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Determination of mercury(II) in water samples
using dispersive liquid-liquid microextraction and back
extraction along with capillary zone electrophoresis
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Abstract We have developed a method for the determina-
tion of mercury in water samples that combines dispersive
liquid-liquid microextraction (DLLME) with back-
extraction (BE) and detection by capillary zone electropho-
resis. DLLME is found to be a simple, cost-effective and
rapid method for extraction and preconcentration. The
BE procedure is based on the fact that the stability
constant of the hydrophilic chelate of Hg(II) with L-
cysteine is much larger than that of the respective
complex with 1-(2-pyridylazo)-2-naphthol. Factors affect-
ing complex formation and extraction efficiency (such as
pH value, concentration of the chelating agent, time of
ultrasonication and extraction, and type and quantity of
disperser solvent) were optimized. Under the optimal
conditions, the enrichment factor is 625, and the limit of
detection is 0.62 μg L−1. The calibration plot is linear in
the range between 1 and 1,000 μg L−1 (R2=0.9991), and
the relative standard deviation (RSD, for n=6) is 4.1%.
Recoveries were determined with tap water and seawater
spiked at levels of 10 and 100 μg L−1, respectively, and
ranged from 86.6% to 95.1%, with corresponding RSDs of
3.95–5.90%.
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Introduction

Mercury is one of the prevalent toxic heavy metals with
significant environmental concern because of its persistent
accumulation, high toxicity, wide use and large distribution
[1, 2]. Its measurement is a challenging task by its trace level
presence in complicated matrices and the interference of other
elements. Therefore, in order to determine the trace level
mercury ions and to improve the detection sensitivities, high-
efficiency preconcentration methods and high selective and
sensitive analysis techniques are urgently required.

Various preconcentration methods have been used for
extraction of mercury from environmental samples, such as
liquid liquid extraction (LLE) [3, 4], liquid-liquid micro-
extraction (LLME) [5–7], cloud point extraction (CPE) [8, 9],
solid phase extraction (SPE) [10, 11] and solid phase
microextraction (SPME) [12, 13]. Also, other sequential and
parallel extraction methods, formation of complexes and
chelates and indirect methods have been much used in
mercury ion studies [14–17]. Interestingly, speciation identi-
fication and determination are usually included, such as
EtHg, MeHg and PhHg, together with Hg2+ [5, 6, 8, 9, 11,
14, 15, 18].

Recently, a new LLME method called dispersive liquid-
liquid microextraction (DLLME) was firstly introduced in
2006 by Rezaee and co-workers [19] and it was success-
fully applied for the extraction and the preconcentration of
organic and inorganic compounds from water samples [20–
22]. In DLLME, a mixture containing appropriate amounts
of extraction solvent and disperser solvent was injected
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rapidly into an aqueous sample with a syringe. Then, a
cloudy solution (water/disperser solvent/extraction sol-
vent) was formed and the analyte was extracted into the
interior of the droplets of the extraction solvent. After a
very short extraction time (a few seconds), the phase
separation was accomplished by centrifugation, and the
analyte was sedimented in the bottom and removed by
syringe and analyzed by various techniques like gas
chromatography (GC) [23, 24], liquid chromatography
(LC) [25, 26], flame and electrothermal atomic absorption
spectrometry (FAAS, ETAAS) [27, 28], and inductively
coupled plasma optical emission spectrometry (ICP-OES)
[29] and UV–vis spectrophotometry [30]. Lately, the
DLLME combined with high performance liquid
chromatography-inductively coupled plasma mass spectrom-
etry (HPLC-ICP-MS) was developed for the speciation of
mercury in water samples [31], in which the high sensitivity
and excellent linear range were attained for Hg2+ but with
high ICP-MS cost.

Capillary electrophoresis (CE) for metal analysis has the
advantages of low cost, robustness, rapidness, and versatility
[32]. However, CE-UV suffers from poor sensitivity because
of the small injection volumes and narrow optical path
length, as well as weak UV–vis absorbance of metal ions.
Consequently, preconcentration methods in conjunction with
CE represent a promising tool especially for sensitive
determination of metals at trace levels [33]. Recently,
mercury speciation analysis by CE has been greatly
performed and summarized [14, 15], indicating the possible
trend that more research will focus in quantification of
mercury species in real samples and in identification of
potential interferences, by virtue of various derivatization
and sample pretreatment methods used [34–40].

In this work, a new method combining DLLME-back
extraction (DLLME-BE) with capillary zone electropho-
resis (CZE) was developed for the determination of trace
Hg2+ in water samples, using 1-(2-Pyridylazo)-2-naphthol
(PAN) and L-cysteine (L-Cys) as chelating reagents for
DLLME and BE, respectively. The aim of BE was to
enable L-Cys to displace the hydrophobic Hg-PAN
complex and then form hydrophilic Hg-L-Cys one. More
importantly, the aqueous sample solution was naturally
compatible with aqueous CZE determination. To the best
of our knowledge, this is the first demonstration for the
determination of Hg2+ by DLLME-BE with CZE. Several
major influence factors of the extraction efficiency were
systematically investigated. Under optimized extraction
conditions, excellent analytical performances were
attained, such as wide linear range, low detection limit,
high precision, and high enrichment factor. The DLLME-
BE with CE-UV was proved potentially applicable for
efficient extraction and high sensitive determination of
Hg2+ in water samples.

Experimental

Reagents

Mercury ion standard stock solutions were prepared by
dissolving metal salts HgCl2 in ultrapure water of a
concentration of 1,000 mg L−1. 1-(2-Pyridylazo)-2-naphthol
(PAN) as the chelating agent was dissolved in ethanol
solution. L-cysteine (L-Cys) (0.1%, w/v) was used to back-
extract mercury species into aqueous phase at the back
extraction procedure. The above three reagents were all
purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China. http://www.reagent.com.cn). Carbon tet-
rachloride (CCl4), chlorobenzene (C6H5Cl), boric acid,
methanol, acetonitrile and acetone were all obtained from
Tianjin Kermel Chemical Reagent Factory (Tianjin, China.
http://www.chemreagent.com).

Instrumentation

Capillary electrophoresis (CE) measurements were carried out
on a Beckman P/ACETM MDQ Capillary Electrophoresis
System (Beckman Coulter, Fullerton, CA, USA. http://www.
beckmancoulter.com.cn) equipped with a diode array detec-
tor (DAD). Uncoated fused-silica capillaries (Yongnian
Optical Fiber Co. Ltd., Hebei, China. http://www.rui-feng.
com) with 60.2 cm total length, 50 cm effective length and
75 μm i.d. were used as separation column. The pH value
measurements were made with a Rex pH meter (Shanghai
Precision Scientific Instrument Corporation, Shanghai, Chi-
na. http://www.lei-ci.com). The phase separation was con-
ducted using a centrifuge with a relative centrifugal force of
2,200×g (Xiangyi Centrifuge Instrument Co. Ltd., Hunan,
China. http://www.xiangyilxj.com).

Electrophoretic procedures

A new capillary was conditioned firstly with methanol for
15 min, followed by 1 mol L−1 NaOH for 20 min, 0.1 mol L−1

NaOH for 10 min, ultrapure water for 15 min, and the running
buffer for 10 min. Prior to start of daily experiments, the
capillary was further rinsed with methanol, water, 1 mol L−1

NaOH, 0.1 mol L−1 NaOH and running buffer for 5 min,
respectively. Between two successive CE runs, the capillary
was rinsed with the running buffer for 2 min, which consisted
of 100 mmol L−1 boric acid and 10% (v/v) methanol (pH=
8.5). The detection wavelength was set at 200 nm and the
capillary temperature was maintained at 25 °C. The operating
power supply was positive polarity at 22 kV, and pressure
injection was performed using 0.5 psi for 5 s (1 psi=
6894.76 Pa). All electrolytes and samples were filtered
through a 0.45 μm membrane filter and degassed by
ultrasonication prior to analysis.
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DLLME-BE procedure

The DLLME-BE procedure is schematically shown in
Fig. 1. The aqueous sample solution of 10 mL containing
Hg2+ and PAN (as chelating reagent) was placed in a 15 mL
conical centrifuge tube and 1 mL of 0.1 mol L−1 boric acid
buffer solution with pH value of 6.5 was added. 800 μL
ethanol (as disperser solvent) containing 30 μL chloroben-
zene (as extraction solvent) was placed in a 1.5 mL
centrifuge tube and was shaken well. Then the mixture
was rapidly (within approximate 3 s) injected into the
sample solution by using a 1.00 mL syringe, and then the
solution was gently shaken. A cloudy solution (water/
ethanol/chlorobenzene) was formed in the tube. After
centrifugation for 3 min at 3,000 rpm, the dispersed fine
droplets of chlorobenzene were sedimented in the bottom of
conical tube. The sedimented phase was removed with
25 μL microsyringe and injected into a 0.5 mL centrifuge
tube. Ten microliter (10 μL) 0.1% (w/v) L-Cys was injected
into the tube and then ultrasonicated for 5 min. In this step,
L-Cys displaced PAN to form the complex of Hg-L-Cys,
because mercury could form more hydrophilic and stable
complexes with L-Cys over their PAN counterparts (Hg-
PAN) [38]. After centrifugation, the hydrophilic Hg-L-Cys
was extracted into the upper aqueous phase which was
prepared for CE analysis.

Results and discussion

CE separation of mercury

In the procedure of DLLME, mercury ion reacted with PAN
to form Hg-PAN complex which was extracted into the
sedimented phase after the addition of disperser and
extraction solvents and centrifugation. Then in the back
extraction, L-Cys was added into the sedimented phase and
it can displace PAN from the hydrophobic Hg-PAN
complex after ultrasonic and centrifugation. Hg2+ can form

more hydrophilic and stable complex with L-Cys and it can
easily be separated by CZE.

The CZE separation conditions were investigated, such
as the nature, concentration, pH value of the electrophoresis
buffer, the applied voltage and the sample injection time.
The boric acid and methanol system was mostly used
according to previous reports [37, 38, 41]. In this work, the
buffer pH, the concentration of boric acid and methanol in
the buffer solution were examined. Excellent base-line
separation between L-Cys and Hg-L-Cys complex was
obtained by using the optimized running buffer of methanol
of 10% (v/v) in 100 mmol L−1 boric acid (pH=8.5). So, the
buffer was used in the further study. The excellent base-line
separation of Hg-L-Cys complex and L-Cys were achieved
within 6 min, which was consistent with the standard
solution without DLLME-BE.

Optimization of DLLME-BE conditions

Study of the chelation reaction

Effect of pH value The pH value of the sample solution
played an important part in metal-chelate formation and the
subsequent DLLME. The pH of the mercury solution was
varied by using boric acid buffer solution in the pH value
range of 5–8.5. The peak height of the complex increased
as the pH value increased to 6.5, and slightly decreased as
the pH value increased from 6.5 to 8.5. Hence, the sample
solution at pH 6.5 adjusted by boric acid buffer was
selected for better chelation reaction.

Effect of PAN concentration PAN was used as chelating
agent for Hg2+ to produce a hydrophobic complex which
was extracted into chlorobenzene. The influence of PAN
concentration was evaluated in the concentration range of
0.01–0.05 mmol L−1. The results showed that the peak
height of metal-chelate was increased with the PAN
concentration up to 0.02 mmol L−1 and decreased in the
range of 0.02–0.05 mmol L−1. Because of the small volume

Fig. 1 Scheme of the
DLLME-BE procedure
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of the sedimented phase, PAN can easily be saturated at
high concentration. Therefore, the PAN concentration of
0.02 mmol L−1 was selected for the further study.

Reaction time

The reaction time was calculated between injection of PAN
and then mixture of disperser solvent and extraction
solvent. It was investigated from 1 to 10 min. The results
showed that the reaction efficiency increased from 1 to
5 min and significantly decreased with the time increasing
because of the instability of the formed PAN complex.
Therefore, 5 min was selected as reaction time. Then, it is
worth pointing out that, the obtained complex formation
remained sable over the time needed to make repetitions
and confirmed the reliability and repeatability of the
DLLME-BE-CE analysis. Although it has not been studied
in detail, derivatization and subsequent separation of the
former complexes by CE might cause potential trans-
formations of various species [42]. It would therefore be
worth investigation whether the complexes formed are
sufficiently stable under CE conditions, but so far no such
study has been conducted [15].

Study of DLLME conditions

Effect of type and volume of the extraction solvent In
DLLME, the extraction solvent should have special
characteristics. Firstly, it should form a cloudy solution
with water and the disperser solvent. Then it should have
higher density than water which can easily enable to
separate the extraction solvent from the water phase by
centrifugation. Also it should have high extraction efficien-
cy, selectivity and low solubility in water. Therefore, type
and volume of the extraction solvent was studied. Carbon
tetrachloride and chlorobenzene were selected for the
determination of Hg2+. Between the two kinds of extraction
solvents, chlorobenzene exhibited higher enrichment factor
(EF), which is defined as the ratio between the analyte
concentration in the final aqueous phase and the initial
concentration of the sample solution, and formed a well
stable cloudy solution. Therefore, chlorobenzene was
chosen as the extraction solvent.

To investigate the effect of extraction solvent volume, a
series of sample solutions were tested using 800 μL ethanol
containing different volume of chlorobenzene (20–40 μL at
5 μL intervals). Experimental results suggested that the
peak height increased with increasing volume of chloro-
benzene up to 30 μL, and then it decreased slightly owing
to the increase of sedimented phase volume. So, 30 μL was
chosen as the optimal extraction solvent volume for the
further study.

Effect of type and volume of disperser solvent The disperser
solvent should be miscible in the extraction solvent and the
aqueous sample. Methanol, ethanol, acetonitrile and acetone
were investigated. Several sample solutions were studied
using 800 μL of each disperser solvent, which contained
30 μL chlorobenzene. Finally, ethanol was chosen as the most
suitable solvent because of the higher extraction efficiency
and its lower toxicity and lower cost.

The effect of the disperser solvent volume was also
studied. The peak height increased initially up to 800 μL
ethanol, while, afterwards, it decreased as the ethanol
volume further increased. The volume variation of the
disperser solvent might affect the formation of an emulsion
system of “water/ethanol/chlorobenzene”, and then lead to
different dispersion degree of the extractant in water,
thereby influencing the extraction efficiency. When using
low volume of ethanol, the cloudy sediment phase was not
formed well, thereby, the extraction efficiency decreased.
However, excessive ethanol caused the solubility increase
of the complex, so the extraction efficiency also decreased.
Thus, 800 μL ethanol was selected for the following work.

It was observed that different volume of ethanol
caused the variation of the sedimented phase, at the
constant volume of chlorobenzene (30 μL). The volume
of the disperser solvent and the volume of the extraction
solvent should be changed simultaneously in order to
obtain the same volume of the sedimented phase as
reported [28, 43–45]. Calculated from experimental
results, the volume difference was obtained in about 4%
after centrifugation.

Study of back extraction conditions

Effect of L-Cys volume L-Cys of 0.1% (w/v) was chosen as
the extraction solvent as reported [37, 38]. In this process,
Hg2+ formed more hydrophilic and stable complex with L-
Cys over its PAN counterpart [38]. The volume of L-Cys
was investigated from 10 to 25 μL with 5 μL interval under
constant extraction conditions. The result showed that when
the volume increased, the peak height decreased. So, we
chose 10 μL in the further experiment.

Ultrasonic time

After L-Cys was added to the sediment phase, in order to
accelerate the substitution reaction between Hg-PAN and
Hg-L-Cys, ultrasonication was employed. Then, the solu-
tion was emulsified and must be centrifuged. The solution
was separated into two phases and the upper aqueous phase
was employed for analysis. The ultrasonic time was
investigated in the range of 1–10 min. The results showed
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that there was no significant signal increasing with the time
increasing. So, 5 min was chosen for sonication.

Interference study

In order to demonstrate the selectivity of the developed
method, the effect of alkali and alkaline earth metal ions
(Na+, K+, Ca2+, Mg2+) and heavy metal ions (Pb2+, Fe3+,
Mn2+, Zn2+, Co2+, Cd2+, Cu2+), which usually coexist in
environmental water samples were tested. Under the
optimized conditions of DLLME-BE-CZE, the test standard
solutions containing 100 μg L−1 Hg2+ and the criterion for
interference was set at ±10% in the signals observed in
absence of any foreign metal ions. Na+, K+, Ca2+, Mg2+ are
inert, and even at 500 times higher concentration
(50 mg L−1) their effects on the extraction of Hg2+ can be
neglected, since the recoveries of Hg2+ was in the range of

99.0–99.8%. Pb2+, Fe3+, Mn2+, Zn2+, Co2+ and Cd2+

individual at 2 mg L−1, and Cu2+ at 1 mg L−1, did not
cause significant interferences with the recoveries of Hg2+

ranging from 95.7% to 100.6%. In addition, the organo-
mercury compounds (methyl mercury (MeHg), ethylmercury
(EtHg) and phenlmercury (PhHg)) were found no interfer-
ences, since their migration times were much different from
that of Hg-L-Cys. Therefore, the developed method showed
high specificity and reliability for Hg2+ determination.

Method performance

Under the above optimized DLLME-BE conditions, a series of
experiments were performed for obtaining good method
performances. The calibration curves were linear in the range
of 1–1,000 μg L−1 of Hg2+. High preconcentration efficiency
was obtained with the calculated EF of 625. And the relative

Table 1 Comparisons of analytical performance for mercury determination by using different CE-hyphenated techniques and other techniques

Detection
techniques

Pretreatment
techniques

Migration
time (min)

LOD
(μg L−1)

Linear range
(μg L−1)

RSD a

(%)
EF b Ref.

CZE-UV DLLME-BE 5.6 0.62 1–1000 4.07 625 This
work

CZE-UV dCPE c 10 10 — 5.0 52 [38]

CZE-UV SPE 10 2.41 — — [35]

MEKC d-UV Off-column
derivatization

10 130 — — — [46]

CZE-UV FASI e 16.5 0.14 0.69–13.8 5.07 813 [34]

CZE-UV HF-LLLME-LVSS f 8.5 0.03 0.1–10 16.40 4580 [40]

CE-FHF-AAS g Off-column
derivatization

9 53 — 2.0 — [36]

Chip-CE-AFS h Off-column
derivatization

1.1 53 — 1.5 — [37]

CE-amperometric
detection

IE i 8 1.7 — — [39]

HPLC-UV IL-SDME j 24 22.8 80–480 11.6 3 [6]

ETV-AAS k SDME — 0.01 0.1–50 6.7 970 [5]

HPLC-ICP-MS l CPE 13.4 0.006 0.2–200 4.4 57 [47]

HPLC-ICP-MS DLLME 15 0.0014 0.005–2 4.4 350 [31]

a Relative standard deviation for peak height
b Enrichment factor
c Dual-cloud point extraction
dMicellar electrokinetic chromatography
e Field-Amplified Sample Injection
f Hollow fiber-based liquid-liquid-liquid microextraction-large-volume sample stacking
g Flame-heated furnace atomic absorption spectrometry
h Atomic fluorescence spectrometry
i Ion exchange
j Ionic liquid single-drop microextraction
k Electrothermal vaporization atomic absorption spectroscopy
l Inductively coupled plasma mass spectrometry
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standard deviation (RSD) was 4.07% based on the peak
height for six replicates of a standard solution at 500 μg L−1

Hg2+. The limit of detection (LOD) was obtained based on the
signals as three folds of the baseline noise (S/N=3), attaining
the favorable LOD of 0.62 μg L−1. The detection limit is
lower than the maximum contaminant level (MCL) for Hg2+

in drinking water, namely 2 μg L−1 formulated by the United
States Environmental Protection Agency (EPA) and 1 μg L−1

by the Health Department of the Chinese Government.
Comparisons of analytical performances with other

reported CE-hyphenated techniques are shown in Table 1
for the determination of Hg2+. As can be seen from Table 1,
the DLLME-BE assisted to obtaining 4 and 16 times higher
sensitivity, 12 times higher EF in a shorter time than those

of dCPE and SPE, all three followed by CZE-UV detection
[35, 38]. Furthermore, using the same UV detection, the
presented sensitivity was even above 2 orders of magnitude
higher than that of off-column derivatization [46]. Several
CE-UV applications after sample stacking also referenced in
two recent reviews [14, 15], show the same or even better
sensitivity and EF for Hg2+, respectively, such as 0.14 μg L−1

and 813 using FASI [34], and 0.03 μg L−1 and 4580 using
HF-LLLME-LVSS [40], using longer migration time (Table 1).
In addition, compared with generally recognized element
specific detection methods, such as atomic absorption
spectrometry (AAS) [36], atomic fluorescence spectrometry
(AFS) [37] and amperometry [39], coupled to off-column
derivatization [36, 37] or ion exchange (IE) [39], the
developed method still offered about 3 and 85 times higher
sensitivity with high precision in a short time.

Besides the CE analysis, as seen from Table 1, other
hyphenated techniques are also included for comparison.
The obtained linear range was the similar to or wider than
the listed ones even ICP-MS [31, 47] or AAS [5]. The
obtained LOD was lower than that reported by using
HPLC-UV with IL-SDME [6]. Also, it is noted from
Table 1 that the CPE assisted HPLC-ICP-MS can detect two
orders of magnitude lower Hg2+ concentrations [47], and
even lower down to 0.0014 μg L−1 by using DLLME
assistance [31] (Table 1). Nevertheless, the benefits of CE
are still obvious and well-known that, it is easy to use and
the running costs are low and running time is short.
Therefore, the developed DLLME-BE was demonstrated
an ideal sample preconcentration method and its coupling
with CZE-UV indicated great potential for the analysis of
Hg2+ in real water samples.

Application to water samples

To evaluate the feasibility of DLLME-BE-CZE, the
developed method was applied to the tap water and
seawater samples. The electropherograms from the extracts
of tap and seawater samples are shown in Fig. 2. Analysis
of the seawater sample spiked with Hg2+ standard solution
at 2 μg L−1 (MCL formulated by EPA) shows two resolved
peaks in Fig. 2a at ca. 5.1, and 5.6 min, corresponding to L-
Cys and Hg-L-Cys, respectively. On the other hand, the
endogenous Hg2+ was not detected in the seawater (Fig. 2b)
and tap water (Fig. 2c) samples.

To further evaluate the method performance in complex
matrices, the recovery was investigated by spiking the Hg2+

standard at two levels (10 and 100 μg L−1) and analyzing
six replicates for each concentration. Recoveries were
between 86.6% and 95.1%, with the RSD lower than
5.90% (Table 2). The developed DLLME-BE-CZE method
proved greatly applicable for the determination of Hg2+ in
water analysis.

Table 2 Recovery and precision of the DLLME-BE-CZE method for
the determination of Hg2+ in the two spiked real water samples (n=6)

Sample Added
(μg L−1)

Found
(μg L−1)

Recovery
(%)

RSD
(%)

Tap
water

10.0 9.51±0.56 95.1 5.90

100.0 91.2±3.9 91.2 4.24

Seawater 10.0 8.66±0.34 86.6 3.95

100.0 93.6±4.8 93.6 5.10

0 1 2 3 4 5 6
Time (min)

AU

0.01

0.00

L-Cys

Hg2+

a

b

c

Fig. 2 Electropherograms of Hg2+ of the extract obtained by the
present DLLME-BE method from (a) seawater sample spiked with
2 μg L−1 standard Hg2+ solution, (b) seawater sample without spiking,
and (c) tap water sample without spiking. Experimental conditions:
DLLME: 800 μL ethanol as disperser solvent containing 30 μL
chlorobenzene as extraction solvent, 0.02 mmol L−1 PAN as chelating
reagent, 5 min as reaction time; BE: 10 μL L-Cys of 0.1% (w/v) as
extraction solvent and 5 min as sonication time; CE: capillary, total
length of 60.2 cm and effective length of 50 cm; voltage applied,
22 kV; running buffer: 100 mmol L−1 boric acid and 10% (v/v)
methanol (pH=8.5); sample injection: 0.5 psi, 5 s; detection
wavelength, 200 nm
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Conclusions

This work demonstrated the first application of the
DLLME-BE coupled to CZE for the determination of Hg2
+ in water samples. By use of the two-step preconcentration
procedure, the enrichment factor for the metals investigated
was 625. Besides preconcentrating trace Hg2+, this proce-
dure could significantly eliminate the interference from
foreign ions and matrix. The present DLLME-BE-CE with
simple UV detection obtained similar or higher detection
sensitivity to/than some hyphenation methods with simple
instrumental setup and obviously low costs, as a rapid,
simple, accurate, and environmental friendly analysis
methods. With the advantages it has, further research
focusing on novel ligands will be promising for trace
analysis of various heavy metals in water samples.

Acknowledgement This work was financially supported by the
National Natural Science Foundation of China (20975089), the Innovation
Projects of the Chinese Academy of Sciences (KZCX2-EW-206), the
Department of Science and Technology of Shandong Province of China
(2008GG20005005), the Natural Science Foundation of Shandong
Province of China (ZR2010BQ027), the Science and technology support
project of Qingdao Public domain (09-1-1-55-nsh), the Yantai Research
and Development Program of China (2010158), and the 100 Talents
Program of the Chinese Academy of Sciences.

References

1. Rapsomanikis S, Craig PJ (1991) Speciation of mercury and
methylmercury compounds in aqueous samples by chromatogra-
phy atomic-absorption spectrometry after ethylation with sodium
tetraethylborate. Anal Chim Acta 248:563–567

2. Collasiol A, Pozebon D, Maia SM (2004) Ultrasound assisted
mercury extraction from soil and sediment. Anal Chim Acta
518:157–164

3. Wei GT, Yang Z, Chen CJ (2003) Room temperature ionic liquid
as a novel medium for liquid/liquid extraction of metal ions. Anal
Chim Acta 488:183–192

4. Provazi K, Campos BA, Espinosa DCR, Tenorio JAS (2011) Metal
separation from mixed types of batteries using selective precipitation
and liquid-liquid extraction techniques. Waste Manag 31(1):59–64

5. Bagheri H, Naderi M (2009) Immersed single-drop microextraction-
electrothermal vaporization atomic absorption spectroscopy for the
trace determination of mercury in water samples. J Hazard Mater
165:353–358

6. Pena-Pereir F, Lavill I, Bendicho C, Vidal L, Canals A (2009)
Speciation of mercury by ionic liquid-based single-drop micro-
extraction combined with high-performance liquid chromatography-
photodiode array detection. Talanta 78:537–541

7. Xia LB, Li X, Wu YL, Hu B, Chen R (2008) Ionic liquids based
single drop microextraction combined with electrothermal vapor-
ization inductively coupled plasma mass spectrometry for deter-
mination of Co, Hg and Pb in biological and environmental
samples. Spectrochim Acta B 63:1290–1296

8. Jitaru P, Adams FC (2004) Speciation analysis of mercury by
solid-phase microextraction and multicapillary gas chromatogra-
phy hyphenated to inductively coupled plasma-time-of-flight-
mass spectrometry. J Chromatogr A 1055:197–207

9. Mishra S, Tripathi RM, Bhalke S, Shukla VK, Puranik VD (2005)
Determination of methylmercury and mercury(II) in a marine
ecosystem using solid-phase microextraction gas chromatography-
mass spectrometry. Anal Chim Acta 551:192–198

10. Ructnev A, Spivakov B, Timerbaev A (2000) Solid-phase extraction
and subsequent capillary zone electrophoresis of trace metal ions as
soluble dithiocarbamate complexes. Chromatographia 52:99–102

11. Yin Y, Chen M, Peng J-F, Liu J, Jiang G (2010) Dithizone-
functionalized solid phase extraction-displacement elution-high
performance liquid chromatography-inductively coupled plasma
mass spectrometry for mercury speciation in water samples.
Talanta 81:1788–1792

12. Garrido M, Di Nezio MS, Lista AG, Palomeque M, Fernández
Band BS (2004) Cloud-point extraction/preconcentration on-line
flow injection method for mercury determination. Anal Chim Acta
502:173–177

13. Yu LP (2005) Cloud point extraction preconcentration prior to high-
performance liquid chromatography coupled with cold vapor
generation atomic fluorescence spectrometry for speciation analysis
of mercury in fish samples. J Agric Food Chem 53:9656–9662

14. Kubáň P, Houserová P, Kubáň P, Hauser PC, Kubán V (2007)
Mercury speciation by CE: a review. Electrophoresis 28:58–68

15. Kubáň P, Pelcová P, Margetínová J, Kubáň V (2009) Mercury
speciation by CE: an update. Electrophoresis 30:92–99

16. Yildiz A, Lisesivdin SB, Kasap M, Ozcelik S, Ozbay E, Balkan N
(2010) Investigation of low-temperature electrical conduction
mechanisms in highly resistive GaN bulk layers extracted with
simple parallel conduction extraction method. Appl Phys A
98:557–563

17. Khedhiri S, Semhi K, Duplay J, Darragi F (2011) Comparison of
sequential extraction and principal component analysis for
determination of heavy metal partitioning in sediments: the case
of protected Lagoon El Kelbia (Tunisia). Environ Earth Sci 62
(5):1013–1025

18. Chiou CS, Jiang SJ, Danadurai KSK (2001) Determination of
mercury compounds in fish by microwave-assisted extraction and
liquid chromatography-vapor generation-inductively coupled plas-
ma mass spectrometry. Spectrochim Acta B 56:1133–1142

19. Rezaee M, Assadi Y, Hosseini MRM, Aghaee E, Ahmadi F,
Berijani S (2006) Determination of organic compounds in water
using dispersive liquid-liquid microextraction. J Chromatogr A
1116:1–9

20. Yamini Y, Rezaeea M, Khanchi A, Faraji M, Saleh A (2010)
Dispersive liquid-liquid microextraction based on the solidification
of floating organic drop followed by inductively coupled plasma-
optical emission spectrometry as a fast technique for the simultaneous
determination of heavy metals. J Chromatogr A 1217:2358–2364

21. Herrera-Herrera AV, Hernández-Borges J, Borges-Miquel TM,
Rodríguez-Delgado MÁ (2010) Dispersive liquid-liquid micro-
extraction combined with nonaqueous capillary electrophoresis for
the determination of fluoroquinolone antibiotics in waters.
Electrophoresis 31:3457–3465

22. Song XL, Li JH, Liao CY, Chen LX (2011) Ultrasound-assisted
dispersive liquid-liquid microextraction combined with little solvent
consumption for determination of polycyclic aromatic hydrocarbons in
seawater by gas chromatography-mass spectrometry. Chromatographia
74:89–98

23. Birjandi AP, Bidari A, Rezaei F, Hosseini MRM, Assadi Y (2008)
Speciation of butyl and phenyltin compounds using dispersive
liquid-liquid microextraction and gas chromatography-flame
photometric detection. J Chromatogr A 1193:19–25

24. Hu J, Fu L, Zhao X, Liu X, Wang H, Wang X, Dai L (2009)
Dispersive liquid-liquid microextraction combined with gas
chromatography-electron capture detection for the determination
of polychlorinated biphenyls in soils. Anal Chim Acta 640:100–
105

Determination of mercury(II) in water samples 307



25. Zhou Q, Bai H, Xie G, Xiao J (2008) Trace determination of
organophosphorus pesticides in environmental samples by
temperature-controlled ionic liquid dispersive liquid-phase micro-
extraction. J Chromatogr A 1188:148–153

26. Tsai WC, Huang SD (2009) Dispersive liquid-liquid-liquid micro-
extraction combined with liquid chromatography for the determi-
nation of chlorophenoxy acid herbicides in aqueous samples. J
Chromatogr A 1216:7846–7850

27. Anthemidis AN, Ioannou KIG (2009) On-line sequential injection
dispersive liquid-liquid microextraction system for flame atomic
absorption spectrometric determination of copper and lead in
water samples. Talanta 79:86–91

28. Naseri MT, Hosseini MRM, Assadi Y, Kiani A (2008) Rapid
determination of lead in water samples by dispersive liquid-liquid
microextraction coupled with electrothermal atomic absorption
spectrometry. Talanta 75:56–62

29. Rezaee M, Yamini Y, Khanchi A, Faraji M, Saleh A (2010) A
simple and rapid new dispersive liquid-liquid microextraction
based on solidification of floating organic drop combined with
inductively coupled plasma-optical emission spectrometry for
preconcentration and determination of aluminium in water
samples. J Hazard Mater 178:766–770

30. Gharehbaghi M, Shemirani F, Baghdadi M (2009) Dispersive
liquid-liquid microextraction based on ionic liquid and spectro-
photometric determination of mercury in water samples. Int J
Environ Anal Chem 89:21–33

31. Jia XY, Han Y, Liu XL, Duan TC, Chen HT (2011) Speciation of
mercury in water samples by dispersive liquid-liquid microextraction
combined with high performance liquid chromatography-inductively
coupled plasma mass spectrometry. Spectrochim Acta Part B 66:88–
92

32. Wen YY, Li JH, Zhang WW, Chen LX (2011) Dispersive liquid-
liquid microextraction coupled with capillary electrophoresis for
simultaneous determination of sulfonamides with the aid of
experimental design. Electrophoresis In press, doi: 10.1002/
elps.201100142

33. Almeda S, Gandolfi HE, Arce L, Valcárcel M (2009) Potential of
porphyrins as chromogenic reagents for determining metals in
capillary electrophoresis. J Chromatogr A 1216:6256–6258

34. Liu WP, Lee HK (1998) Use of triethylenetetraminehexaacetic
acid combined with field amplified sample injection in
speciation analysis by capillary electrophoresis. Anal Chem
70:2666–2675

35. Rudnev A, Spivakov B, Timerbaev A (2000) Solid-phase
extraction and subsequent capillary zone electrophoresis of trace
metal ions as soluble dithiocarbamate complexes. Chromatogra-
phia 52:99–102

36. Li Y, Jiang Y, Yan XP (2005) On-line hyphenation of capillary
electrophoresis with flame-heated furnace atomic absorption

spectrometry for trace mercury speciation. Electrophoresis
26:661–667

37. Li F, Wang DD, Yan XP, Lin JM, Su RG (2005) Development of a
new hybrid technique for rapid speciation analysis by directly
interfacing a microfluidic chip-based capillary electrophoresis
system to atomic fluorescence spectrometry. Electrophoresis
26:2261–2268

38. Yin XB (2007) Dual-cloud point extraction as a preconcentration
and clean-up technique for capillary electrophoresis speciation
analysis of mercury. J Chromatogr A 1154:437–443

39. Kubáň P, Houserová P, Kubáň P, Hauser PC, Kubáň V (2007)
Sensitive capillary electrophoretic determination of mercury
species with amperometric detection at a copper electrode after
cation exchange preconcentration. J Sep Sci 30:1070–1076

40. Li PJ, Duan JK, Hu B (2008) High-sensitivity capillary
electrophoresis for speciation of organomercury in biological
samples using hollow fiber-based liquid-liquid-liquid microex-
traction combined with on-line preconcentration by large-volume
sample stacking. Electrophoresis 29:3081–3089

41. Yan XP, Yin XB, Jiang DQ, He XW (2003) Speciation of mercury by
hydrostatically modified electroosmotic flow capillary electrophoresis
coupled with volatile species generation atomic fluorescence spec-
trometry. Anal Chem 75:1726–1732

42. Sonke JE, Salters VJM (2004) Disequilibrium effects in metal
speciation by capillary electrophoresis inductively coupled plasma
mass spectrometry (CE-ICP-MS); theory, simulations and experi-
ments. Analyst 129:731–738

43. Fattahi N, Assadi Y, Hosseini MRM, Jahromi EZ (2007)
Determination of chlorophenols in water samples using simulta-
neous dispersive liquid-liquid microextraction and derivatization
followed by gas chromatography-electron-capture detection. J
Chromatogr A 1157:23–29

44. Rezaei F, Bidari A, Birjandi AP, Hosseini MRM, Assadi Y (2008)
Development of a dispersive liquid-liquid microextraction method
for the determination of polychlorinated biphenyls in water. J
Hazard Mater 158:621–627

45. Kozani RR, Assadi Y, Shemirani F, Hosseini MRM, Jamali MR
(2007) Part-per-trillion determination of chlorobenzenes in water
using dispersive liquid-liquid microextraction combined gas
chromatography-electron capture detection. Talanta 72:387–393

46. Liu W, Lee HK (1998) Simultaneous analysis of inorganic and
organic lead, mercury and selenium by capillary electrophoresis
with nitrilotriacetic acid as derivatization agent. J Chromatogr A
796:385–395

47. Chen JG, Chen HW, Jin XZ, Chen HT (2009) Determination of
ultra-trace amount methyl-, phenyl- and inorganic mercury in
environmental and biological samples by liquid chromatography
with inductively coupled plasma mass spectrometry after cloud
point extraction preconcentration. Talanta 77:1381–1387

308 J. Li et al.

http://dx.doi.org/10.1002/elps.201100142
http://dx.doi.org/10.1002/elps.201100142

	Determination...
	Abstract
	Introduction
	Experimental
	Reagents
	Instrumentation
	Electrophoretic procedures
	DLLME-BE procedure

	Results and discussion
	CE separation of mercury
	Optimization of DLLME-BE conditions
	Study of the chelation reaction
	Reaction time
	Study of DLLME conditions
	Study of back extraction conditions
	Ultrasonic time

	Interference study
	Method performance
	Application to water samples

	Conclusions
	References


