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In this work, trace Hg?* in environmental water samples was first preconcentrated by dispersive
liquid-liquid microextraction (DLLME), and then was colorated by one common rhodamine B
thiolactone (RBT) probe for visual and fluorescence detection. In this way, a highly sensitive and
selective method was developed for field monitoring of Hg?* in environmental waters. The color of RBT
test solution could change clearly from colorless to pink around the level of 2 pg L~ Hg?*, which just
meets with the maximum residue level of Hg?* in drinking water recommended by U.S. EPA, so the
water samples with Hg?* concentration over 2 ugL~! could be selected rapidly by naked eye.
Moreover, the quantification of Hg?* could be obtained by fluorescence detection of test solution.
The best extraction efficiency of Hg?* by DLLLME could be obtained by using 200 mL water sample
(pH 5.0, 50 °C), 150 pL extraction solvent (lauric acid, LA) and 3 mL dispersive solvent (methanol). Thus
an enrichment factor of ~407 and the limit of fluorescence detection of 0.03 pg L' could be achieved.
The method was also highly selective for Hg?* with tolerance to at least 1000-fold of the foreign metal
ions. This method was successfully applied to detect Hg? " in deionized water, tap water and sea water.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Mercuric ions, widely distributed in water, soil and air [1],
poses severe threats to both human health and the environmental
bioecology [2] when it is presented in excess concentration.
Therefore, it is highly desirable to develop sensitive and selective
methods for quantitative detection of Hg?*. For the low-cost and
rapid detection of Hg?*, many methods based on gold nano-
particles [3,4] and molecule chemosensors [5,6] have been devel-
oped. However, direct determination of Hg?* at trace levels is
still limited due to the low concentration and matrix interferences.
Therefore, preconcentration of Hg* is usually required to improve
the detection limits [7].

Various preconcetration techniques including solid phase
extraction [8,9], liquid phase extraction [10] and cloud point
extraction [11,12] had been applied in determination of trace
Hg?* in water samples. A new liquid-liquid microextraction
technique namely “dispersive liquid-liquid microextraction”
was also reported [13] and successfully used for preconcentration
of some metal ions [14-18]. DLLME enables the target metal ions
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transferred from several hundred milliliter water samples into
tens or hundreds of microliter extraction solvent in seconds to
minutes and has extremely high enrichment capability. Besides,
DLLME is also a fast and simple microextraction technique which
is suitable for field detection.

After preconcentration, atomic fluorescence spectrometry
(AFS) [19], atomic absorption spectrometry (AAS) [20] and induc-
tively coupled plasma-mass spectrometry (ICP-MS) [21] are
widely applied detection methods for their high sensitivity and
reliability. However, the bulk instruments impeded their wide
adoption in field analysis. Portable methods of selective, sensitive
and speedy detection of Hg?>" in field application are urgently
needed and are still under development.

A practicable method to meet the rapid field detection of Hg?*
is the visual test by naked eye. Due to the poor detection limits of
visual probes based on gold nanoparticles [3,4] and molecule
chemosensors [5,6], the combination of an efficient preconcen-
tration procedure and a readily available visual test probe is a
suitable route to achieve visual test of trace Hg?* [22-24].
The combination of hollow fiber supported liquid membrane
(HFSLM) extraction and AuNPs probe [22] was first reported to
enable the visual detection of Hg?* at 2 pg L~ 1.

In this study, by combining DLLME with the RBT probe [25,26],
which is highly selective for Hg?*, we developed a highly
sensitive and selective method for field detection of Hg?* in
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water samples. In this method, Hg?* was first trapped into the
extraction solvent LA by DLLME, and the LA was then mixed with
RBT probe solution. Thus, the water samples with Hg?* concen-
tration over 2 ug L~ could be selected rapidly by naked eye and
the quantification of Hg?* could be obtained by fluorescence
detection of test solution.

2. Experimental
2.1. Chemicals and apparatus

The standard stock solution of heavy metal ions, except for
Ag*t with AgNOs, was prepared by dissolving the appropriate
amount of heavy metal ions chloride salts in 2% (v/v) diluted
HNOs. These reagents are all of analytical reagent, and were
obtained from Jingchun Industry Co., Ltd. (Shanghai, China).
Standard solutions were prepared by dilution of the stock solu-
tions daily. Acetonitrile and methanol were of HPLC grade (Tedia,
Portland, USA). Rhodamine B was obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). LA was purchased
from Bodi Chemical Co., Ltd. (Tianjin, China). Deionized water
used throughout this work was Wahaha deionized water (Hang-
zhou, China). The RBT probe was synthesized from rhodamine B
and thiourea by two steps [26]. A Perkin Elmer LS55 spectro-
fluorimeter was used for fluorescence measurements.

2.2. Sample collection and preparation

Tap water collected from our laboratory and seawater from
Xinghai Park (Dalian, China) were used as real water samples.
The water samples filtered with 0.45 pm cellulose acetate mem-
brane were analyzed within 48 h after sampling. Before extraction,
water samples were adjusted to pH 5.0 with 1 M acetate/acetic
acid buffer solution.

2.3. Preconcentration of Hg?* by DLLME

For DLLME, 200 mL of water sample was placed in a 250 mL
beaker flask and kept at 50 °C. Then 2 mL of 1 M acetate/acetic
acid buffer solution of pH 5 was added. A mixed solution of
150 pL LA and 3 mL methanol was rapidly injected into the water
sample, and then the mixture was shaken for 5 min. A cloudy
solution consisting of very fine LA droplets dispersed into aqu-
eous sample was obtained. After cooling to room temperature,
the solidified LA with enriched Hg?* was separated from water
sample by filtration and then was used in fluorescence detection.

For visual test, the volume of water samples and extraction
solvent was changed to 1000 mL and 250 pL, respectively.
The next procedure was same as above.

2.4. Visual and fluorescence detection of Hg®*+

For visual test, the solidified LA was mixed with 0.5 mL of
5 mM RBT solution in acetonitrile, and then the solution was kept
at 50 °C for 30 s. Then color of the mixed solution was observed
by naked eye, and was recorded by a digital camera (Sony, Japan).

For the quantification of Hg?*, the solidified LA with enriched
Hg?* was dissolved in 1 mL methanol, and then 2 mL 500 pM RBT
probe in acetonitrile was added. The mixed solution was trans-
ferred to a 1 cm quartz cuvette for fluorescence measurements.

3. Results and discussion
3.1. Strategy for preconcentration and detection

Fig. 1 outlines the preconcentration and detection procedure
employed in this study. In DLLME, LA dispersed in water sample
could form fine droplets with carboxyl groups outwards. The
Hg?* was trapped onto the surface of the droplets due to
the complexing reaction between Hg?* and carboxyl. When the
solidified LA with enriched Hg?* was mixed with RBT probe
solution, LA droplet was dissolved, and the Hg?* was released

O : LA droplet

@) : mercuryion

@ 0‘0
:RBT/\) e

Fig. 1. Scheme for preconcentration (A) and coloration procedure (B) of Hg?>* by DLLME-RBT.
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from LA. Hg?>* ions could induce structural change of RBT probe
from colorless and nonfluorescent spirocyclic form to colored and
fluorescent open form [25,26]. The reaction is very rapid and
specific due to the high thiophilicity of Hg?>* and strong nucleo-
philicity of sulfur [27-29]. In this way, the concentration of Hg?*
was detected based on the color change and the fluorescence
increase of the RBT probe.

3.2. Optimization of the DLLME conditions

The solution of RBT probe itself displayed colorless and
nonfluorescent, but it immediately yielded pink color and strong
yellow fluorescence at about 580 nm after mixed with the
solidified LA with enriched Hg?*. In this experiment, the increase
of fluorescence at 580 nm was selected as a response variable for
the optimization of DLLME procedure. Deionized water (200 mL)
spiked with 5.0 ug L~ ! Hg?* was used to study the extraction
performance under different conditions. Various factors, such as
extraction time, the pH, the volume of extraction agent and
dispersive solvent, were optimized for the high efficient precon-
centration of Hg?™.

3.2.1. Selection of extraction agent and dispersive solvent

The selection of extraction agent and dispersive solvent is
critical for obtaining an efficient DLLME extraction. In this
experiment, the extraction reagent should be able to complex
with Hg?* effectively and would not be miscible with water.
LA was one long chain alkyl carboxylic acid. Its long alkyl chain
makes it hardly soluble in water, and its carboxylic acid head
group can complex strongly with Hg?*. Thus, LA was selected in
this work as the extraction agent. In addition, the melting point of
LA is about 46 °C, as the sample solution was cooled down to
room temperature, it could solidify quickly, and be collected
easily from water sample by filtration. In DLLME, the dispersive
solvent should be miscible with both water and LA. Acetone,
methanol, ethanol and acetonitrile were investigated in the study.
It was found that only methanol could form fine organic droplets
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with LA in water and provide the best extraction efficiency.
Consequently, LA and methanol were used as extraction agent
and dispersive solvent in further experiments.

3.2.2. Extraction time

As shown in Fig. 2a, the influence of extraction time on the
extraction efficiency was studied over the range from 1 to 20 min.
It was found that the extraction processes was rapid, and the
extraction efficiency was nearly independent of extraction time
after 5 min. It could be attributed to the large interface area
between dispersed LA droplets and the aqueous sample phase
[13], so the equilibrium of the complexing reaction could be
reached quickly after the formation of dispersive cloudy solution.
An optimum extraction time was determined as 5 min.

3.2.3. Extraction agent volume

In order to achieve higher Hg?* enrichment factor, the
extraction agent volume from 50 to 300 pL was studied. It was
found that the fluorescence intensity was rising as the increase of
LA volume up to 150 pL, and then to decline (Fig. 2b). The reason
was suggested as that with the increase of LA, more Hg?>* was
extracted from water, but the excess LA will also compete with
RBT probe for Hg?* in subsequent coloration reaction. In addition,
with the increase of LA, the polarity of test solution decreased and
there was a case of blue shift of fluorescence spectra, so the
fluorescence intensity at 580 nm decreased. Therefore, 150 pL LA
was chosen for 200 mL water sample.

3.2.4. Dispersive solvent volume

The dispersive solvent methanol will help micro droplet
formation of LA in water sample, but it can also increase the
solubility of LA in water sample especially when it was added in
excess. Thus, the dispersive solvent volume had significant effect
on the DLLME extraction speed and efficiency. A series of different
volumes of methanol from 1.0 to 5.0 mL were studied. According
to Fig. 2c, 3.0 mL methanol could lead to the best extraction
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Fig. 2. Effect of (a) extraction time, (b) volume of extraction agent, (c) volume of dispersive solvent and (d) pH value of water samples in DLLME on the extraction
efficiency of Hg?* represented by fluorescence increase at 580 nm. Ex slit: 5 nm; and Em slit: 5 nm.
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efficiency, and was chosen as the optimal dispersive solvent
volume.

3.2.5. Sample pH

pH plays a unique role in the complexing reaction. It was
revealed that the best extraction efficiency was obtained at a pH
about 5 (Fig. 2d). In acidic medium, LA tends to be fully acidified
and shows low affinity to Hg2*. On the contrary, at a higher pH
than 5, metal hydroxide species, such as soluble M(OH)" and/or
insoluble precipitate of M(OH),, were formed, which could not be
extracted by LA. Hence, pH of 5.0 was selected, and the rest of the
experiments were carried out in the presence of a diluted 0.01 M
acetate/acetic acid buffer solution of pH 5.

3.3. Optimization of fluorescent and chromogenic reaction

Under the above optimized DLLME conditions, other para-
meters that would affect the reaction of Hg?* and RBT probe
were further studied to improve the DLLME-RBT method.

3.3.1. Test solution volume

In fluorescence detection, as the solidified LA could not
dissolve directly in 3 mL acetonitrile, the solidified LA was first
dissolved into 1 mL methanol, and then 2 mL of RBT probe in
acetonitrile was added. The total test solution of 3 mL was
transferred to quartz cuvette for the fluorescence detection. But
for a sharp and clear color change in visual detection, the test
solution should be as small as possible, so the solidified LA was
heated at 50°C to a liquid state instead of dissolved in 1 mL
methanol.

3.3.2. Reaction time

The reaction time between RBT probe and Hg?* was defined
as the time interval between the mix of solidified LA with RBT
probe solution and the fluorescence detection. It was found that
the time required to reach the steady state was very fast, so the
mixture was detected immediately after RBT probe solution
was added.

3.3.3. RBT probe concentration

For visual detection, it was found that color of test solution
was changed to pink obviously when 0.5 mL of 5.0 mM RBT probe
in acetonitrile was added. So 0.5 mL of 5mM RBT probe in
acetonitrile was selected to mix with solidified LA for visual
detection. In fluorescence detection, the sensitivity depends
strongly on the fluorescence reagent. Results shown in Fig. 3
revealed that the fluorescence signal kept stable when the
concentration of RBT was higher than 300 pM. Excessive RBT
probe could promote the release of Hg?* from LA and the reaction
between Hg?* and RBT, so RBT of 500 uM was adopted in the
subsequent studies for fluorescence detection. In addition, exces-
sive RBT probe could also ensure the applicability of this method
for water samples with Hg?* over 5.0 ug L™ 1.

3.4. Analytical performance

Selectivity and sensitivity of the proposed DLLME-RBT method
were evaluated by using standard solution based on fluorescence
increase and color change of test solution.

3.4.1. Selectivity

In environmental water, most foreign metal ions have much
higher concentration than Hg?*. To assess the specificity of this
method, Hg?* at the concentration of 10 pgL~! (50 nM) and
other various ions (Ag*, Pb%*, Cd?*, Co®*, Ni?*, Cu?*, Zn?*,
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Fig. 3. Effect of the concentration of RBT probe on the detection of Hg?™*
represented by fluorescence increase at 580 nm. Ex slit: 5 nm; and Em slit: 5 nm.

Fig. 4. Photographs of DLLME-RBT test solution for 10.0 ug L~! Hg?* and other
foreign metal ions at concentration of 50 puM. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this article.)

Fe>*, Mg?*, Ba%™", Ca®*, and AI**) with a concentration of 50 uM
were examined in parallel under the same condition. As shown in
Fig. 4, the test solution of foreign metal ions were still colorless,
whereas only the Hg?* sample displayed pink. To quantify the
Hg?* specificity of the method, fluorescence measurements for
Hg?* and the foreign metal ions were also performed. It was
found that no significant spectral changes occurred for all these
foreign metal ions (Fig. 5), so the proposed DLLME-RBT method
responded selectively toward Hg?* by a factor of at least 1000-
fold to the foreign metal ions.

3.4.2. Sensitivity

In order to achieve a visual test of Hg?* at concentration of
2.0 ug L=, the conditions of the DLLME-RBT procedure had to be
adjusted correspondingly, as the test solution of the following
chromogenic assay remained colorless for 200 mL water samples
containing 2.0 ug L~! Hg?*. It was found that the test solution
became clearly pink when the volume of water sample and LA
were 1000 mL and 250 pL, respectively. As shown in Fig. 6a, the
test solution became slightly pink for water sample containing
1.0pgL~! Hg?*, and showed colorless to naked eyes for
0.5 pg L~! Hg?*. For the high enrichment capability of DLLME,
this method allows detection of Hg?* in water sample around
2.0 ug L~ ! with the naked eye. Water samples with concentration
of Hg?* over 2.0 ug L~! could be selected quickly by the color
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Fig. 5. Fluorescence increase at 580 nm to various cations. The white bars
represent the fluorescence increase of 50 uM of Pb?*+, Cd®*, Co®*, Ni?*, Cu®*,
Zn?*, Fe**, Mg?+, AI>*, Ca®* and Ba®™*. The gray bars represent the fluorescence
increase upon the subsequent addition of 10.0 pg L~ of Hg?*. Ex slit: 5 nm; and
Em slit: 2.5 nm.

a

Fig. 6. Photographs of DLLME-RBT test solution for different concentration of
Hg?* from 0 to 6.0 pg L~ (a), and photographs of DLLME-RBT test solution for
5 water samples with concentration of Hg?* at 2.0 ug L~ (b). (For interpretation
of the references to color in this figure, the reader is referred to the web version of
this article.)

Table 1
Analytical characteristics for determination of Hg?>* by DLLME-RBT.

Analytical characteristics DLLME-RBT

Linear equation Y=-39.7+139X

Linear range (ugL~") 0.5-6
Correlation coefficient (R) 0.996
Repeatability® (RSD, %) (n=5) 31
Limit of detection (S/N=3, ugL™1) 0.03
Limit of quantification (S/N > 10, ugL~") 0.11

2 The solution containing 2. 0 ug L~' of Hg?* was analyzed.

change of test solution, and the quantification could be achieved
by fluorescence detection.

After DLLME-RBT, the fluorescence of test solution showed
significant increase. In order to evaluate the DLLME-RBT method,
limits of detection (LOD) and quantification (LOQ), repeatability,
working range and linearity were assessed under the optimized
conditions. Results were listed in Table 1. The limit of detection
(LOD) at S/N of 3 and the limits of quantification (LOD) at S/N of
10 were 0.03 pgL~! and 0.11 pg L™, respectively. The method

showed good linearity over the calibration range (0.5-6 pg L™ ")
and the correlation coefficient (r) was 0.996 for Hg?*.
This demonstrated that DLLME-RBT is suitable for quantitative
analysis of Hg?* at the parts per billion levels by fluorometry.

3.4.3. Repeatability

The repeatability of this method was evaluated by assaying
five standard solutions with 2.0 ug L~ Hg? . For all the assays, as
shown in Fig. 6b, a clearly pink color of test solution was observed
by the naked eye. In fluorescence detection, a relative standard
deviation (RSD) of 3.1% (Table 1) illustrated the good repeatability
achieved by the procedure.

3.5. Method validation and application

The proposed method was applied to the determination of
Wahaha deionized water and two real water samples including
tap water and ocean water. In order to validate the ability of
visual test, 1000 mL of each water sample spiked with 0, 1.0, 1.5,
2.0 and 3.0 ug L~! Hg?* was measured. Photographic images of
Fig. 7 indicated that the color of test solution of all real water
samples changed obviously to pink at spiked with 2.0 ugL~'
Hg?™*, and became slightly pink at 1.0 pg L~!. The results were in
good agreement with that obtained by standard solution.

In order to achieve quantitative analysis of Hg?*, water
samples of 200 mL were applied for fluorescence detection.
As shown in Table 2, despite the very low detection limit of
this method by fluorometry, no significant fluorescence increase
could be detected for real water samples. The relative recoveries
were 96.0% and 93.5% for the spiked deionized water and tap

Fig. 7. Photographs of test solution for (A) Wahaha deionized water, (B) tap water
and (C) sea water. Each water sample was spiked with 0, 1.0, 1.5, 2.0, 3.0 pg L'
Hg?*. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)
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Table 2
Analytical results of Hg?* in water samples and of the spike-recovery tests.

Spiked (ugL™"') Measured (ugL~!, mean +S.D., n=5)
and average recovery (%, in the parallel)

Water sample

Deionized water 0 ND*?

2.0 1.92 + 0.06 (96.0)
Tap water 0 ND

2.0 1.87 £ 0.08 (93.5)
Sea water 0 ND

2.0 1.57 +0.16 (78.5)

% Not detected.

water respectively, but it was only 78.5% for sea water sample.
The reason may be that the large amount of salt in sea water
could prevent the formation of fine organic droplets during
DLLME, which would induce the decrease of extraction efficiency.

4. Conclusion

By the combination of DLLME concentration and RBT probe, a
DLLME-RBT method was developed, which allowed the visual
and fluorescence detection of Hg>* at the EPA-desired 2.0 ug L~
level. Because of the high enrichment capability of DLLME and the
selective response to Hg?* by using RBT probe, the proposed
method showed excellent sensitivity and selectivity towards
Hg?*. The recognition of Hg?* at 2.0 ugL~! level gave sharp
color change from colorless to pink, which was clearly visible to
the naked eye. The precise Hg?>* quantification could be achieved
by fluorescence increase of RBT probe. This rapid, selective and
sensitive method holds great potential for the field detection of
Hg?* in real water samples.
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