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Determination of methylmercury in human hair by ethylation
followed by headspace solid-phase microextraction–gas

chromatography–cold-vapour atomic fluorescence spectrometry
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Abstract

An analytical procedure for the determination of methylmercury in human hair after acid digestion using aqueous
ethylation, headspace solid-phase microextraction sampling and final gas chromatography–cold-vapour atomic fluorescence
spectrometry detection is described. Acid digestion, extraction procedure and chromatographic conditions were optimised.
An optimal linear range using standard mercury solutions was found and concentration detection limits for the mercury

21species, MeHg and Hg , were about 50 and 80 ng/g, respectively, for 100 mg of human hair. The reproducibility of the
developed analytical procedure assessed for hair samples with incurred MeHg was better than 18% (n55). A certified
reference material from the National Institute of Environmental Studies (Japan) was used for validation. Analysis of human
hair collected from urban inhabitants was performed and the mean value of methylmercury content in hair samples was
0.76460.732mg/g for the population tested. The developed analytical method is simple, fast and a suitable procedure for the
monitoring and screening of human exposure to methylmercury. 2002 Elsevier Science B.V. All rights reserved.

Keywords: Cold-vapour atomic fluorescence spectrometry; Detection, GC; Headspace analysis; Extraction methods;
Methylmercury; Organomercury compounds; Mercury; Metals

1. Introduction in two ways: as methylmercury (MeHg) from fish
consumption, or by breathing vaporous mercury

0Mercury has been well known as an environmental (Hg ) emitted from various sources such as metallic
pollutant for several decades. In the 1950s, it was mercury, dental amalgams, and ambient air. The
established that emissions of mercury to the environ- potential toxicity effects from vaporous mercury are
ment could have serious effects on human health. On relatively rare. Therefore, methylmercury is the most
the hand, environmental cycling of mercury is ex- toxic species of mercury found in the environment
tremely complicated involving a variety of physical because it is able to enter the food chain, accumulat-
and chemical processes that affect its toxicity and ing and contaminating humans. In addition,
mobility. Critical species in this cycling are elemen- methylmercury, deteriorates the central nervous sys-

0tal Hg vapour (Hg ), a common form in air, and tem, impairs hearing, speech, vision and gait, causes
methylated forms. Generally, human uptake mercury involuntary muscle movements, corrodes skin and

mucous membranes, causes chewing and swallowing
to become difficult, and in severe cases irreversibly*Corresponding author. Tel.:134-93-4006-119; fax:134-93-
damages areas of brain.2045-904.
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methylmercury poisoning are from Minamata Bay, sampling for the analysis of mercury species has
Japan in 1956 (industrial release) and in Iraq in 1971 been reported previously in fish tissues and river
(wheat treated with a methylmercury fungicide). water samples [24,25], in urine [26,27], biological
Those studies demonstrated that direct intake of fish tissues [28] or even in soils [29]. Most of these
or food contaminated by methylmercury from methods are based on ethylation with sodium tetra-
human-related activities has extreme damages on ethylborate, although direct hydride derivatization of
human health. In both cases, hundreds of people methyl- and ethylmercury chlorides in aqueous solu-
died, and thousands were affected, many with perma- tion with KBH has also been reported [30].4

nent damage. In the present study, we report an analytical
21Recent studies in the Brazilian Amazon demon- procedure for the determination of MeHg and Hg

strate that the population had increased exposure to in human hair after acid digestion using aqueous
methylmercury because of their consumption of fish ethylation with NaBEt , headspace SPME sampling4

contaminated by upstream gold-mining activities [1– and final GC–cold-vapour AFS (CVAFS) detection.
3]. For its determination, many studies have been This is, to our knowledge, the first application of
carried out analyzing different human body fluids SPME to the determination of methylmercury levels
such as blood and urine [3–6] or tissues such as nail in human hair. The developed analytical procedure is
or hair [6–11]. much faster, simpler and does not require organic

Hair is a suitable indicator for the monitoring of solvent consumption than the methods previously
human exposure to mercury that reflects organ reported for human hair analysis. Furthermore, since

21mercury levels [12] as well as dietary intake [13]. A MeHg and Hg are completely derivatised to
convincing relationship between the content of mer- alkylated volatile species, this headspace SPME
cury in hair versus its content in blood has been method does not present fibre damage or carryover.
reported in several studies [14–17]. Methylmercury The entire analytical procedure was validated by
is incorporated into scalp hair at the hair follicle in analysing human hair certified reference material
proportion to its content in blood. The hair-to-blood from the National Institute of Environmental Studies
ratio in humans has been estimated as approximately (NIES CRM No. 13), Environmental Agency of
250:1 expressed asmg Hg/g hair tomg Hg/ l blood. Japan, and applied to human hair samples from
Estimates of threshold levels for neurotoxicity has urban inhabitants.
been performed and considered in detail by the US
Environmental Protection Agency (EPA) and the
World Health Organization (WHO). The minimum 2. Experimental
threshold value by the WHO for methylmercury in
hair is 50 mg/g, while US EPA estimates lower 2.1. Reagents and materials
threshold value as 10mg/g [18,19].

Conventional methods of methylmercury extrac- Methylmercury chloride (CH HgCl, 99%) and3

tion involves multiple liquid–liquid extraction with mercury dichloride (HgCl , 99.9995%) were pur-2

hazardous organic solvents (i.e., benzene or toluene) chased from Strem (Newburgport, MA, USA),
and final determination by gas chromatography with phenylmercury chloride [(C H )HgCl, 97%] and6 5

electron-capture detection (GC–ECD) [20], GC with diphenylmercury [(C H ) Hg,.96%] were from6 5 2

atomic fluorescence spectrometry (AFS) [21], purge- Fluka (Buchs, Switzerland). Sodium tetraethylborate
and-trap and atomic absorption spectrometry (AAS) (NaBEt , 98%) was purchased from Galab (Gees-4

[22] and microwave-induced plasma (MIP) [23]. The thacht, Germany) and Strem. Analytical-grade so-
introduction of the use of sodium tetraethylborate, as dium acetate (99%) and acetic acid (99.7%) were
an alkylation reagent, improves the determination obtained from Sigma–Aldrich (Steinheim, Ger-
procedure since it reduces the analytical time and many). Hydrochloric acid (25%) was obtained from
eliminates the organic solvent extraction [24]. Merck (Darmstadt, Germany).

On the other hand, the solid-phase microextraction Stock standards were prepared at 1000 mg/ l (as
(SPME) procedure in headspace or aqueous-phase Hg) in acetone. All standards were stored at 48C,
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and working solutions were prepared weekly by port for thermal desorption. For calibration, 1 ml of
diluting the stock solutions with acetone to a range mixed mercury standards (0.5–500mg/ l as Hg) was
of 0.5–500mg/ l as Hg. A fresh NaBEt solution of added in the vial instead of the digest aliquot. The4

1% (w/v) was prepared daily in deionized water and headspace SPME procedure was calibrated with a
21stored at 48C. A buffer solution at pH 4.5 was series of MeHg and Hg standards. Then, fresh

prepared by mixing sodium acetate (0.2M) and standards were prepared weekly and were used to
acetic acid (0.2M). All other chemicals were at least carry out calibration graphs. Procedural blanks were
of analytical grade. carried out for every set of samples.

2.2. Procedure 2.3. Apparatus

2.2.1. Sample preparation and acid digestion 2.3.1. SPME device
In this study, sample preparation and digestion The SPME fibre holder for manual use and the

were conducted on a slightly modified methods silica fibre coated with 100mm thickness of poly(di-
developed by Akagi et al. [17] at the National methylsiloxane) (PDMS) were obtained from
Institute for Minamata Disease (NIMD) in Japan. Supelco (Bellefonte, PA, USA). A 7-ml glass vial

Hair samples, collected from local sources, were with PTFE-coated silicone rubber septa was used for
finely cut and placed in a 100-ml beaker and headspace SPME. Experiments were performed with
ultrasonically washed with non-ionic detergent solu- magnetic stirring (1200 rpm) to ensure the proper
tion. After vigorous rinsing with a large volume of mixing of the sample solution and a 1232 mm
deionized water, hair samples were rinsed with PTFE-coated magnetic stirring bar was used.
acetone. Finally, they were air-dried and weighed
until the difference between two sequential masses 2.3.2. GC–CVAFS
was less than 5%. Therefore, results are expressed as The analysis was accomplished with a Carlo Erba
amount of Hg in dry mass. Phenylmercury chloride FTV 4130 (Milan, Italy) gas chromatograph
(300ml) was added at a spiking level of 200 ng as a equipped with a Tekran Model 2500 Mercury Vapor
recovery spike (surrogate). Detector (Toronto, Canada). The CVAFS system is

The digestion procedure was carried out as fol- an extremely sensitive detector where the elemental
0lows, 2 ml of 2M HCl was added to 50–100 mg of mercury (Hg ) atoms, in an inert carrier gas stream,

finely cut hair placed in a 5-ml Pyrex tube. The tube are excited by a source of ultraviolet radiation.
was capped non-tightly and then heated nearby Excitation and fluorescence occurs at a wavelength
1008C for 15 min. of 253.5 nm.

A split /splitless injector was used in the splitless
2.2.2. SPME sampling mode and maintained at 1708C. A 40 s desorption

After the digest was cooled down to room tem- time was used for all fibre injections. A 30 m30.53
perature in an ice bath, a 1-ml aliquot was trans- mm I.D. fused-silica column coated with a 1.5mm
ferred to a 7-ml glass vial with 3 ml of acetate buffer film thickness of DB-5 (J&W Scientific, Folsom,
solution (pH 4.5) containing a magnetic stirring bar. CA, USA) was used as analytical column. Initial
A 300-ml volume of diphenylmercury, as internal column temperature was held for 1 min at 508C,
standard, was added to the sample. Once the vial was programmed at 108C/min to 2508C, holding this
closed, the fibre was drawn into the needle of the temperature for 10 min. After the Hg forms were
holder and was used to drill the septum of the sample separated, the column effluent was connected to a
vial. Then, 300ml of 1% aqueous NaBEt solution pyrolytic reactor consisting of a 20 cm32 mm I.D.4

was added and the fibre was lowered and situated quartz glass tube to convert the different mercury
0into the headspace, about 0.5 cm above the aqueous species to Hg by thermal decomposition at 9008C

phase. After 10 min of sampling time under strong and then detected by CVAFS. Argon gas 5.0 grade at
stirring conditions, the fibre was retracted into the a gas flow of 4 ml /min was used as carrier gas and
needle and immediately inserted into the GC injector also as make up gas for the CVAFS detector. Finally,
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data were acquired and processed by a Perkin-Elmer3.2. SPME procedure and GC–CVAFS
Nelson interfaced to a personal computer. determination

As described before, the SPME procedure for the
3. Results and discussion analysis of mercury species has been reported previ-

21ously. In the present study, the MeHg and Hg
3.1. Sample preparation were derivatized to the volatile ethylmercury and

diethylmercury species, respectively, by the use of
The most common methods to determine NaBEt , and then headspace extracted by the PDMS4

methylmercury levels in human hair are based on a fibre. Derivatization process improves greatly the
digestion procedure by alkaline dissolution of human partitioning of the species between the aqueous
hair and extraction of MeHg into benzene from an sample and the fibre.
acidic solution of potassium iodide [31]; alkaline As described by Cai and Bayona [24], in the
digestion with cysteine and NaOH, H SO , and headspace mode, the reaction and extraction2 4

CdCl /SnCl as reducing agent [32] where MeHg is equilibration would be reached in about 10 min for2 2

determined as the difference between total and both compounds at room temperature. Increasing the
inorganic mercury; or acid digestion with 5 ml of 2 extraction temperature, the amount extracted by the
M HCl at 1008C for 5 min and benzene extraction of fibre is not increased, but in aqueous-phase sampling,
an aliquot [17]. the extraction equilibration was extended to 20 min

Therefore, most of the analytical procedures re- considering the fact that diffusion of analytes is
quire several steps (digestion, extraction, reextrac- faster in the vapour phase than in the aqueous phase.
tion), labour intensive (hours or even overnight No significant improvement in the amount extracted
digestion) and uses carcinogenic solvents such as by the fibre was found when higher temperature was
benzene. The digestion procedure used in this study investigated (358C). Therefore, reaction and extrac-
was selected according to the method from Akagi et tion could be accomplished at room temperature
al. with some modifications since it is simple, fast, (20–258C).
with low reagent consumption and it provides a final The addition of saturated NaCl (salting out) does
sample digest able to be used by SPME methodolo- not increase the extraction efficiency of the
gy. methylated mercury species by the fibre, since the

The main changes from Akagi et al.’s procedure ethylation reaction could be inhibited in presence of
were: (i) to reduce the volume of acid from 5 to 2 high chloride concentration.
ml, (ii) to increase the amount of human hair from Temperature of the injection port is critical, since
10 to 100 mg, and (iii) to increase the heating time an inappropriate temperature could cause thermal
from 5 to 15 min. decomposition of mercury species [21,24,25]. Then,

Since ethylation should be performed in a pH the effect of temperature on the desorption of
range from 4 to 4.5, and the main aim of our mercury species for the fibre was investigated. The
procedure was to minimise the amount of all reac- desorption temperature has some effects on the peak
tants, we need to reduce the acid aliquot volume to areas of mercury species, especially for MeHgEt. As
be buffered with a small volume (about 3 ml) of shown in Fig. 1, the peak area of MeHgEt smoothly
acetic acid /acetate buffer. Then, several volumes decreases from 1708C to 2108C. These results may
were tested and about 1 ml of acid aliquot was the possibly indicate that MeHgEt is fairly decomposed

0maximum to achieve the required final pH suitable to Hg at high injector temperature. Consequently,
for the ethylation reaction. the 1708C desorption temperature was selected to

A second modification was carried out to assure a assure an accurate determination of methylmercury
final mercury concentration of the species above species.
detection limit. Finally, heating time was extended to Desorption time was also investigated, however no
15 min since in some cases the sample digestion was differences were observed, all experiments were
not complete when 5 min was applied. performed leaving the SPME fibre deployed in the
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Fig. 1. Effect of injection port temperature on the desorption of
MeHg.

injection port during the temperature programming to
clean it.

Memory effect experiments were performed in
Fig. 2. (A) Selected chromatogram for a typical standard mercury

order to determine any problem in the determination chloride solutions. (B) Chromatogram obtained for a blank sample
of mercury species by the SPME method. Then, after run. (C) Chromatogram obtained for NIES CRM No. 13. (D)

21a typical exposure to a standard solution containing Selected chromatogram for a typical MeHg and Hg analysis
21 from human hair sample.both mercury species (MeHg and Hg ) and their

subsequent desorption, a second desorption was
21accomplished. In this experiment neither compound Hg for Hg . Fig. 2A shows a typical chromatogram

showed any carryover. for mercury chloride solutions. Quantification and
In another experiment, after initial desorption of recovery calculation were performed by the internal

the fibre, we ran a blank (no standard was added). In standard procedure using diphenylmercury and
this case an apparent peak of HgEt was detected phenylmercury chloride, as internal standard and2

(Fig. 2B). The origin of the HgEt peak in the surrogate, respectively. In all cases, the linear regres-2

chromatogram will be discussed. The procedural sion coefficient of the calibration plots showed an
2blank was composed of anything but the ethylating acceptable lineal correlation (r .0.992). Linearity

21reagent and the internal standard. As was discussed range for Hg is narrower, compared with the
before by Cai and Bayona [24], the diethylmercury others, probably due to the problems related to poor
peak could appear due to carryover when absorbed in reagent blanks.
the first sampling and ethylated in the next sampling. The absolute detection limit is a function of the
Nevertheless that might occur in the aqueous-phase sample size that could be used in the experiment. In
mode and certainly not in the headspace. The the present study, 4.6 ml of sample was used. For
possibility that corresponds to an unknown com- mercury hair analysis, 100 mg of hair was digested
pound of the ethylating reagent, which could coelute in 2 ml of HCl and, from this solution 1 ml was
to the HgEt peak in the chromatogram, was rejected analysed. Absolute detection limits calculated as2

as soon as was confirmed as HgEt by GC–MS. In three times the baseline noise in real samples chro-2

conclusion, this peak is related to the ethylated matograms are 2.5 ng for MeHg and 4.0 ng for
21 21species of Hg and presumably corresponds to Hg . Concentration detection limits were 0.05mg/g

some impurities of the diphenylmercury used as dry mass for MeHg and 0.08mg/g dry mass for
21internal standard. Hg . The reproducibility was assessed for hair

The linearity ranges for both species are from 0.1 samples running 5 independent replicates the relative
to 100mg/ l as Hg for MeHg and 0.1 to 20mg/ l as standard deviation (RSD) being less than 18%.
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3.3. Method validation and application to real cury concentrations in hair for all the cases analysed.
samples Individual and overall mean values of the methyl-

mercury content in the hair samples (0.76460.732
Fig. 2 shows typical chromatograms obtained for mg/g) were below the minimum values are consid-

standard mercury chloride solutions (A), and a ered by the WHO (50mg/g) and the EPA (10mg/g)
procedural blank (B). As can be seen, during the to possibly induce neurotoxicity in humans. Further
analysis of mercury chloride standards, detectable studies should be carried out in order to find out if

0peaks due to Hg and dimethylmercury appeared. As MeHg could impair health effects to our study area.
was reported by Fisher et al. [33], compounds that In summary, quantitative determination of MeHg
may be formed during derivatization initiate dismuta- from human hair could be achieved using the
tion reactions in solution that might be improved by proposed methodology, performing acid digestion, in
optimizing the amount of NaBEt employed for the situ derivatization with NaBEt followed by head-4 4

specific analytical procedure. Nevertheless, actual space SPME and final GC–CVAFS detection.
optimized conditions provide an excellent separation This developed analytical method is simple, fast,
and under no circumstances does this peak interfere reliable, solvent-free, low-priced, reproducible and
to accomplish quantitative methylmercury determi- suitable for the monitoring and screening of human
nation. exposure to mercury species.

The entire analytical procedure was validated by
analysing human hair certified reference material
from the National Institute of Environmental Studies
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