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liquid dispersive liquid–liquid
microextraction based on solidification of the
aqueous phase for the determination of triazole
fungicides in water samples by high-performance
liquid chromatography†

Liyan Jia,a Jingrui Yang,b Wenfei Zhao a and Xu Jing *a

A simple, rapid, and environmentally friendly approachwas introduced to determine triazole fungicides in water

samples by air-assisted ionic liquid dispersive liquid–liquid microextraction based on solidification of the

aqueous phase using high-performance liquid chromatography-diode array detection. Ionic liquid was

applied as the extraction solvent rather than a high-toxicity extraction solvent. The air-assisted dispersion

method induced a trace amount of the ionic liquid to disperse as small droplets in the water sample, which

significantly increased the contact area between the organic phase and the aqueous phase for the rapid

transfer of target fungicides without using a dispersion solvent or auxiliary extraction devices. The

solidification of the aqueous phase facilitated the collection of extraction solvent. The type of extraction

solvent, the volume ratio of the extraction solvent to the water sample, the number of extraction cycles, the

addition of NaCl, and pH values were evaluated. The recoveries were 72.65–100.13% with a relative

standard deviation of 0.92% to 5.99%. The limits of quantification varied from 0.65 ng mL�1 to 1.83 ng mL�1.

This approach can be used to determine fungicides in ground, river, and lake water samples.
1. Introduction

Pesticides primarily serve to boost agricultural productivity and
secure crop production.1,2 However, pesticides are frequently
detected in aquatic ecosystems. Pesticide residues even at trace
levels severely break down the environment, posing a serious
danger to the biological integrity of global water resources.3

Triazole fungicides are produced globally in a large quantity
that accounts for about 21% of the global fungicide market
value.4 The biosynthesis of fungal ergosterol was inhibited by
triazole fungicides to effectively protect various crops against
fungal infections.5,6On the basis of environmental assessments,
the exposure risk of triazole fungicides tends to be greater for
freshwater sh, invertebrates, birds, and mammals, depending
on the application pattern and rate.7 They exert estrogenic
effects by interfering with estrogen receptors in mammals.8 As
a probable human carcinogen, it also induces apoptosis of
human trophoblast cells.5
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Fast and accurate analysis of low-concentration of pesticides
is challenging. Selecting an appropriate sample pretreatment
method is just as important as the analytical instrumentation.9

Thus far, the pretreatment method liquid–liquid extraction
(LLE) is frequently involved. The disadvantages of the
pretreatment method include time-consuming methods, high
cost, and the necessity for environmentally unfriendly
solvents.10 Thus, signicant endeavors have been made to
investigate facile, quick, accurate, and user-friendly sample
preparation techniques for pesticides.11

In 2006, Rezaee et al. introduced dispersive liquid–liquid
microextraction (DLLME) to extract organic analytes from
aqueous matrices.12 The method attracted a lot of interest from
scientists who had been working in analytical science since the
introduction. The method is built on ternary solvent compo-
nents (aqueous phase, extraction solvent phase, and dispersive
solvent phase). The formation of cloudy solution of ne organic
droplets promotes the distribution of analytes from the water to
extraction solvent, and thus an efficient extraction is achieved.13

This method has been applied in not only chemistry but also
genetics and molecular biology, environmental science, chem-
ical engineering, pharmaceutics, and many other elds.14

DLLME requires dened conditions, among which the most
crucial is tantamount to select an appropriate extraction and
dispersive solvent. One challenge ofmodern analytical chemistry is
tantamount to develop methods that reduce or even eliminate the
This journal is © The Royal Society of Chemistry 2019
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use of hazardous materials.14 Therefore, one problem of DLLME
lies in selecting an extraction solvent that complies the require-
ments of green chemistry. Ionic liquid (IL), the extraction solvent
selected in this study, is liquid salt over a wide temperature range,
including room temperature. Its advantages include having lower
vapor pressure, and being more environmentally friendly than
organic solvents.15 Due to negligible vapor pressure, it is assumed
that IL is not involved in air pollution. Traditional DLLME proce-
dures related to the use of toxic organic solvents—for example,
tetrachloromethane, chloroform, and toluene—generally are
hazardous to organisms and the environment. IL has been widely
used in areas of chemistry, environmental, agricultural, and bio-
logical sciences, and many others. IL has been applied to extract
metals, drugs, pesticides, veterinary drugs, UV lters, etc14,16. IL
exhibits low toxicity compared with traditional solvents,17,18

because it results from the interaction of cations and anions and
does not disseminate harmful waste products.19 IL is superior in
the sample pretreatment and becomes a new type of solvents used
for microextraction.14 Water-immiscible ILs were selected as
extraction solvent in the work in order to reduce the risk of
migration to the aquatic environment. Imidazolium ILs, including
1-butyl-3-methylimidazolium hexauorophosphate ([BMIM]PF6),
1-hexyl-3-methylimidazolium hexauorophosphate ([HMIM]PF6),
and 1-octyl-3-methylimidazolium hexauorophosphate ([OMIM]
PF6) and the like, have spurred widespread interest in the eld of
microextraction.

Another problem associated with DLLME is the requirements
of dispersive solvent, which is used to generate the cloudy solu-
tion to enhance the interaction between analytes and extraction
solvent and improve extraction efficiency.14 Utilizing disperser
solvent, however, increases the addition of organic solvents
throughout the extraction process and affects the distribution of
analytes into the organic solvent.20 Recently, improved DLLME
techniques have been applied to overcome this limitation and
exclude the use of dispersive solvents, including ultrasound-
assisted DLLME,21 vortex-assisted DLLME,22 and microwave-
assisted DLLME.23 However, these auxiliary methods commonly
need auxiliary equipment and long extraction time. At present,
using an air-assisted (AA) method in the DLLME appears to be
a better solution. In AA-DLLME, the extraction solvent disperses
in aqueous solution with the help of air bubbles,24,25 in which the
sample solution and extraction solvent are simultaneously aspi-
rated and pumped into a centrifugation tube several times.
Formed extraction solvent droplets may increase the transfer of
the analytes into the extraction solvent to achieve satisfactory
extraction recovery in a short time. Therefore, the use of AA-
DLLME should raise concerns to achieve efficient extraction of
different types of analytes.

The collection of extraction solvent is another great difficulty
in the extraction process. In order to solve the problem, DLLME-
SFO (Dispersive liquid–liquid microextraction based on solidi-
cation of oating organic droplet) was proposed.26 The
extraction solvent with low density and the high freezing point
was solidied through the ice bath. The oating extraction
solvent was collected easily, minimizing the loss of the extrac-
tion solvent. Hence, DLLME-SFO has become one of the most
interesting sample preparation techniques developed in recent
This journal is © The Royal Society of Chemistry 2019
years. However, few extraction solvents such as 1-undecanol, 1-
dodecanol, n-hexadecane, cyclohexanol can be applied in
DLLME-SFO.27 To the best of our knowledge, the application of
the technique combined with ionic liquid has few reports so far.
If there is a huge difference of freezing point between the ionic
liquid and water, either organic or aqueous phase could be
solidied by low temperature freezer, facilitating the phase
separation and the collection of the extraction solvent.

In the study, a novel AA-IL-DLLME-SA (air-assisted ionic
liquid dispersive liquid–liquid microextraction based on solid-
ication of aqueous phase) technique was developed that takes
advantage of the green ionic liquid, air-assisted dispersion
methods, and solidication of aqueous phase to readily extract
triazole fungicides in water samples. The type of extraction
solvent, the volume ratio of extraction solvent to water sample,
the number of extraction cycles, the addition of NaCl, and pH
values were investigated and evaluated. Furthermore, the
method was assessed in ground, river, and lake water samples.

2. Experimental
2.1 Chemicals and reagents

Strobilurin fungicides myclobutanil (98%), tebuconazole (98%),
and epoxiconazole (98%) came from the Institute for the
Control of Agrochemicals (Beijing, China). ILs [BMIM]PF6,
[HMIM]PF6, and [OMIM]PF6 were brought from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Methanol was purchased from Honeywell (Morris Plains, NJ,
USA). The reagents NaCl, NaOH, and HCl were brought from
Sinopharm Chemical Reagent (Shanghai, China).

2.2 Instrumentation

Agilent 1260 high-performance liquid chromatography (HPLC)
with an auto-injector and a diode array detector came fromAgilent
Technologies Inc. (Santa Clara, CA, USA). Chromatographic
separations were achieved on the Agilent Eclipse Plus C18 column
(250 � 4.6 mm, 5 mm). The injection volume was 20 mL. The
mobile phase wasmethanol + water (4 + 1 by volume) at a ow rate
of 0.5 mL min�1. The column temperature was held at 20 �C. The
detection wavelength was 220 nm. The HPLC chromatogram was
presented in Fig. S1.†

2.3 AA-IL-DLLME-SA procedure

The 5 mL of the water sample was transferred to a 15 mL
centrifuge tube with a conical bottom. Aer adding 50 mg of
NaCl and 125 mL of IL, the mixture was sucked into a 10 mL
syringe. Air bubbles were generated because of the existence of
interstice between the needle and syringe. Then themixture was
injected into the centrifuge tube with a large number of bubbles
regenerated. Air bubbles promoted the transfer of target
compounds into the IL. Aer ve suction–injection cycles, the
mixture was centrifuged at 4000 rpm for 3 min for phase
separation, and the IL settled onto the conical bottom of the
tube. Most of the water was removed and the centrifuge tube
was put into low temperature freezer (�20 �C). Then the upper
aqueous phase was solidied and the IL phase was recovered
RSC Adv., 2019, 9, 36664–36669 | 36665
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Fig. 1 Schematic diagram of the AA-IL-DLLME-SA procedure.
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completely, dissolved in 50 mL of methanol before HPLC anal-
ysis. The schematic diagram of the AA-IL-DLLME-SA procedure
was illustrated in Fig. 1.
3. Results and discussion
3.1 Optimization of extraction conditions

To identify suitable extraction parameters, experiments were
carried out aer adding the standards of triazole fungicides
(myclobutanil, tebuconazole, and epoxiconazole) with the
concentration of 100 ng mL�1. The type of extraction solvent,
the volume ratio of extraction solvent to water sample, the
number of extraction cycles, the addition of NaCl, and pH
values were investigated and evaluated.
Fig. 2 Investigation of appropriate conditions: effect of the type of extrac
sample (b); effect of the number of extraction cycles (c); effect of the ad

36666 | RSC Adv., 2019, 9, 36664–36669
3.1.1 Effect of the type of extraction solvent. In the DLLME,
the choice of an appropriate extraction solvent should be
examined rst. The extraction solvent is favorable with good
chromatographic properties, low water solubility, high extrac-
tion capacity and distribution coefficient.28 In this experiment,
the qualied imidazolium ILs [BMIM]PF6 (melting point,
6.5 �C), [HMIM]PF6 (melting point, �73.5 �C), and [OMIM]PF6
(melting point, �82.5 �C), were selected as the extraction
solvent. Other invariable factors were as follows: the volume
ratio of extraction solvent to water sample 125/5000, extraction
cycles 5, the addition of NaCl 50 mg. The results in Fig. 2
showed that [OMIM]PF6 had better extraction efficiency than
[BMIM]PF6 and [HMIM]PF6. The results may be due to the effect
of the carbon chain length of the substituent in ionic liquids.
tion solvent (a); effect of the volume ratio of extraction solvent to water
dition of NaCl (d); effect of pH values (e).

This journal is © The Royal Society of Chemistry 2019
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Besides, the collection of [BMIM]PF6 could not be achieved by
the solidication of aqueous phase. Thus, [OMIM]PF6 was
selected as the extraction solvent.

3.1.2 Effect of the volume ratio of extraction solvent to
water sample. The volume of extraction solvent may affect the
extraction efficiency and enrichment factors.28 To nd the
optimal volume of the extraction solvent, different volume
ratios of [OMIM]PF6 to water sample were tested in the range of
50/5000 to 150/5000. Other invariable factors were as follows:
the extraction solvent [OMIM]PF6, extraction cycles 5, the
addition of NaCl 50 mg. As shown in Fig. 2, the recovery
increased rst and then tended to be stable with an increase in
the ratio. The probable reason was that the target analytes could
not be fully extracted by the small volume of extraction solvent,
resulting in a low extraction recovery.29 A low volume of
extraction solvent was desirable according to the point of view
of green chemistry, therefore, the volume ratio of extraction
solvent to water sample of 125/5000 was selected for further
study.

3.1.3 Effect of the number of extraction cycles. In the
method, the number of extractions cycles was dened as the
number of repeatedly sucking extraction solvent and sample
solution mixture into a 10 mL syringe and then the sample
solution was injected into the centrifuge tube.13 This simple
action led to dispersion of extraction solvent into the sample
solution. Due to the repeated pumping treatment using a syringe,
the mixed sample could be emulsied, increasing the interaction
between the IL and the sample solution. The recovery is expected
to be improvedwith the repetition of the extraction. In this paper,
the effect of AA extraction cycles from one to seven was studied.
Other invariable factors were as follows: the volume ratio of
[OMIM]PF6 to water sample 125/5000, the addition of NaCl
50 mg. As shown in Fig. 2, when the number of cycles increased
to ve extraction cycles, good recovery and the relative standard
deviation were achieved. With the increase of number of extrac-
tion cycles, the extraction efficiency increased because of better
dispersion of extraction solvent in the sample solution. Fine
droplets of extraction solvent were generated through ve
extraction cycles. Therefore, ve extraction cycles were selected as
the optimal value. Note that the step was completed in less than
30 s, indicating the effectiveness of the proposed AA-IL-DLLME-
SA method.
Table 1 Analytical figures of merit of the proposed method

Analyte Sample
Regression equation
(ng mL�1)

Myclobutanil Ground water y ¼ 4.124x + 85.18
River water y ¼ 3.503x + 72.92
Lake water y ¼ 3.001x + 146.41

Tebuconazole Ground water y ¼ 3.984x + 90.82
River water y ¼ 3.852x + 68.64
Lake water y ¼ 3.252x + 188.12

Epoxiconazole Ground water y ¼ 2.912x + 71.60
River water y ¼ 2.653x + 79.41
Lake water y ¼ 2.135x + 144.01

This journal is © The Royal Society of Chemistry 2019
3.1.4 Effect of the addition of NaCl. Ionic strength also may
have affected extraction efficiency in DLLME. The extraction
recoveries (Fig. 2) for the target analytes increased with
increasing addition of NaCl and then decreased, which indi-
cated that the amount of NaCl played an active role. This
phenomenon could be explained by salting-out effects and
salting-in effects.30 The addition of NaCl reduces the solubility
of analytes in water samples and promotes the transfer of them
to extraction solvent.13 However, the addition of NaCl could
make the sample matrix denser and more viscous, leading to
slower kinetics during the extraction process.31 The ion
exchange process also reduces the extraction efficiency through
increasing the solubility of IL in water samples. Therefore,
changing ionic strength inuenced the extraction performance
of organic compounds because of the two opposite effects. The
results in Fig. 2 shown that the recovery of triazole fungicides
gradually increased and then decreased as the NaCl addition
increased from 0 to 100 mg. Other invariable factors were as
follows: the volume ratio of [OMIM]PF6 to water sample 125/5000,
extraction cycles 5. Then, 50 mg of NaCl was considered for
further study.

3.1.5 Effect of pH values. The pH of the water sample may
affect the presence of existing analytes and therefore the
extraction efficiency of DLLME.32 The inuence of pH values
(3 to 11) was evaluated with HCl or NaOH adjustment. Other
invariable factors were as follows: the volume ratio of [OMIM]
PF6 to water sample 125/5000, extraction cycles 5, the addition
of NaCl 50 mg. When the pH values of the water sample were in
the range of 3 to 11, the triazole fungicides were accessible to
the IL extractant to achieve the recovery greater than 75%
(Fig. 2). Thus, pH adjustment was unnecessary for the water
samples.

3.2 Analytical performance of AA-IL-DLLME-SA

The analytical performance of the AA-IL-DLLME-SA method was
evaluated with optimal extraction parameters. Three replicate
extractions were implemented for each concentration. The
linearity was evaluated using different water samples at
different concentrations of triazole fungicides. Good calibration
curves were obtained in the range of 10 to 1000 ng mL�1 for
myclobutanil, tebuconazole, and epoxiconazole with coeffi-
cients of determination (R2) in the range of 0.995 to 0.999
Coefficients of
determination (R2)

LOD
(ng mL�1)

LOQ
(ng mL�1)

0.999 0.26 0.85
0.998 0.46 1.53
0.998 0.25 0.85
0.998 0.20 0.66
0.998 0.38 1.26
0.996 0.19 0.65
0.999 0.36 1.19
0.998 0.55 1.83
0.995 0.32 1.08

RSC Adv., 2019, 9, 36664–36669 | 36667
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Table 2 Analytical performance of the proposed method for real samples

Analyte Spiked level (ng mL�1)

Ground water River water Lake water

Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)

Myclobutanil 1000 82.01 2.42 79.46 2.49 90.63 1.68
100 93.59 1.07 77.34 1.65 75.52 1.03
10 95.26 2.41 90.46 3.29 93.93 2.45

Tebuconazole 1000 91.67 2.52 88.50 5.99 98.34 1.85
100 100.13 0.92 79.80 2.57 76.50 2.57
10 93.71 4.26 90.09 3.34 95.13 3.39

Epoxiconazole 1000 87.33 3.71 86.50 2.57 95.78 4.57
100 77.00 3.43 72.65 2.36 78.50 2.57
10 74.84 2.25 89.87 4.61 82.64 3.04

Table 3 Comparison of the AA-IL-DLLME-SA method with others

Method Solvent consumption Extraction time (min) Recovery (%) LOD (ng mL�1) Ref.

CPEa-HPLC-UV Polyethylene glycol
(400 mg)

10 82.0–96.0 0.01–0.04 34

DLLME-SFOb-HPLC-DAD Methanol (200 mL),
dodecanol (12 mL)

1 84.8–110.2 0.06–0.10 35

TEA-DCFc-GC-MS Toluene (70 mL) 15 82.5–112.9 0.15–0.26 36
SBSE-DLLMEd-GC-FID Methanol (1000 mL),

tetrachloroethane (25 mL)
30 71.0–116.0 0.53–24.00 37

VA-DLLMEe-HPLC-PDA Acetonitrile (250 mL),
ionic liquid (70 mL)

2 71.0–104.5 0.40–6.70 38

AA-IL-DLLME-SA-HPLC-DAD Ionic liquid (125 mL) <0.5 72.7–100.1 0.19–0.55 This study

a Cloud point extraction. b DLLME based on solidication of oating organic droplet. c Tablet-effervescence-assisted dissolved carbon otation.
d Stir bar sorptive extraction with DLLME. e Vortex-assisted DLLME.
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(Table 1). The limits of detection and quantication (LODs and
LOQs) calculated as 3 and 10 times the signal-to-noise ratio
were 0.19–0.55 ng mL�1 and 0.65–1.83 ng mL�1, respectively.
3.3 Analysis of real samples

To evaluate the applicability and accuracy of the AA-IL-DLLME-
SA method, three actual water samples (ground, river, and lake
water) were applied. The samples were extracted by AA-IL-
DLLME-SA method and subsequently detected by HPLC to
analyze the content of myclobutanil, tebuconazole, and epox-
iconazole,33 indicating no residues in real samples. Thus, water
samples spiked at concentrations of 10, 100, and 1000 ng mL�1

were extracted under optimal conditions to investigate the
accuracy of the method. The results in Table 2 shown that the
recovery of the three fungicides was 72.65–100.13% in the water
samples with a relative standard deviation (RSD) of 0.92–5.99%.
These results indicated that AA-IL-DLLME-SA had good appli-
cability and accuracy.
3.4 Comparison with other techniques

The analytical performance for determining triazole fungicides
in the water samples was compared in Table 3, including
solvent consumption, extraction time, recovery, and LOD. The
reported methods were likely to consume more extraction
36668 | RSC Adv., 2019, 9, 36664–36669
solvent than the proposed AA-IL-DLLME-SA method. In addi-
tion, the toxicity of IL used in this study was lower than that of
toluene, tetrachloroethane, and acetonitrile solvent, which met
the requirements of green chemistry.14 The reduction in
extraction time was another notable feature of this experiment.
The extraction time was less than 30 s, which saved the
pretreatment time and enhanced timeliness. Furthermore, the
proposed method was easy to operate, which achieved compa-
rable recovery and LOD without additional instruments (water
bath heater,34 ice bath,35 tablet press machine,36 stirrer,37 and
vortex agitator38). Compared with the other method based on
ILs, this method was a fast disperser solvent-free approach and
the ILs were simply collected aer solidication of aqueous
phase. In summary, the comparison results showed that the
study had the characteristics of simple operation, rapidity,
reduced organic solvent consumption, and environmental
friendliness.
4. Conclusions

In this paper, the AA-IL-DLLME-SA method was introduced that
took advantage of AA methods, IL, solidication of aqueous
phase to extract, collect, and detect triazole fungicides in water
samples by HPLC. Extraction solvent IL was evenly dispersed
into water samples in the form of droplets within 30 s for
This journal is © The Royal Society of Chemistry 2019
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extraction by repeatedly pumping the mixture into a centrifuge
tube. The advantages of the method used in this study were the
ability to avoid the use of high-toxicity extraction solvent and
any dispersive solvent, facilitate the collection of extraction
solvent. Additional extraction instruments (stirrer, vortex
agitator, and ultrasonic mixer) were not applied. The developed
method showed good extraction efficiency, linearity, accuracy,
and applicability. Accordingly, AA-IL-DLLME-SA is a simple,
rapid, environmentally friendly, and effective alternative for the
analysis of triazole fungicides in water samples.
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