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Abstract We report a multi-residue pretreatment technique,
termed temperature-assisted ionic liquid dispersive liquid-
liquid microextraction, and demonstrate its application to
simultaneous extraction of polychlorinated biphenyls
(PCBs) and polybrominated diphenyl ethers (PBDEs). An
ionic liquid was used as the extraction solvent and dispersed
into the liquid sample (water, urine) with the help of meth-
anol and at elevated temperature. Parameters such as extrac-
tion solvent and its volume, disperser solvent and its volume,
extraction time, centrifugation time, salt addition, extraction
temperature and sample pH were optimized. Under the opti-
mized conditions, an up to 278-fold enrichment factor and an
>83.4% extraction recovery were obtained. A linear relation-
ship is obtained in the range 0of 0.5-500 ng mL™". The limits of
detection (at S/N=3) and relative standard deviations (for
n=5) range from 0.1 to 0.4 ng mL™" and from 1.0% to
5.6%, respectively. The recoveries for water and urine samples
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additionally spiked with PCBs and PBDEs are between 81.0
and 127.1% and 84.0 and 110.3%, respectively. The method
was successfully applied to the determination of PCBs and
PBDE:s in real river water and in human urine samples.
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Introduction

Polychlorinated biphenyls (PCBs) and polybrominated
diphenyl ethers (PBDEs) are typical persistent organic pol-
lutants, which are ubiquitous in environment and have a
wide range of industrial applications such as dielectric fluid,
hydraulic liquid and fire retardant. Owing to their high
toxicity, lipophilic property and widespread dispersal in
the global environment, PCBs and PBDEs pose real threat
to human health and ecological systems. More than forty
years have passed since the accidental poisoning with PCBs
in Yusho, Japan in 1968. High concentration of PCBs was
still detected in the serum of the Yusho victims and the mean
urinary concentrations of nitrite and nitrotyrosine were sig-
nificantly higher than those in the controls [1]. In recent
years, PCBs and PBDEs were reported to be still detected in
human serum, breast milk and adipose tissues [2—-5].
Environmental pollutants are incorporated into the organ-
ism by different routes, and can be stored and distributed in
different tissues, which lead to an internal concentration that
can induce different alteration, adverse effect and/or disease.

@ Springer


http://dx.doi.org/10.1007/s00604-012-0776-7

230

A. Zhao et al.

Thus, it is necessary to develop new techniques for the resid-
ual analysis of pollutants at trace levels in organism samples
such as saliva, urine, nails, hair, and semen or breast milk [6].
To achieve effective extraction of target analytes from these
matrices, several sample preparation methods have been
developed including liquid-liquid extraction, microwave-
assisted extraction, matrix solid-phase dispersion, hollow
fiber-liquid phase microextraction, dispersive liquid-liquid
microextraction (DLLME) etc. [7-11]. Among them,
DLLME has attracted much interest from scientists working
in separation science. Since its introduction in 2006, DLLME
has been proved to be an efficient, quick and sensitive extrac-
tion method for organic or inorganic analytes [11]. It was
applied to the extraction of PCBs and PBDEs from different
matrices, during which chlorinated solvents were preferred as
extraction solvents [12—18]. Even though these conventional
solvents have demonstrated good recovery values, they are
volatile, toxic and flammable solvents.

To overcome the weaknesses of the previous procedure,
ionic liquids (ILs) have been recently suggested as extrac-
tion solvents in DLLME procedures [19-21]. They are very
simply molten salts, consisting of cations and anions, and
possess high thermal stability, negligible vapor pressure,
tunable viscosity and miscibility with water and organic
solvents, making them attractive alternatives to environmen-
tally unfriendly solvents [22].

The objective of this paper was to develop temperature-
assisted ionic liquid dispersive liquid-liquid microextraction
(TA-IL-DLLME) method for extraction of PCBs and
PBDEs. Obviously, this method is based on the temperature
change making IL complete dispersion in the aqueous phase
and increase the chance of partitioning between the two
phases, and the IL was concentrated into one drop by cool-
ing and centrifugation. The performance of this method was
evaluated using ILs as solvents for the extraction of PCBs
and PBDEs from water and urine samples. All the variables,
affecting TA-IL-DLLME procedure, were investigated and
optimized in detail. Finally, the developed method was
applied to the determination of the target analytes in envi-
ronmental water and human urine samples.

Experimental
Instrumentation

PCBs and PBDEs were analyzed by an Agilent 1200 HPLC
equipped with a manual injection and variable wavelength
detector (www.agilent.com.cn). A Zorbax Eclipse XDB-
C18 column (150 mm*4.6 mm, 5 pm particle size) was used
and all injections were performed manually with 20.0-uL
sample loop. The operating conditions were as follows:
mobile phase, methanol-water, 85:15 (v/v); flow rate,
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1.2 mL min"'; column temperature, 25+1 °C and the wave-
length of detection, 226 nm. The TDL-50C centrifuge was
used for separation of the organic phase from water (www.
xiongdiyiqi.com, Henan Xiongdi Instrument Co. Ltd., China).
The screw cap conical bottom glass test tubes (10 mL), used as
extraction vessels, were heated at 500 °C in a furnace (www.
carbolite.com, Carbolite, UK; model CWF 1200) to remove
organic compounds before use.

Reagent and standards

2,2',4,5,5"-pentachlorominated biphenyl (CB-101),
2,2'.3,4,4',5'-hexachlorominated biphenyl (CB-138),
2,2'.4,4'5,5'-hexachlorominated biphenyl (CB-153) and
2,2'.3,4,4'.5,5'- heptachlrobiphenyl (CB-180) were pur-
chased from Accustandard (www.accustandard.com, New
Haven, CT, USA). Each compound was dissolved in aceto-
nitrile to prepare a 100 pug mL ™" stock solution.

PBDE congeners (50 pg mL ™" in isooctane, 1 mL) such
as 2,2',4,4'-tetrabrominated diphenyl ether (BDE-47),
2,2',4,4',5-pentabrominated diphenyl ether (BDE-99),
2,2',4,4'5,6'-hexbrominated diphenyl ether (BDE-154) and
2,2'3,4,4' 5" 6-heptabrominated diphenyl ether (BDE-183)
were obtained from Sigma-Aldrich (www.sigmaaldrich.
com, St. Louis, MO, USA). Because of the limited water
solubility of isooctane, acetonitrile was selected as interme-
diate solvent. One milliliter of each solution of PBDE con-
gener was mixed and evaporated under a gentle nitrogen
flow. Then, the residue was redissolved in 10 mL acetoni-
trile to obtain a standard stock solution with a concentration
of 5 ug mL™".

All the working standard solutions were prepared by serial
dilutions of the stock solution with ultra Milli-Q water (www.
millipore.com, Millipore, Molsheim, France) prior to analysis.
The HPLC-grade acetonitrile and methanol were purchased
from Merck Company (www.merck.com, Darmstadt,
Germany). Acetone and tetrahydrofuran were all of analytical
grade and redistilled prior to use. 1-Octyl-3-methylimidazo-
lium hexafluorophosphate ([CsMIM][PF¢]) were purchased
from Shanghai Chengjie Chemical Co., Ltd (www.shythx.
com, Shanghai, China).

Sample preparation

Water samples were collected from Qiantang River,
which is the largest river in Zhejiang Province, China,
and stored in amber bottles at 4 °C until analysis. Blank
urine samples were collected from healthy individuals
and stored in polytetrafluoroethylene flasks at —20 °C
until analysis. Prior to the TA-IL-DLLME procedures,
each sample was adjusted to pH 1.0 with diluted hydro-
chloric acid and filtered through a 0.45-um membrane to
remove particulate matter.
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TA-IL-DLLME procedures

Aliquots of 5.0 mL sample solution containing PCBs and
PBDEs (pH 1.0) were placed in a 10 mL screw cap conical
bottom glass test cube. One milliliter of methanol (disperser
solvent) containing 40.0 uL [CsMIM][PF¢] (extraction sol-
vent) was injected rapidly into the sample solution by using
a 1.00-mL syringe. A cloudy solution (water, methanol,
[CsMIM][PF¢]) formed in the test tube. Then the conical
tube was heated at 40 °C for 3 min in a water bath. The IL
was dissolved completely, and the analytes will partition
into the IL phase. The tube was thereafter cooled at —20 °C
for 3 min and the solution became turbid. Then the
solution was centrifuged at 3500 rpm for 8§ min, and
the dispersed fine droplets of [CgMIM][PF4] were depos-
ited at the bottom of conical test tube (about 15.0 uL). The
sedimented phase (15 uL) was removed using a 50-puL micro-
syringe. The ionic liquid extract is too viscous to be injected
directly in the HPLC system, thus it was diluted with equal
volume of methanol, and 10 puL were injected into the HPLC
system for analysis.

Method performance

Enrichment factor (EF) is defined as the ratio of the analyte
concentration in the sedimented phase (Cy.q) and the initial
concentration of analyte (Cy) in the sample. Cq.q is obtained
from a suitable calibration graph. EF can be calculated
based on the following equation [23]:
g = G (1)
Co

The relative extraction recovery (ER%) is defined as the
percentage of total analyte amount extracted to the sedi-
mented phase [23]:

Cse Vse VS€
Ssed X Vsed 100 = EF x 22 100 2)

ER% —
* T Co X Vg Vag

where Vg and V,q are the volumes of sedimented phase
and sample solution, respectively.

Results and discussion
Selection of extraction solvent

The type of extraction solvent used in DLLME is essential
for obtaining an efficient extraction. This solvent should
have a lower solubility in water, higher extraction capability
for analytes, and good chromatography behavior [20].
According to the above criteria, the ionic liquid, [CsMIM]
[PF¢], was selected as extraction solvent in this study. It had

been proved that [CsMIM][PF4] was used to extract some
typical environmental pollutants, including polycyclic aro-
matic hydrocarbons, phthalates, phenols and aromatic amines
with satisfactory results [24, 25].

Selection of disperser solvent

In DLLME procedures, disperser solvent should be miscible
with both water and extraction solvent. Therefore, methanol,
tetrahydrofuran, acetonitrile and acetone were tested as dis-
perser solvent. Under the same conditions, a series of sam-
ple solutions were tested using 1.0 mL disperser solvent,
containing different volumes of the extraction solvents to
achieve a 15.0+£0.5 uL sedimented phase. Therefore, 40.0,
37.0, 33.0 and 45.0 pL [CsMIM][PF¢] was added to 1.0 mL
of methanol, tetrahydrofuran, acetonitrile and acetone, re-
spectively. The results, as shown in Fig. 1, demonstrated
that methanol exhibited the highest extraction efficiency
(83.4-102.9%). As a result, methanol was chosen as the
disperser solvent in subsequent experiment.

Effect of volume of extraction solvent

If the volume proportion of [CsMIM][PF¢] to methanol is
improper, the mixed process between them needs much time
to obtain a uniform mixture and, in turn, affect the mass
transfer of analyte from the sample to the microdrop [26]. In
this investigation, with the increase of [CgMIM][PF¢] vol-
ume from 30.0 to 55.0 puL, the volume of sedimented phase
increased from 5.0 to 26.0 pL, while EF decreased from
344.4 to 166.4 for PCBs, and from 549.0 to 217.6 for
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Fig. 1 Effect of disperser solvent on extraction efficiency of PCBs and
PBDE:s obtained from TA-IL-DLLME. Conditions: water sample vol-
ume, 5.0 mL, concentration level at 10.0 ng mL!; extraction solvent,
[CsMIM][PFg]; disperser solvent volume, 1.0 mL; centrifugation time,
8 min; pH, 1.0; temperature, 40 °C; data for triplicate extractions
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Fig. 2 Effect of volume of extraction solvent ([CsMIM][PF4]) on
extraction efficiency of PCBs and PBDEs obtained from TA-IL-
DLLME. Extraction conditions: water sample volume, 5.0 mL, con-
centration level at 10.0 ng mL ! disperser solvent (methanol) volume,
1.0 mL; extraction solvent volume, 30.0, 35.0, 40.0, 45.0, 50.0 and
55.0 puL; centrifugation time, 8 min; pH, 1.0; temperature, 40 °C; data
for triplicate extractions

PBDEs, respectively. As can be seen from Fig. 2, the range
of extraction recovery increased gradually when the volume
of [CgMIM][PF] was increased from 30.0 to 40.0 L, while it
remained constant from 40.0 to 55.0 pL. Therefore, 40.0-uLL
[CsMIM][PFg4] was chosen as the optimum volume.

Effect of volume of disperser solvent

After choosing methanol as disperser solvent, it is necessary
to optimize its volume. At low volume, methanol can’t
disperse IL properly and cloudy solution is not formed
completely, leading to low extraction efficiency. On the
contrary, the solubility of PCBs and PBDEs in water
increases at high volume of methanol, and thus the extrac-
tion efficiency decreases too. To obtain optimized volume of
methanol, a series of experiments were conducted by using
different volumes of methanol (0.5, 0.8, 1.0, 1.5 and
2.0 mL) containing 35.0, 37.0, 40.0, 51.5 and 61.0 uL
[CsMIM][PF¢], respectively. It is necessary to change the
volume of [CsMIM][PF¢] by changing the volume of meth-
anol in order to obtain constant volume of sedimented phase
(15.0£0.5 uL). Fig. 3 shows the curves of extraction recov-
eries of PCBs and PBDEs versus the volume of methanol.
According to Fig. 3, 1.0 mL methanol was chosen as the
optimum volume.

Effects of extraction temperature and sample pH
Temperature acts an important role as an assisted factor in
the extraction process, which can affect the mass transfer

rates of analytes and increase the contact area between IL
and aqueous solution [21]. In this investigation, the
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Fig. 3 Effect of volume of disperser solvent (methanol) on extraction
efficiency of PCBs and PBDEs obtained from TA-IL-DLLME. Extrac-
tion conditions: water sample volume 5.0 mL, concentration level at
10.0 ng mL; disperser solvent (methanol) volume, 0.5, 0.8, 1.0, 1.5
and 2.0 mL; extraction solvent ([CgMIM][PF¢]) volume 35.0, 37.0,
40.0, 51.5 and 61.0 uL; centrifugation time, 8 min; pH, 1.0; temper-
ature, 40 °C; data for triplicate extractions

extraction efficiencies of analytes for [CsMIM][PFq4] at
30 °C were lower than those at 40 °C (with exception of
CB-101 and BDE-99). However, a decreasing trend was
observed with further increase of temperature from 40 °C
(data not shown in figure). Therefore, 40 °C was selected as
the optimum temperature.

In water samples, the sample pH (1.0~11.0) had not a
remarkable effect on the extraction of PCBs and PBDEs,
while it was not the case in urine samples. The acidic

Table 1 Quantitative results of PCBs and PBDEs by TA-IL-DLLME
in water samples

Compounds ® RSD° (%) EF® LR°® R*®  LOD®
n=5 (ng mL™") (ng mL™")
BDE-47 3.8 309 0.5-500  0.9998 0.1
CB-101 5.0 318 0.5-500  0.9992 0.2
CB-138 1.8 278  0.5-500  0.9996 0.4
BDE-99 1.0 343 0.5-500  0.9999 0.3
CB-153 1.5 282 0.5-500  0.9993 0.3
BDE-154 22 315 0.5-500  0.9996 0.2
CB-180 5.6 305 0.5-500  0.9997 0.3
BDE-183 1.3 323 0.5-500  0.9999 0.4

¥ The spiked concentration of each PCB and PBDE congener was
10.0 ng mL™" in water samples.

® RSD, EF, LR, R? and LOD indicate abbreviation of relative stan-
dard deviation, enrichment factor, linear range, coefficient of correla-
tion and limit of detection (S/N=3), respectively.
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Table 2 Relative recoveries and standard deviations of PCBs and PBDEs in water samples

Compounds Qiantang River sample

Added Found (RSD%, n=5) Relative recovery ~ Added Found (RSD%, n=5) Relative recovery
(ng mL ™) (ng mL ™) (%) (ng mL ™) (ng mL ™) (%)

BDE-47 10.0 10.1+4.5 101.3 100.0 127.1£9.6 127.1

CB-101 10.0 10.7+1.7 106.8 100.0 99.5+0.4 99.5

CB-138 10.0 10.3£3.1 103.0 100.0 103.6+4.8 103.6

BDE-99 10.0 9.6+1.5 96.0 100.0 126.6+5.6 126.6

CB-153 10.0 12.1+£6.8 121.2 100.0 103.7+4.2 103.7

BDE-154  10.0 8.1+2.4 81.0 100.0 125.8+3.0 125.8

CB-180 10.0 10.2+2.2 102.0 100.0 111.7+5.1 111.7

BDE-183 10.0 8.9+3.4 89.0 100.0 121.5+8.9 121.5

conditions aid to remove large molecular proteins, to
reduce the biomolecular interference, and to enhance
extraction efficiency. The best extraction efficiency was
observed at pH 1.0 in urine samples. After taking all factors
into consideration, the pH value was adopted at pH 1.0 in
water or urine samples.

Analytical feature of the method

For the purpose of quantitative analysis, the calibration
curve was obtained under the optimized TA-IL-DLLME-
HPLC conditions. The precision of this method was evalu-
ated by carrying out five independent measurement of the
studied compounds at 10 ng mL™". As listed in Table 1, the
relative standard deviation (z=5) and limits of detection (S/
N=3) were in the range of 1.0-5.6% and 0.1-0.4 ng mL ™",
respectively. The linear range was between 0.5 and
500 ng mL~' for PCBs and PBDEs. The correlation coef-
ficients ranged from 0.9992 to 0.9999. Furthermore, the

relatively higher EF values (278-343) were also obtained
under the optimized conditions.

Real water and urine sample analysis

Water and urine samples, collected from Qiantang River
(Hanzhou, China) and from healthy individuals, respectively,
were used to test the applicability and accuracy of the method.
The residues of CB-101, CB-138, BDE-99 and CB-153 were
found to be 8.2, 4.7, 0.9 and 5.3 ng mL ! in water samples,
respectively. However, it was detected to be at below detect-
able level (<0.1 ng mL™") in all urine samples. Then the
analytes were fortified to the water and urine samples at two
levels (10 and 100 ng mL™"). As summarized in Tables 2 and
3, the ER values were in the range of 84.0-110.3% for
10-ng mL™" treatments, and of 81.0-127.1% for 100-ng mL ™
treatments, respectively. Therefore, it can be concluded
that TA-IL-DLLME pretreatment technique is feasible
for quantitative and routine multi-residue analyses of PCBs

Table 3 Relative recoveries and standard deviations of PCBs and PBDEs in urine samples

Compounds Urine sample

Added Found (RSD%, n=5) Relative recovery ~ Added Found (RSD%, n=5) Relative recovery
(ng mL™) (ng mL™) (%) (ng mL™) (ng mL ™) (%)

BDE-47 10.0 10.2£9.2 101.9 100.0 85.6+£6.3 85.6

CB-101 10.0 10.5+£7.2 105.0 100.0 85.3+3.4 85.3

CB-138 10.0 9.4+0.3 94.2 100.0 89.9+0.8 89.9

BDE-99 10.0 8.4+5.6 84.0 100.0 85.9+£4.2 85.9

CB-153 10.0 10.4£6.7 104.3 100.0 86.8+5.6 86.8

BDE-154  10.0 8.5+2.2 85.0 100.0 110.3+8.0 110.3

CB-180 10.0 9.2+7.0 92.0 100.0 95.0+4.1 95.0

BDE-183 10.0 9.0+5.1 90.0 100.0 109.1+7.9 109.1
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Fig. 4 Chromatograms in (a) blank, (b) spiked urine samples at the
concentration level of 10.0 ng mL™" and (c) spiked urine samples at the
concentration level of 100 ng mL ™", which were all obtained using TA-
IL-DLLME technique. (1) BDE-47; (2) CB-101; (3) CB-138; (4) BDE-
99; (5) CB-153; (6) BDE-154; (7) CB-180; (8) BDE-183

and PBDEs in real water and urine samples. The chromato-
grams in blank and spiked urine samples are displayed in Fig. 4.

Comparison of TA-IL-DLLME with other methods

The presented method was compared with other methods
such as liquid-liquid extraction, solid-phase microextraction
and single-drop microextraction with reference to relative
standard deviation, limit of detection, EF, and required
sample volume. As summarized in Table 4, the required
sample volume is very low (only 5 mL) in the TA-IL-
DLLME procedure, while liquid-liquid extraction and
solid-phase microextraction procedures requires 500 and
30 mL, respectively [26, 27]. This technique also provides

much higher EF (100-400) in comparison with that of
single-drop microextraction (ca. 10) [28], and the compara-
ble relative standard deviation and limit of detection were
obtained among the four pretreatment techniques described
above. Additionally, the use of ionic liquid ([CsMIM][PF])
involves some advantages such as reduction of exposure to
toxic solvents, and possibility of obtaining more reproduc-
ible results since evaporation of extraction solvent is not
required [22]. Although the direct DLLME method for
PCBs, developed by Razaei et al. in 2008 [15], has slightly
higher EF (378-540) than the presented method, it requires
toxic chlorobenzene as extraction solvent. Zhang and co-
workers in 2010 reported the TA-IL-DLLME for the pre-
treatment of anthraquinones in solid herbal medicines [21],
but the method required refluxing for 60 min with 25 mL
methanol firstly, and then combined with microextraction
procedures, leading to time-consuming and tedious process-
es. Besides, the method described here has lower IL usage,
high EF and can be also used in urine samples as compared
with IL-DLLME [29], IL cold-induced aggregation DLLME
[30] and IL head-space single-drop microextraction [31]. In
conclusion, the presented method in this paper reveals an
excellent prospect in the field of sample pretreatment of
PBDEs and PCBs in water or urine samples.

Conclusions

In this work, the TA-IL-DLLME technique was successfully
applied for separation and preconcentration of eight PCBs
and PBDEs from water and urine samples prior to multi-

Table 4 Comparison of TA-IL-DLLME with other methods for the determination of PCBs and PBDEs in liquid samples

Method SVR (mL) RSD (%) LOD EF Extraction solvent Sample Ref.
(g L™ matrices
LLE-GC-MS 500 0.61-6.32 <200 - DIchloromethan- Water [26]
petroleum
ether (60:40, v/v)
SPME-GC-MS 30 8-14 30-100 — — Water [27]
SDME-HPLC 5 4.4 700 10.6 Toluene Water [28]
IL-HS-SDME-GC 15 7.7-12.4  100-500 41-127 [CgMIM][PFq] Water [29]
IL-CIA-DLLME- 5 2.34.1 580-860 112-186 [CgMIM][PF¢] Water [30, 31]
HPLC
DLLME-GC-ECD 5 4.1-11.0 20 378-540 chlorobenzene Water [15]
TA-IL-DLLME- S(water)+ 15 1.1-44  500-2020 176-213 [CgMIM][PF¢] Herbal [21]
HPLC (methanol) medicine
TA-IL-DLLME- 5 1.0-5.6 100400 278-343 [CsMIM][PF¢] Urine Water Presented
HPLC method

SVR, RSD, LOD, and EF indicate abbreviation of solvent volume required, relative standard deviation, limit of detection and enrichment factor,

respectively.

LLE, SPME, SDME, HS and CIA indicate abbreviation of liquid-liquid extraction, solid-phase microextraction, single-drop microextraction, head-

space and cold-induced aggregation, respectively.

@ Springer



Temperature-assisted ionic liquid dispersive liquid-liquid

235

residue analyses by HPLC. Compared with other conven-
tional pretreatment techniques (e.g. liquid-liquid extraction
and microwave-assisted extraction), the presented meth-
od displays a higher precision, better separation efficien-
cy and much lower sample volume required. In
addition, an IL, [CgMIM][PF¢], is used as extraction
solvent, which is safer and more environmentally friend-
ly. This extraction procedure is noticeable due to its
lower IL usage in comparison with IL-DLLME technique
for the determination of PCBs. In conclusion, the presented
technique has a great potential for the multi-residue analyses
of PCBs and PBDEs at trace levels in environmental water
and human urine samples.
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