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An analytical method is described for methyl-
mercury determination in fish and aqueous
samples using solid-phase microextraction
(SPME) followed by gas chromatography–atom-
ic fluorescence spectrometry (GC–AFS). The
procedure involves aqueous-phase derivatiza-
tion of methylmercury species with sodium
tetraethylborate in a sample vial and subsequent
extraction with a silica fiber coated with poly-
(dimethylsiloxane). The mercury derivatives are
desorbed in the splitless injection port of a gas
chromatograph and subsequently analyzed by
GC–AFS. The headspace SPME procedure is
used and parameters affecting the extraction,
adsorption and desorption are evaluated. Re-
sults for methylmercury analysis in standard
reference material (DORM-2) and fish samples
are presented.# 1998 John Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 565–569 (1998)
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INTRODUCTION

Solid-phase microextraction (SPME), a simple and
fast sample preparation technique developed re-
cently by Pawliszyn and co-workers,1–4 has been
used for the determination of numerous trace
pollutants in a variety of environmental and
biological samples.1–11 It involves the extraction
of volatile or semivolatile organic compounds
directly from aqueous or gaseous samples onto a
fused-silica fiber that is coated with an appropriate
stationary phase. While the fiber is exposed to the
sample, the analytes partition from the sample
matrix into the stationary phase until equilibrium is
reached. The fiber is withdrawn, and then directly
transferred into a GC injector for thermal de-
sorption and analysis.

Mercury is a very important environmental
contaminant. Methylmercury (MeHg), the most
toxic species of mercury found in environmental
and biological samples, is of particular concern since
this compound can cause severe neurological
damage to humans and wildlife.12–17The determina-
tion and monitoring of mercury is a special challenge
in the field of heavy-metal analysis.15 As public
awareness regarding the toxicity and the environ-
mental impact of mercury contamination increases,
the demand for a simple, fast and reliable analytical
method which can distinguish between organic and
inorganic forms of mercury also increases.

Several analytical techniques for MeHg determi-
nation have been reported.15 Gas chromatography
(GC) with electron capture detection (ECD) was
traditionally used for the determination and specia-
tion of organomercury in many environmental and
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biological samples.15,18 The classic method for
extractingand separatingmethylmercuryinvolves
liberation, isolation by multiple liquid–liquid
extractionwith benzeneor toluene,andsubsequent
analysis by GC–ECD.18 However, one of the
drawbacksof this techniqueis that the halogen-
bearingcompoundsco-extractedwith organomer-
cury interferewith thedeterminationbecauseof the
nonspecificityof the ECD. An alternativemethod
has recently been developed for MeHg and
ethylmercury (EtHg) speciationby employing a
modified liquid–liquid extraction procedureand
followed by gas chromatography–atomic fluores-
cencespectrometry(GC–AFS)detection.19,20 An-
othermethodthat hasbeenwidely usedfor MeHg
analysis is the aqueousethylation with sodium
tetraethylborate(NaBEt4), followed by purge-and-
trapandatomicabsorptionspectrometry(AAS)21,22

or by AFS23,24detection.Theuseof NaBEt4 asan
alkylation reagenthassignificantadvantagessince
thederivatizationreactioncanbeperformedin the
aqueousphase,consequentlyreducing the analy-
tical time and eliminating the need for organic
solvent extraction. Among the various detection
techniquesused for mercury determinationand
speciationsuchas AFS, AAS, massspectrometry
(MS)5 and inductively coupled plasma–atomic
emissionabsorption(ICP–AES),25 AFS hasshown
to be themostsensitivetechnique.19,20,23,24

MercuryspecieshavebeenanalyzedusingSPME
followed by MS5,10 andelectrochemicalmethods.9

Becauseof theimportantadvantagesofferedbyAFS
andSPME,thecombinationof thesetechniqueshas
thepotentialto providea fast,simpleandsensitive
analyticaltool for MeHg determinationin environ-
mentalandbiologicalsamples.In thepresentreport,
an analytical procedurefor the determinationof
MeHg in aqueousandfish samplesusingaqueous
ethylation with NaBEt4, subsequentSPME sam-
pling, then GC–AFSdetection,is described.The
headspaceSPME procedureis usedand the para-
meters affecting the extraction, adsorption and
desorptionproceduresare evaluated.Results for
methylmercuryanalysisin standardreferencemate-
rial (DORM-2)andfishsamplesarepresented.

EXPERIMENTAL

Apparatus

Mercury analysis was performed using a P.S.
Analytical mercuryspeciationsystemmodel PSA

10.723.This is an integratedgaschromatography–
mercury atomic fluorescenceinstrument which
comprisesan Ai Cambridge(UK) model GC 94
gas chromatographequippedwith a CTC A200S
autosamplerandanoptic injector module,coupled
to the PSA Merlin detectorvia a pyrolysis oven
held at 800 °C. A fusedsilica analytical column
with dimensionsof 15 m� 0.53mm i.d. (Mega-
bore),coatedwith a 1.5mm film thicknessof DB-1
(J&W Scientific) was used.The column tempera-
ture was held at 40 °C for 30 s, programmedat
30 °C minÿ1 to 85°C, heldat85°C for 1 min, then
programmedat 20°C minÿ1 to a final temperature
of 200°C, andheldtherefor 1 min. A split/splitless
injector was used in the splitless mode and
maintainedat 150°C. The carrier gasand make-
up gas flows were 4.0ml minÿ1 of helium and
60ml minÿ1 of argon,respectively.For the PSA
Merlin detectionsystem,the sheathgasflow was
150ml minÿ1 of argon.Other parametersettings
were the sameas those reportedpreviously.19,20

Datawereacquiredby areal-timechromatographic
control and data-acquisitionsystem(E-Lab, Ver-
sion4.1OR,OMS TechInc., USA).

The SPMEfiber holder for manualuseand the
fiber coatedwith a 100mm thicknessof poly(di-
methylsiloxane)were obtainedfrom SupelcoInc.
(Bellefonte,PA,USA).Thisholderwasdesignedto
be used with a re-usable,replaceable,Supelco
SPME fiber assembly.Glass vials (10ml) with
Teflon-coated silicone rubber septa were used
throughouttheexperiments.TheSPMEextractions
were performed with magnetic stirring, with a
Teflon-coatedmagneticstirring bar, to ensurethe
propermixing of thesamplesolution.

Reagents and materials

Deionized(DI) waterproducedby a BarnsteadB-
Pure systemwas used in all aqueoussolutions.
Optima-grademethanol,certified ACS-gradepo-
tassiumbromide,coppersulfate,potassiumhydro-
xide,anhydroussodiumsulfate,sodiumacetateand
trace-metal-gradeconcentratedsulfuric acid,acetic
acid and hydrochloric acid were from Fisher
Scientific(Pittsburgh,PA, USA).

All mercury standardswere purchasedfrom
Ultra Scientific(N. Kingstown,RI, USA). Standard
stock solutions of methylmercury chloride
(MeHgCl) werepreparedby dissolvingappropriate
amountsof the standards(>95%) in methanol.
Thesesolutionswere storedin dark brown glass
bottlesat roomtemperature(20°C).

Sodium tetraethylboratewas purchasedfrom
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Strem Chemicals (Newburgport, MA, USA). A
fresh solution of 1% (w/v) NaBEt4 was prepared
daily in deionizedwater.A buffer at pH 4.5 was
preparedby mixing appropriateamountsof sodium
acetate(0.2M) andaceticacid (0.2M).

Thestandardreferencematerial,DORM-2 (dog-
fish muscle), was obtained from the National
ResearchCouncil of Canada(NRCC), Ottawa,
ON, Canada.The certified value of MeHg in
DORM-2is 4.47� 0.32mg gÿ1 asHg.Fishsamples
were collectedin a small pond locatedat Florida
InternationalUniversity,UniversityPark,Miami.

Procedure

After thefishsampleshadbeenhomogenizedwith a
blender,200mg of homogenizedsample,2 ml of
DI water and 2 ml of 6 M KOH were placedin a
20ml glassvial andshakenfor 4 h.

Forwatersampleanalysis,thesamplingvial was
preparedby placing the magnetic stirring bar,
6.8ml of DI water and 1.2ml of acetatebuffer
solution(pH 4.5) in a 10ml glassvial, then200ml
of MeHgstandard(10pgmlÿ1 asHg),and200ml of
1% NaBEt4 solutionwereaddedand the vial was

closedimmediately.For fish sampleanalysis,8 ml
of buffer solution, a 200ml aliquot of the fish
extract and 200ml of 1% NaBEt4 solution were
placedin the 10ml vial. The fiber wasdrawninto
the needleof the SPME fiber holder (for manual
use),thentheneedlewasusedto piercetheseptum
of the samplevial. The fiber wasloweredinto the
headspaceby depressingtheplunger.Thefiberwas
about 0.3cm above the surface of the stirred
solution.In this way, the ethylationandextraction
processeswere performedsimultaneously.After-
wards,the fiber was retractedinto the needleand
immediately inserted into the GC injector for
thermaldesorption.

In anattemptto samplemethylmercurybromide
usingheadspaceSPME,the magneticstirring bar,
6 ml of DI water,1 ml of acidic KBr solutionand
1 ml of MeHg standards(5 pgmlÿ1 as Hg) were
added and the vial was closed immediately. A
similar procedurewasemployedto theethylation–
headspaceSPMEmethod.

RESULTS AND DISCUSSION

Optimization of the variables

It is well known that MeHgBr and MeHgCl
partition favorably into organic solvents from
aqueoussolutions under acidic conditions. This
extraction scheme has been widely used for
organomercuryanalysis by GC with different
detectors,18–20 but alternativesamplepreparation
methodsareneeded.As aninitial attempt,MeHgBr
wasdeterminedby headspaceSPME.A very small
amount of MeHgBr was found to be sampled,
indicating an insufficient volatility of this com-
poundwhich resultsin a low partition coefficient
between headspaceand aqueousphase. Direct
aqueous-phaseSPME is not realistic becauseof
the strongly acidic condition usedand the matrix
effectsfor real-sampleanalysis.5

The derivatizationof MeHgBr with NaBEt4 can
significantly improve the partitioning of MeHg
betweenfiber coatingandsamplematrix, sincethe
fully alkylated mercury species have greater
affinity for the nonpolar poly(dimethylsiloxane)
coating.Although the ethylatedproductsare very
volatile (b.p.of HgEt2 = 159°C), it wasfoundthata
DB-1 columnoperatedin normalconditions(with-
out a cryofocusingstep) gave a good separation.
Figure 1 showsa typical chromatogramobtained
using ethylation–headspaceSPME for MeHg

Figure 1 Typical chromatogramobtainedusing the ethyla-
tion–headspaceSPMEmethodfor MeHg analysis.
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analysis. The HgEt2 peak resulted from the
impurities in reagentsand/or contaminantintro-
ducedduring theprocedures.

The temperatureof the injection port is critical
for mercuryanalysiswith GC sincean unsuitable
temperaturecan causethermal decompositionof
mercury derivativesor insufficient desorption.5,24

The effects of temperatureon the desorptionof
MeHg from the SPME fiber were studied. The
desorptiontimeusedin theseexperimentswas20s.
As shownin Fig. 2 thedesorptiontemperaturehas
significant effects on the responsesfor both
MeHgEt and Hg0. The peak area of MeHgEt
decreasedwith thetemperaturefrom 150to 250°C,
while Hg0 increasedsharply. This result clearly
indicatesthat MeHgEt is decomposedto Hg0 at
temperatureshigher than 180°C, so a desorption
temperatureof 150°C wasusedfor thesubsequent
experiments.It appearsthat the decompositionof
MeHgEt is also dependenton the injection-port
designsinceno decompositionwasfound,evenat
220°C in previouswork usingGC–MS.5

Thedesorptiontimewasalsoevaluatedbut,asno
significantdifferencein the responsefor MeHgEt
was observed between 10 and 40s, all the
experimentswere performed with a desorption
time of 20 s.

The analytederivatizationreactionand extrac-
tion were carried out simultaneously for two
reasons.

(1) As discussedabove,the mercuryhalide com-
poundshavemuchlower partition coefficients
comparedwith fully alkylatedmercuryspecies;
consequently,they aredifficult to extractfrom

theheadspace.Indeed,nomercuryhalidepeaks
wereobservedon thechromatograms.

(2) Extractionof the ethylatedmercurywhile it is
being formed shifts the equilibrium of the
reaction towards ethyl derivative formation.
The time needed for both ethylation and
extraction was studied. It was found that a
periodof 5 min wassufficient for the reaction
andextractionequilibrium to be reached.

The effect of reactionand adsorptiontempera-
ture wasassessedat temperaturesrangingfrom 20
to 46°C. No significant effects were observed
between20 and40°C. However,the peakareaof
Hg0 was increased at 46°C, indicating that
decompositionof MeHg and/orinorganicmercury
(Hg2�) occurredundertheseconditions.Therefore,
the reaction and adsorptioncould be performed
convenientlyat room temperature(20°C) without
needof a heatingdevice.

The absolutedetection limit of the GC–AFS
instrument,calculatedas threetimes the standard
deviation of the baseline noise, is 0.02pg (as
Hg).19,20 The concentrationdetection limit is a
function of the samplesizethat canbe usedin the
procedure. In the present study, 8.4ml water
sampleswere used.For fish analysis,200mg of
samplewasdissolvedin 4 ml of KOH solutionand,
from this solution, 200ml was analyzed. The
concentrationdetectionlimits calculatedfor water
andfishsampleswere3.0nglÿ1 and6.6nggÿ1 wet
weight, respectively. The reproducibility was
assessedfor water samplesby running six repli-
cates; the relative standarddeviation (RSD) was
9.1%.A gooddynamiclinear rangewasachieved
from thedetectionlimit to 1100ng lÿ1 (Fig. 3).

Figure 2 The effect of injection port temperatureon the
desorptionof MeHg.

Figure 3 Calibration curve obtainedusing the ethylation–
headspaceSPMEmethodfor MeHg analysis.
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Real-sample analysis

The analyticaltechniquewasevaluatedby analyz-
ing a fish sampleanda standardreferencematerial
(DORM-2). The methodof standardaddition was
used to accountfor the matrix effects. Figure 4
shows a typical chromatogramobtainedfor fish
analysis.The concentrationof MeHg in this fish
samplewas found to be 70.8� 7.9ng gÿ1 (n = 2)
wetweight,whichwasin goodagreementwith that
obtained using a liquid–liquid extraction proce-
dure.26 TheMeHgconcentrationfoundin DORM-2
was 4.06� 0.14mg gÿ1 (n = 3), which is closeto
thecertifiedvalue.

In summary, the proposed technique using
derivatizationwith NaBEt4 followed by headspace
SPME and GC–AFS detectionhas been demon-
stratedto be a fast and reliable screeningmethod
for MeHg contaminationin fish. However, this
method is not sufficiently sensitive for MeHg
analysis in real water samples, which usually
containMeHg at low ppt (partsper trillion) levels.
The sensitivity of this methodcould be improved
by employingafiberwith amoreselectivecoating.
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