process easy
and environmentally friendly. It is more eco-friendly with the
absence of the organic dispersive solvent in the whole process.
Therefore, the proposed method indicated great potential in
the analysis of banned dyes in many complicated matrices.
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