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Abstract
A method employing a vapor generation system and LC combined with inductively coupled plasma mass
spectrometry ŽLC-ICP-MS. is presented for the determination of mercury in biological tissues. An open vessel
microwave digestion system was used to extract the mercury compounds from the sample matrix. The efficiency of
the mobile phase, a mixture of L-cysteine and 2-mercaptoethanol, was evaluated for LC separation of inorganic
mercury wHgŽII.x, methylmercury Žmethyl-Hg. and ethylmercury Žethyl-Hg.. The sensitivity, detection limits and
repeatability of the liquid chromatography ŽLC. ICP-MS system with a vapor generator were comparable to, or better
than, that of an LC-ICP-MS system with conventional pneumatic nebulization, or other sample introduction
techniques. The experimental detection limits for various mercury species were in the range of 0.05᎐0.09 ng mly1
Hg, based on peak height. The proposed method was successfully applied to the determination of mercury
compounds in a swordfish sample purchased from the local market. The accuracy of the method was evaluated by
analyzing a marine biological certified reference material ŽDORM-2, NRCC.. 䊚 2001 Elsevier Science B.V. All rights
reserved.
Keywords: Inductively coupled plasma mass spectrometry; Liquid chromatography; Mercury speciation; Vapor
generation; Fish samples; Microwave-assisted extraction
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1. Introduction
Since the introduction in 1980 w1x, inductively
coupled plasma mass spectrometry ŽICP-MS. has
become a widely used analytical technique. The
major applications of ICP-MS have involved elemental analysis. The analytical capabilities of
ICP-MS for elemental analysis, particularly the
excellent detection limits, make it attractive as an
element-selective detector for chromatography.
Combining a chromatographic separation with
ICP-MS could provide a technique capable of
distinguishing between different chemical forms
of elements, i.e. ‘chemical speciation.’ Furthermore, the chromatographic removal of interfering
matrix elements would extend the range of application of ICP-MS and simplify or hasten procedures for sample preparation.
Mercury is of considerable interest, as it is
widely used in industry in the production of:
chemicals; pesticides; electrical apparatus; paints;
amalgam tooth fillings, etc. and, therefore, it is
found throughout the ecosystem in trace amounts
in air, water, soil, and living organisms. The most
toxic species of mercury found in environmental
and biological samples is of particular concern as
it passes through the food chain. It is well known
that the toxicity of Hg is highly dependent on its
chemical form. Several studies w2,3x indicated that
organic mercury can disrupt the blood brain barrier, and can easily cross the placenta and affect
the fetus. A rapid and sensitive technique for the
determination of mercury species is therefore
necessary.
Several methods of liquid chromatography ŽLC.
and gas chromatography ŽGC. coupled with element-specific detection for mercury speciation
have appeared including: electrochemical detection ŽEC. w4x; cold vapor atomic absorption spectrometry ŽCVAAS. w5᎐8x; atomic emission spectrometry ŽAES. w9᎐11x; atomic fluorescence spectrometry ŽAFS. w12x; and inductively coupled
plasma mass spectrometry ŽICP-MS. w13᎐18x. The
vapor generation ŽCV. sample introduction technique has been applied in several LC-atomic
spectroscopy applications for mercury speciation
w5᎐8,12,13x. The vapor generation technique increases the signal of mercury significantly. In the

present work, a simple in situ nebulizerrvapor
generator system was employed as a sample introduction device of LC-ICP-MS for mercury speciation determination w19᎐22x.
The ionic compounds containing mercury were
separated by reversed-phase liquid chromatography with 0.05% mrv L-cysteine w6,23x and 0.05%
vrv 2-mercaptoethanol w7,13,24x as the ion pairing
reagent and the mobile phase. The various mercury species studied include inorganic mercury
wHgŽII.x, methylmercury Žmethyl-Hg., and ethylmercury Žethyl-Hg.. Effluent from the LC
column was delivered to the vapor generation
system and ICP-MS for mercury determination.
The optimization of the vapor generation LCICP-MS technique and its analytical figures of
merit, as well as its application to the determination of mercury compounds in NRCC DORM-2
dogfish muscle reference material and a swordfish
sample purchased from the local market, are described in this paper.
Microwave-assisted digestion has gained wide
acceptance as a rapid method for sample decomposition in inorganic analysis. Recently, it has
also been verified as an appropriate tool for rapid
preparation of solid samples for organometallic
speciation analysis w25᎐28x. A simple and rapid
microwaveassisted extraction method was used for the extraction of mercury compounds in fish samples.
The analyte species were quantitatively leached
with L-cysteine and 2-mercaptoethanol, the same
compounds as the LC mobile phase, in a focused
microwave field during a period of 2 min.

2. Experimental
2.1. ICP-MS de¨ ice and conditions
An ELAN 5000 ICP-M S instrum ent
ŽPerkin᎐Elmer SCIEX, Thornhill, ON, Canada.
was used. Samples were introduced with an in-situ
nebulizerrvapor generation sample introduction
system. ICP conditions were selected that maximized the mercury ion signal while a solution
containing 5 ng mly1 of HgŽII. in the mobile
phase Žto be used for subsequent chromato-
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graphic separations. was continuously introduced
into the vapor generation system. The vapor generated was then transported to the ICP-MS for
mercury determination. Sensitivity of the instrument can vary slightly from day to day. The operating conditions of ICP-MS and data acquisition
parameters are listed in Table 1. The chromatograms were recorded in real time and stored
on the hard disk with the ‘graphic’ software. The
dwell time, sweeps per reading, and points per
spectral peak parameters were set so that each
data point could be obtained in less than 1 s.

2.2. Chromatographic apparatus and conditions

A Hitachi Model L-7100 LC pump, injector
ŽRheodyne 7225i. and reversed-phase column
ŽAlltech Macrosphere C8, 5-m diameter particles, 2.1-mm i.d.=250-mm length. comprised the
LC system. Samples were loaded with a syringe
into a 100-l sample loop. All separations were
performed at room temperature under isocratic
conditions. Separations were attempted with several combinations of: column, organic modifier
concentration; L-cysteine concentration; 2mercaptoethanol concentration; and pH. The optimal experimental conditions are given in Table
2. The column outlet was connected to the vapor
generation device with Teflon tubing ŽFig. 1..
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Table 1
ICP-MS equipment and operating conditions
ICP-MS instrument

Perkin᎐Elmer
SCIEX ELAN 5000

Plasma conditions
rf power
Plasma gas flow
Intermediate gas flow
Aerosol gas flow

1100 W
15 l miny1
0.7 l miny1
1.0 l miny1

Mass spectrometer settings
Resolution
Dwell time
Sweepsrreading
Pointsrspectral peak
Readingsrreplicate
Isotope monitored

Normal
100 ms
5
1
400
202
Hg

2.3. Vapor generation system and conditions
In this study, a simple in-situ nebulizerrvapor
generation sample introduction system was coupled with LC-ICP-MS for the mercury speciation
determination w19᎐22x. The vapor generator system has been described in detail elsewhere w22x.
With this sample introduction system, the injected sample was nebulized. The nebulization
process, in which the liquid is shattered into fine
droplets in an Ar stream, is a very effective way to
purge Hg vapor from the liquid. Vapor generated
from the vapor generation system was delivered
to the ICP-MS for mercury determination.

Table 2
Liquid chromatography and vapor generation conditions
LC conditions
Pump
Column
Mobile phase
Mobile phase flow rate
Sample loop

Hitachi, Model L-7100
Alltech Macrosphere C8, 5-m diam., 2.1-mm i.d.=250-mm length
0.05% vrv 2-mercaptoethanol and 0.05% mrv L-cysteine ŽpH 6.6.
0.6 ml miny1
100 l

VG conditions
NaBH4
NaBH4 solution flow rate
Auxiliary solution
Auxiliary solution flow rate

0.02% mrv in 0.01 mol ly1 NaOH
0.6 ml miny1
0.05% vrv HNO3 and 0.5% mrv L-cysteine
0.6 ml miny1
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Fig. 1. Schematic diagram of LC-CV system.

The operating conditions for vapor generation
were optimized using a flow injection method.
The LC pump and column were removed from
the system during these studies. A simple FI
system was used for all the FI work. It was
assembled from a six-port injection valve ŽRheodyne Type 50. with a 200-l sample loop. Stock
solutions of various mercury species at 5 ng mly1
of HgŽII., methyl-Hg and ethyl-Hg in the LC
mobile phase, were prepared. These stock solutions were then loaded into the injection loop and
injected into the vapor generation system. Several
operation parameters affected the efficiency of
vapor formation. The concentration of NaBH 4 ,
HNO3 and L-cysteine in the auxiliary solution and
the volume of mixing coil were studied to get the
optimized conditions.
2.4. Reagents
Analytical-reagent grade chemicals were used
without further purification. Sodium tetrahydroborate and L-cysteine were obtained from Merck
ŽDarmstadt, Germany.. 2-mercaptoethanol was
obtained from TCI Chemical ŽTokyo, Japan..
Methanol and trace metal grade HNO3 were obtained from Fisher ŽFair Lawn, NJ, USA.. Mercury nitrate and methylmercury chloride were
obtained from Merck. Ethylmercury chloride was
obtained from TCI Chemical. Standards containing 200 mg ly1 Žas element. of each individual
species in 2% vrv H 2 SO4 were prepared. These
standards were combined and diluted in the LC
mobile phase and analyzed by CVy ICP-MS. A

suitable amount of L-cysteine and 2-mercaptoethanol were dissolved in pure water to serve as
a mobile phase.
2.5. Sample preparation
Mercury compounds were extracted using a
Star System 2 microwave digester ŽCEM,
Matthews, USA.. A 250-ml standard round-bottom open vessel made of Teflon ŽCEM. was used.
Three weighed 0.025-g portions of DORM-2 dogfish muscle ŽNational Research Council of
Canada, Ottawa, Canada. and another three 0.25g portions of swordfish samples were transferred
into Teflon digestion vessels. Extracting solution
Ž25 ml. was added to the sample. The extracting
solution contained 0.05% mrv L-cysteine and
0.05% vrv 2-mercaptoethanol. Then, the samples
were placed in the microwave digester and exposed to microwave at 60⬚C for 2 min. The ramp
time was set at 1 min. After the samples were
cooled to room temperature, the samples were
centrifuged for 5 min. Then the clear solution was
collected for the subsequent chromatographic
separation. For analysis, an aliquot of this extract
Ž100 l. was injected into the LC-CV-ICP-MS
system.
3. Results and discussion
3.1. Selection of LC operating conditions
In order to reduce the amounts of the reagents
used for separation, a microbore column ŽAlltech
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Fig. 2. Effect of 2-mercaptoethanol concentration on LC
chromatogram. The concentration of L-cysteine was 0.05%
mrv. The mobile phase flow rate was 0.6 ml miny1 . Each
mercury species present at 50 ng mly1 .

Macrosphere C8 column, 2.1 mm i.d.. was used in
this study. Two common reagents, L-cysteine w6,23x
and 2-mercaptoethanol w7,13,24x, were used as the
complexing agents for Hg speciation carried out
by reversed phase LC column. However, the mercury species studied could still not be completely
separated when the L-cysteine was used alone
with the Alltech Macrosphere C8 column. Meanwhile, the retention time was too long when 2mercaptoethanol was used individually. We found
that a mixture of L-cysteine and 2-mercaptoethanol used as the mobile phase gave the best
separation in this study, and so the effect of these
reagents was investigated in more detail. Fig. 2
illustrates the effect of 2-mercaptoethanol concentration in the mobile phase solution on the LC
chromatogram. Each mercury species was present
at 50 ng mly1 . As shown in Fig. 2, the retention
times of each mercury species increased with an
increase of the 2-mercaptoethanol concentration
in the mobile phase. For the better LC chromatogram and less separation time in the following experiments, a 2-mercaptoethanol concentration of 0.05% vrv was adopted.

1137

The effect of the concentration of L-cysteine in
the mobile phase on the LC chromatogram is
shown in Fig. 3. As can be seen, the retention
times of each mercury species decreased significantly with an increase of the L-cysteine concentration in the mobile phase. It could be due to the
higher hydrophilic character of HgŽL-cysteine. 2
complex. For the best LC resolution, a solution
containing 0.05% mrv L-cysteine was added in
the mobile phase solution in the following experiments.
The effect of the concentration of methanol in
the mobile phase on the LC separation was also
studied in this work. From our experiment result,
we found that the retention times of each mercury species decreased with an increase of the
methanol concentration in the mobile phase. For
the best LC resolution and to avoid the problems
caused by organic solvents w29x, no methanol was
added in the mobile phase solution in the following experiments. In other experiments, we
found that the pH of the mobile phase did not
affect the retention times of the mercury species
significantly in the range studied ŽpH 6᎐7..
In summary, in the following experiments a
solution of 0.05% mrv L-cysteine and 0.05% vrv

Fig. 3. Effect of L-cysteine concentration in the mobile phase
on LC chrom atogram . The concentration of 2mercaptoethanol was 0.05% vrv.
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2-mercaptoethanol ŽpH 6.6., at a flow rate of 0.6
ml miny1 , was used as the mobile phase of the
LC separation to get the best LC separation. It
should be mentioned that the sample was introduced by conventional pneumatic nebulization
during these experiments. No vapor generation
was used.
3.2. Selection of ¨ apor generation conditions
Since HgŽII., methyl-Hg and ethyl-Hg show
different behavior and different sensitivities in
the vapor generation process w6,7,22,24x, the different mercury species were studied successively
to get the compromise operating conditions of the
vapor generation system. The concentration of
NaBH 4 , HNO3 and L-cysteine in the auxiliary
solution, and the volume of mixing coil, were
studied to get the optimized conditions. The optimized vapor generating conditions are presented in Table 2. The optimized conditions were
slightly different from a previous study w22x, perhaps due to the 2-mercaptoethanol used in the
current study.
3.3. Mercury speciation
A typical chromatogram ŽICP-MS detection.
for a solution containing 5 ng mly1 of HgŽII.,
methyl-Hg and ethyl-Hg is shown in Fig. 4. As
shown, all three species studied were fully resolved
and the separation was complete in less than 6
min. Peak area measurements indicated that the
response for mercury was slightly different for
these three mercury species. This may be atTable 3
Repeatability of retention time and peak height of the LC
elution peaks a
Compound

Retention time
"S.D.b Žs.

Repeatability
of peak height
Ž%.c

HgŽII.
Methyl-Hg
Ethyl-Hg

262 " 2
179 " 1
371 " 2

1.8
0.7
1.7

Table 4
Calibration parameters Ž0.2᎐20 ng mly1 . of various mercury
species
Compound Sensitivity
Žcounts sy1 ngy1 ml.

Correlation Detection
coefficient
limit
Žng mly1 .

HgŽII.
1300
Methyl-Hg 1530
Ethyl-Hg
780

0.9997
0.9997
0.9997

0.06
0.05
0.09

tributed to variation of vapor generation efficiency of the various mercury species mentioned
earlier. A similar trend was observed when the
analyte was determined in the FI mode. Repeatability was determined using seven injections
of a test mixture containing 5 ng mly1 of HgŽII.,
methyl-Hg and ethyl-Hg. As shown in Table 3,
the relative standard deviation of the peak heights
was less than 2% for all the species, which is
similar to the precision obtained in previous ICPMS experiments with LC separations using other
sample introduction devices w14,20,29᎐32x. Calibration curves based on peak heights were linear
for each mercury compound in the range tested.
The detection limits were estimated from these
calibration curves and based on the amount Žor
concentration . necessary to yield a net signal
equal to three times the standard deviation of the
background. The absolute detection limits were
5᎐9 pg which corresponds to relative values of
0.05᎐0.09 ng mly1 Žsee Table 4.. The detection
limits achieved by this method are comparable to
or better than previously reported results with
similar techniques w13,14,16,18,22x. The background of mercury was increased when vapor
generation sample introduction was used. This
could be due to the trace mercury contaminant in
the reagents used for mobile phase, and due to
the better analyte transport efficiency with vapor
generation sample introduction, or the memory of
mercury from the vapor generation system. The
use of purer reagent should reduce the detection
limit to a lower value.
3.4. Determination of mercury in fish samples

a

n s 7.
S.D.s standard deviation.
c
Relative S.D.
b

In order to validate the LC-CV-ICP-MS
method, mercury compounds were determined in
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Fig. 4. Typical Hg-selective chromatogram for HgŽII., methylHg and ethyl-Hg. Various mercury species are present at 5 ng
mly1 Žas element. each. LC and CV conditions see Table 2.

the DORM-2 dogfish muscle reference sample
and a swordfish sample purchased from the local
market. The sample was prepared by microwaveassisted extraction of the L-cysteine andror 2-

mercaptoethanol complexes. The extracting solution contained 0.05% mrv L-cysteine and 0.05%
vrv 2-mercaptoethanol, which was selected to
serve as the mobile phase in the current study.
From our experiment result, we found that a
mixture of L-cysteine and 2-mercaptoethanol was
an effective extracting reagent for mercury compounds from the fish sample. It could be due to
the formation of stable complexes between mercury compounds and L-cysteine andror 2mercaptoethanol. The effects of microwave digester temperature and exposure time were studied in the range of 50᎐80⬚C and 1᎐5 min. After
many trials, for the best extraction efficiency and
recovery of mercury species in this study, the
temperature of the microwave digester was set at
60⬚C for 2 min. A 100-l injection of the final
extract was analyzed for mercury using the LC
vapor generation system. Peak areas of each
chromatographic peak were used for quantitation
work.
A typical mercury chromatogram of the
DORM-2 dogfish sample is shown in Fig. 5a. As
can be seen, methyl-Hg and HgŽII. were present
in this sample. The concentrations of mercury
compounds in the extract were determined by an
external calibration method. The results are
shown in Table 5. The concentrations of methylHg and HgŽII. in the injected solution are approximately 4.3 and 0.3 ng mly1 , respectively, which

Table 5
Concentrations of mercury in fish samples as measured by LC-CV-ICP-MSa
Sample and compound

DORM-2
HgŽII.
Methyl-Hg
Ethyl-Hg
Swordfish
HgŽII.
Methyl-Hg
Ethyl-Hg
a

Concentration found
Žg gy1 .

Reference value
Žg gy1 .

4.47" 0.32b

0.503" 0.014d
0.089" 0.025
0.412" 0.018
ND

Values are means " S.D. of three determinations Ž n s 3..
NRCC reference value.
c
NDs not detectable.
d
Determined by ICP-MS after digested by microwave digestion system.
b

Total mercury concentration
Žg gy1 .
4.64" 0.26b

0.22" 0.04
4.39" 0.24
NDc
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Fig. 5. Ža. Typical Hg-selective chromatogram of dogfish muscle reference sample DORM-2. The concentrations of HgŽII. and
methyl-Hg in the injected solution are 0.3 and 4.3 ng mly1 , respectively. Žb. Hg-selective chromatogram of swordfish sample. The
concentrations of HgŽII. and methyl-Hg in the injected solution are 0.8 and 4.2 ng mly1 , respectively.

corresponds to 4.39" 0.24 g gy1 and 0.22" 0.04
g gy1 in the original sample. As shown, the
determined methylmercury concentration agreed
favorably with the certified value. Compared to
the certified value, the error was less than 2%,
and the precision between sample replicates was
better than 18% for the determinations. The recoveries of methylmercury were 98.2" 5.5% with
this extraction method.
Under this extracting condition, there was no
detectable decomposition of methylmercury to inorganic mercury. This experiment was carried out
by spiking the fish sample with a suitable amount
of mercury mixture. The Hg species were extracted and then determined by LC-CV-ICP-MS.
The variations of recoveries of methylmercury
and inorganic mercury were within the standard
deviations for each of these species. Compared to

the extraction method used in our previous work
w14x, the current method has the advantages of:
using fewer reagents; reducing reagent blank; saving experiment time and labor work; and better
recovery.
A swordfish sample was purchased from the
local market and analyzed by LC-CV-ICP-MS. A
typical chromatogram of the fish sample is shown
in Fig. 5b. As shown, methyl-Hg and HgŽII. were
present in this sample. The concentrations of
methyl-Hg and HgŽII. in the final extract were
approximately 4.2 ng mly1 and 0.8 ng mly1 , respectively, which corresponds to 0.412" 0.018 g
gy1 and 0.089" 0.025 g gy1 in the original
sample as listed in Table 5. These results agreed
with the total mercury concentration of 0.503"
0.014 g gy1 as listed in Table 5. For the determination of total mercury in swordfish sample,
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the sample was digested completely by a microwave digestion system ŽCEM MDS 2000. w33x.
w6x

4. Conclusion
This work has demonstrated the ability to determine mercury species with vapor generation
technique in combination with LC and ICP-MS.
In this study, a simple and rapid microwaveassisted extraction method was developed for the
extraction of mercury compounds in fish samples.
With this extracting method, the reagents, experiment time and labor work used were reduced;
and the recoveries of various mercury compounds
were improved compared to the extracting method
used in our previous work w14x. Detection limits of
various mercury species obtained with this system
are low enough for the mercury speciation of
many real samples without complicated sample
pre-treatment. The use of purer reagents should
reduce the detection limit to an even lower value.
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