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a b s t r a c t

A new method based on single-drop microextraction (SDME) combined with electrothermal vaporization
atomic absorption spectroscopy (ETV-AAS) was developed for the trace determination of mercury in water
samples. A microdrop of m-xylene was applied as the extraction solvent. After extraction, the microdrop
was introduced, directly, into a graphite furnace of AAS. Some important extraction parameters such as
type of solvent, volume of solvent, sample stirring, ionic strength, sample pH, chelating agent concen-
tration, sample temperature, and extraction time were investigated and optimized. The highest possible
eywords:
ingle-drop microextraction
lectrothermal vaporization atomic
bsorption spectroscopy
ercury

nvironmental analysis

microdrop volume of 10 �L, a sampling temperature of 27 ◦C, and use of m-xylene containing dithizone,
as complexing agent, are major parameters led to achieve a high enrichment factor of 970. Under the opti-
mized conditions, the detection limit of the method was 0.01 �g L−1 and the relative standard deviation
was 6.1% (n = 7). The proposed method has been successfully applied to the determination of Hg in two
river water samples. The effects of interfering species such as Pt, Pd, Cu, Au, and Bi, having the tendency
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. Introduction

A solvent-miniaturized sample pretreatment procedure, known
s single-drop microextraction (SDME), has gained lots of atten-
ions in the last decade [1–5]. This method provides a suitable
trategy towards preconcentration and matrix separation prior
o detection. This micro-solvent approach is rather inexpensive
nd needs common laboratory equipments. It does not suffer
rom carry-over between extractions that may be experienced
sing solid phase extraction and solid phase microextraction.
lthough, this method was originally developed for isolation of
rganic species from aquatic media, its applicability for precon-
entration of metals and metallic species has been demonstrated
6,7].

Two modes of headspace (HS) and direct sampling can be per-
ormed. The HS-SDME mode is applied to volatile or semivolatile
nalytes while the direct mode is applicable to less volatile

ompounds [8]. Between these two modes, HS-SDME is often pre-
erred to avoid extraction of potentially interfering nonvolatile
pecies. An important additional feature of SDME is the integration
f extraction and injection in a microsyringe, making it possi-
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ne, at two concentration levels of 100 and 1000 �g L−1 were also studied.
© 2008 Elsevier B.V. All rights reserved.

le to employ this miniaturized medium for extraction as well
s an introduction device for the appropriate analytical device
9–11].

Mercury is an environmentally and toxicologically important
lement and its neurotoxicity has been reported to result in hear-
ng loss, mental deterioration, speech difficulty, impaired vision,
estibular dysfunction and autism [12]. The World Health Organi-
ation (WHO) sets the allowed level in drinking water at 1 �g L−1

13]. It is considered by the Environmental Protection Agency (EPA)
s a highly dangerous element because of its accumulative and per-
istent character in the environment and biota. The development
f reliable methods for the determination of mercury in environ-
ental and biological materials is therefore quite important. The

outine methods for low-level determination of mercury include
hermolysis coupled with atomic absorption spectrometry, cold
apor atomic fluorescence spectrometry, gas chromatography, neu-
ron activation analysis and isotope mass spectrometry. However,
ll of them need long analysis time and considerable sample vol-
mes.

Various techniques and methods for trace determination of

ercury, including spectrometric, electrochemical, radiometric as
ell as other common and novel techniques have been reviewed,

xtensively [14]. Mercury contamination has been detected
n real samples by microwave digested-CV-AAS successfully
15].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bagheri@sharif.edu
dx.doi.org/10.1016/j.jhazmat.2008.09.128


354 H. Bagheri, M. Naderi / Journal of Hazardous Materials 165 (2009) 353–358

Table 1
Thermal program for determination of mercury by ETV-AAS following single-drop
microextraction.

Stage Temperature (◦C) Hold time (s) Gas flow rate (L min−1)

Drying 85 5.0 3.0

Ashing 95 40.0 3.0
120 10.0 3.0

Atomization 1800 0.8 0.0
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parameters including the type of solvent, microdrop size, stirring
1800 2.0 0.0

leaning 2000 2.0 3.0

Recently, the principle of SDME in combination with various
f spectroscopic methods has been applied for preconcentration
f different elemental species [7,16–18]. The method is usually
ased on the formation of hydrides derivatives, headspace sam-
ling and trapping onto a Pd(II)-containing aqueous drop. Trapping
f the hydrides onto the drop does not rely on their partition-
ng among the gas phase and the solvent phase, as typically
eveloped for organic compounds, but on their catalytic decom-
osition onto the Pd(0) formed in the drop as a result of the
ydrogen evolved during the derivatisation reaction. A faster
ass transfer was observed for the methyl mercury hydride from

he headspace to the drop in comparison with SPME, which
llowed equilibrium to be reached in a significantly shorter time
19].

Following our research activities on the trace determination
f metallic species [20–22] in aquatic matrices and successful
pplication of SDME using the direct [9,10] and headspace mode
11], a SDME-based technique for the trace determination of mer-
ury in water samples was developed. An immersed microdrop
f m-xylene solvent containing dithizone, as a complexing agent,
as shown to be a suitable extraction medium, while the extrac-

ion temperature was kept at 27 ◦C. Influences of other important
arameters on extraction and presence of possible interferences
ere also investigated.

. Experimental

.1. Instrumentation

A Varian (Australia) model AA-220 atomic absorption spectrom-
ter equipped with a GTA-110 graphite furnace was used. A mercury
ollow cathode lamp operated at 4.0 mA was employed as a radi-
tion source. Atomic absorption measurements were carried out
t 273.7 nm using a slit width of 0.5 nm. Pyrolytic graphite-coated
raphite tubes and D2-background correction were employed
hroughout the analysis. The optimized thermal program for Hg
s shown in Table 1.

UV digester (UV exposure time, 3 min), it is made as follows: a
00 W Hg vapor lamp (high pressure Hg, 220 V C, 50 Hz, OSRAM)
hat ignited with a suitable starter and chock, placed inside a quartz
oil made of quality fused silica tubing approximately 100 cm long,
mm i.d., 0.6 mm wall thickness and a coil diameter of approxi-
ately 5 cm. (Note: a proper exhaust was used in conjunction with

he UV digester to vent off the ozone produced during irradiation).

.2. Reagents
High purity deionized water purified by a Milli-Q analytical
eagent grade water purification system (Millipore, Milford, MA,
SA). All water samples were filtrated through 0.45 �m cellulose
illipore filter and were used throughout this work.

r
c
e
i

Fig. 1. The set-up of SDME based on use of 10 �L of m-xylene.

All laboratory wares (glass and PTFE) thoroughly cleaned by
oaking in nitric acid (1:1) for at least 24 h. All acid washed wares
ere rinsed with Milli-Q water and dried, immediately prior to use.

The stock solution of Hg (1000 mg L−1) was prepared from ana-
ytical reagent grade HgCl2·2H2O. To avoid adsorption effect of Hg
n laboratory wares all solutions were stabilized with 1.0 M nitric
cid and 0.01% w/v potassium dichromate [23]. Working standard
olutions were prepared by appropriate dilution of the stock stan-
ard solution just before use. All reagents used were of analytical
eagent grade (Merck, Darmstadt, Germany). Dithizone was puri-
ed according to the previous reports [24,25]. Stock solution of
ithizone was prepared in a brown bottle containing 1 mL of 1 M
2SO4 and stored at 4 ◦C. This stock solution was used to prepare

he respective reagent solutions by dilution with m-xylene, imme-
iately before being used.

.3. Extraction apparatus and SDME procedure

The details of the developed device have been, already,
xplained in elsewhere [26–28]. After SDME of Hg in a certain time,
he extract was finally introduced into the ETV-AAS system. The
DME set-up is shown in Fig. 1.

. Results and discussion

Due to two different characteristics of mercury, volatility and
iotransformation, this element has been considered as a unique
nvironmental toxicant. According to EPA, mercury appears to bind
o dissolved matter or fine particulates in aquatic systems, while the
ransport of mercury bound to dust particles in the atmosphere or
ed sediment particles in rivers and lakes is generally less substan-
ial. Due to the nature of SDME, which is based on the partition
f analytes between two immiscible liquid phases, extracting such
pollutant are rather challenging as it mostly tend to remain in

queous media. The feasibility of an immersed SDME method for
xtraction of mercury from aquatic media based on the use of a
helating agent was, therefore, considered.

.1. Optimization

The performance and efficiency of SDME depends on many
ate, sample pH, ionic strength of the sample solution, the con-
entration of chelating agent, temperature of sample solution and
xtraction time. A univariate approach was employed to optimize
nfluential factors in this method.
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Table 2
Physical properties of different organic solvents used for extraction of Hg chelate.

Solvent Physical properties

Density (g L−1) Boiling point (◦C) Solubility in water Drop stability

Octanol 0.826 195.0 Insoluble Unstable
Chloroform 1.485 61.20 Slightly soluble Unstable
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exyl acetate 0.890 169.2
-Decane 0.723 174.0
oluene 0.866 110.7
-Xylene 0.878 138.8

Since SDME was originally developed for isolation of organic
ompounds based on the use of two immiscible phases, one
ossible way to transfer Hg from the aqueous phase to the
rganic phase is to convert mercury into an organometallic com-
ound. To do so, a number of complexing agents had to be
aken into consideration. Well-known reagents such as cupferron,
-benzoyl-N-phenylhydroxylamine (BPA), 1,5-diphenylcarbazone,
,5-diphenylthiocarbazone (dithizone) which form highly-stable
omplexes with mercury were employed, although none of them
re selective. Since the ratio of organic solvent volume to sample
olume is rather low it is important to have a complexing agent
ith the least amount of solubility. Dithizone has a low solubil-

ty (5–7.2 × 10−6 g/100 mL of H2O) and a high extraction constant
pKex = 26.85 in CCl4 at pH 1–1.5). Due to the high extraction capac-
ty of dithizone and ability to work at low pH, it is possible to
erform the extraction with some degree of selectivity if it pre-
ents the possible co-extraction of most of other interfering species.
he dispersion of dithizone in the aquatic media is expected to be
uite limited during the extraction process, while working under
he mild acidic condition imparts some degree of selectivity. Con-
idering all these aspects, dithizone was found to be a remarkable
olvent as the complexing agent.

Taking into account a well-known equation for enrichment fac-
or, Ee:

e = 1
(Vorg/Vaq + 1/K)

(1)

high Ee can be achieved when Vorg/Vaq ratio is low and distri-
ution constant, K, is high. Considering our work, in which 10 �L
optimized value) of organic solvent and 15 mL of sample are used
1:1500), high enrichment factors are expected to be obtained if K
alues are sufficiently high. This is especially true when the entrap-
ent of Hg is achieved by the complexation with dithizone. In

ddition, K is another key player, which is highly dependent on the
ature and type of organic solvent. Six water-immiscible solvents

ncluding octanol, chloroform, hexyl acetate, n-decane, toluene, and
-xylene were examined in order to find the most suitable solvent

or SDME. Table 2 shows the physical properties of different organic
olvents used for simultaneous extraction and complexation of Hg.
olvent selection was evaluated for the extraction of 15 mL of sam-
le containing 10 �g L−1 of mercury in deionized water. The stirred
olution (300 rpm) was sampled at 27 ◦C for 15 min using 10 �L of
ppropriate organic solvent containing dithizone.

Among these solvents octanol, chloroform and hexyl acetate
ere quite unstable and could be easily dislodged from the needle

f syringe. Although n-decane was quite stable but the solubility
f dithizone in this hydrocarbon is quite low. Both m-xylene and
oluene were found to be quite applicable with high stability and
ufficient solubility for dithizone. However, since toluene exhib-

ted higher background in ETV-AAS measurements, m-xylene was
elected as the extracting solvent. Other solvents were, therefore,
xcluded from further investigation.

The m-xylene dropsize was another important parameter, which
as investigated. The speed of extraction is influenced by observed
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Insoluble Unstable
Insoluble Stable
Insoluble Stable
Insoluble Stable

ate constant (s−1) given by:

= Aiˇorg

(
K

Vaq
+ 1

Vorg

)
(2)

where Ai is the interfacial area, ˇorg is the overall mass trans-
er coefficient with respect to the organic phase, and Vorg and Vaq

re the volume of organic solvent and aqueous sample, respectively
26–28]. By increasing the drop volume both Ai, and Vorg are also
nhanced. The influence of dropsize, therefore, originates from the
ntegrated influence of two factors, justifying why the AAS response
nhances with increasing dropsize up to 10 �L. However, one has
o note that having higher volume of organic solvent is rather crit-
cal in here. This is due to the fact that dithizone complexing agent
hould be included in the m-xylene microdrop. This has to be car-
ied out in a way that saturation of microdrop is prevented.

Sample agitation is another important parameter having a great
ole for enhancing extraction efficiency and reducing extraction
ime. According to the film theory convective–diffusive mass trans-
er [5,4] at higher stirring rate the thickness of static solution layer
round the drop will be reduced and this leads to a better mass
ransfer between the sample solution and the extracting micro-
rop. In this study, a 10 �L m-xylene drop was exposed at 27 ◦C
or 15 min to a 15 mL water sample spiked with 20 �g L−1 of Hg.
lthough high stirring rates increase the enrichment factors consid-
rably, the stability of a microdrop at the tip of the needle could be
ramatically affected. This is especially true when prolonged sam-
ling times and a microdrop volume of 10 �L are applied. Thus, for
ll further experiments a stirring rate of 300 rpm was used. Using
n appropriate magnet with consistent stirring rate and avoiding
ny temperature convection was quite essential for achieving an
cceptable precision.

The influence of salt addition on the efficiency of SDME was
lso investigated. Usually, the presence of salt increases the extrac-
ion efficiency. This can be explained by the engagement of water

olecules in the hydration spheres around the ionic salt. These
ydration spheres reduce the concentration of water available
o dissolve solute molecules. This should, then, drive additional
olutes into a non-polar sorbent or extractant. The presence of
igh concentration of salt, in this work, led to the instability of the
icrodrop. Our results showed a four times increase in extraction

fficiency of mercury when 80 g L−1 of NaCl was used.
Effect of pH was another parameter which considered for opti-

ization. The reaction of mercury with dithizone can be written as
ollow:

g2+ + 2H2L � Hg(HL)2 + 2H+

The complex, Hg(HL)2, is clearly more stable at higher values of
H. However, due to the high complex formation constant the com-

lexation reaction between mercury and dithizone can occur under
cidic condition. The number of ions, capable of forming complexes
ith dithizone, would be expected to be much less if extraction is
erformed under acidic condition. No wonder in spectrophotomet-
ic determination of Hg, in order to prevent the interference of other
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Fig. 4. SDME time profile obtained for the mercury content in aqueous sample.
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ig. 2. Effect of sample pH on the extraction efficiency. Experimental condition as
ollows: extraction of 15 mL sample solution spiked at 10 �g L−1 Hg at 27 ◦C with
00 rpm agitation and 0.08 g mL−1 salt, using 10 �L of m-xylene containing 0.05 M
ithizone after 15 min extraction time.

ations, the liquid liquid extraction of mercury usually occurred
t pH 1–1.5 [29,30]. Our results revealed that using a pH range of
.3–7.0 has no pronounced effect on extraction efficiency (Fig. 2). It
as not possible to use the pH values below 3.3 as the microdrop
as unstable.

The concentration of dithizone in the organic drop has a great
ole in this work. It is quite clear that by increasing the concen-
ration of dithizone the capacity of organic solvent to extract the
ations will be enhanced. In the mean time, the microdrop density
ill be increased at higher concentration of dithizone and this could

ead to the instability of microdrop. Moreover, this caused higher
ackground in the absorption determination. Concentrations of
.1000, 0.0500, 0.0050 and 0.0005 M of dithizone in m-xylene were
ade and added to the m-xylene microdrop. Our results revealed

o significant difference on the extraction efficiency of a solution
piked at 10 �g L−1 of mercury (Fig. 3). The color of free dithizone
olution in m-xylene is green while it becomes yellow when it is in
he complexing form. When a concentration of 0.0005 M of dithi-
one for extraction of a solution of 10 �g L−1 of Hg was used, the pale
reen could be observed at the end of extraction. On the other hand
sing a concentration of 0.1 M led to high background. A concen-
ration of 0.05 M of dithizone was, therefore, employed to ensure

omplete complexation.

Temperature is a major parameter affecting extraction effi-
iency. In almost all SDME works, rising temperature has led to
igher enrichment factors. In previously reported works, when up

ig. 3. Effect of complexing agent concentration on the extraction efficiency of
ercury from aquatic medium. Experimental condition as follows: extraction of

5 mL sample solution spiked at 10 �g L−1 Hg at 27 ◦C with 300 rpm agitation and
.08 g mL−1 salt, adjusted at pH 3.3, using 10 �L of m-xylene after 15 min extraction
ime.
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xperimental condition as follows: extraction of 15 mL sample solution spiked at
0 �g L−1 Hg at 27 ◦C with 300 rpm agitation and 0.08 g mL−1 salt, adjusted at pH
.3, using 10 �L of m-xylene containing 0.05 M dithizone, after 15 min extraction
ime.

o 3 �L microdrop was employed, the microdrop became unstable
t temperatures higher than 40 ◦C. This part of work was carried out
sing two temperatures of 27 and 35 ◦C employing a laboratory-
ade device. The average analytical signal obtained after three

eplicate analyses were 0.585 and 0.581 at 27 and 35 ◦C, respec-
ively. No significant difference was observed between these two
nd the temperature of 27 ◦C was therefore selected as the temper-
ture of choice.

Extraction time is a major parameter affecting the extraction
fficiency. This effect was studied in the range of 5–40 min at
oom temperature keeping the stirring rate constant at 300 rpm. A
eries of spiked-water samples (20 �g L−1) were prepared and the
ariation of the analytical signal for the analyte was studied as a
unction of exposure time. Fig. 4 shows that the intensity increases
ith sampling time. It was quite difficult to work at longer times

s microdrop could be dislodged from the needle. An extraction
ime of 20 min was found to be a reasonable compromise between
nrichment factor and analysis time while sufficient sensitivity
ould be achieved.

.2. Quantitative evaluation and real samples

To obtain the highest possible sensitivity, the ETV-AAS system
as operated according to the optimized condition, listed in Table 1.

The optimized condition was examined for the extraction and
etermination of Hg in different real water samples. The enrich-
ent factor and linearity was studied by preconcentration of 15 mL

f Milli-Q water, spiked with a standard solution of Hg. An enrich-
ent factor of 970 was obtained after microextraction of Milli-Q
ater, spiked at 2 �g L−1 level of mercury. It should be noted that

he usual values of enrichment factors obtained for organic com-
ounds are 50–250 [31–33]. The superiority of this method in
chieving such a great enrichment factor might be due to (i) the high
omplex formation constant between Hg and dithizone in com-
arison with lower distribution constants of organic compounds
etween water and organic solvent and (ii) the large phase ratio
etween these two immiscible phases.

A linear dynamic range of 0.1–50 �g L−1 (r2 = 0.998) along with
relative standard deviation of 6.1% (n = 7) and a detection limit of
.01 �g L−1 was obtained.
The proposed method was applied to Zayandeh-rood (Isfahan,
ran) and Karoon (Ahvaz, Iran) river water samples after UV radia-
ion. The amount of mercury was found to be 0.36 and 0.21 �g L−1

or these two river water samples, respectively. The results, con-
eniently, meet the limits required by the EPA and EU legislation.
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Table 3
Comparison of analytical performance data of proposed method and other tech-
niques in determination of mercury.

Method LOD (ng L−1) RSD (%) Enrichment factor Reference

HS-SDME-ETAAS 4000 7 40 [7]
Cloud point-ETAAS 10 4 22 [34]
SPE-CV-AAS 10 1.6 300 [35]
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icro column-ICP-OES 390 4.8 150 [36]
S-SPME-ICP-MS 200 2.3 70 [37]
DME-ETAAS 10 6.7 970 This work

able 3 compares the performance of developed method with other
orks.

.3. Matrix effect evaluation

The effect of matrix on extraction efficiency was taken into con-
ideration. The effects of interfering species such as Pt, Pd, Cu, Au,
nd Bi, having the tendency to form complexes with dithizone, at
wo concentration levels of 100 and 1000 �g L−1 were also evalu-
ted. Since there is a relatively great amount of salt in the extraction
edium presence of other cations such as Cu, could easily lead to

he formation of precipitates. Our study revealed that even when
hese cations with a concentration of 1000 �g L−1 are present there
ill be no precipitates. Since, the concentration of dithizone in com-
arison with mercury is much higher, the saturation of dithizone

s therefore quite unlikely. Due to the fact that this study was per-
ormed using standard addition followed by highly selective AAS,
he possible interfering species show no overlapping signals with

ercury.

. Conclusions

In this work, a microdrop of m-xylene containing dithizone was
hown to be an efficient medium for SDME of mercury from aquatic
amples. The method was based upon direct contact of the extract-
ng microdrop with the sample solution. Influential parameters
uch as type of solvent, solvent dropsize, extraction time, stirring
ate, temperature, and ionic strength were optimized. A volume of
5 mL of Milli-Q water, river water, spiked with standard solutions
t ppb and sub-ppb levels, was sufficient to establish the method
nd obtain high enrichment factor. The developed method is rather
apid, simple, linear, and reproducible. It is applicable to be used for
he qualitative and quantitative analysis of Hg while small volumes
f sample and �-scale size of m-xylene are needed. Taking into
onsideration the conventional difficulties in the determination of
ercury, the proposed method conveniently overcome these prob-

ems. The high enrichment factor along with the ease of operation
ould be considered as other advantages for this work.
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