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A novel technique has been developed for the
determination of trace amounts of methylmer-
cury in various sample matrices. The newly
developed HPLC method makes it possible to
separate methylmercury and inorganic mercury
with ultrasonic nebulization and detection by
ICP MS for different mercury isotopic masses.
The isotope-specific detection allows the applica-
tion of the species-specific isotope addition
method for the determination of methylmercury
with a correction for artifact formation. The
well-known water-vapour distillation method
was used in combination with an enriched stable
inorganic mercury isotope (200Hg2�) for the
separation of methylmercury from various
matrices. The subsequent determination of
CH3—

200Hg� generated from 200Hg2� was used
in the correction for artifact formation during
sample preparation. In comparison with a
previously developed HPLC coupling technique
with HPF–HHPN (high-performance flow/
hydraulic high-pressure nebulization), the sta-
bility of the detection procedure was improved
considerably. The limit of detection (S/N= 3) for
methylmercury was calculated to be about
0.015mg kg-1.# 1998 John Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 551–557 (1998)
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INTRODUCTION

The use of ICP MS technology with enriched
mercury isotopes (200Hg2�, 199Hg2�) has shown
that methylmercury was formed within a short time
during sample preparation due to the presence of
inorganic mercury,1–4 particularly when the water-
vapour distillation method was applied. In a few
cases more than 100% methylmercury was formed,
as an artifact. Other sample preparation methods,
such as extraction by acids, alkalis or organic
solvents, have shown this effect. At present, for
certain matrices (e.g. sediment, soil, leaves, spruce
needles) there is no sample preparation method
available which is free of artifact production. This
leads to the suspicion that the analysis of many of the
above-mentioned sample types over recent years
overestimated the methylmercury content, so con-
tamination levels also were probably overestimated.

The species-specific isotope addition (SSIA)
method in combination with the ICP MS technique
allows the determination of methylmercury artifact
formation during sample preparation and subse-
quent correction of the results obtained. A great
advantage of the method is its independence of the
sample preparation procedure; the requirement for
artifact correction, however, is the application of
the ICP MS technique.5,6 For this reason reliable
ICP MS techniques are necessary for application of
the new SSIA method. Therefore we developed a
new HPLC–ICP MS technique with on-line neb-
ulization of the HPLC eluent for the separation and
determination of isotope-specific methylmercury.

MATERIALS AND METHODS

Standard solutions and chemicals

The stock solutions of methylmercury (100 mg lÿ1)
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andinorganicmercury(100mglÿ1) wereprepared
by dissolving the dry compoundsin acetonitrile–
water (70:30,v/v, HPLC grade),andstoredin the
darkat 4 °C. Thestandardsolutionswereprepared
fresh daily by diluting the stock solutions with
acetonitrile–water(70:30,v/v; HPLC grade).They
werehandledin brownbottles,which werewashed
with nitric acid and deionizedwater before use.
200HgO was obtainedfrom ChemotradeChemie-
handels-GmbH(Düsseldorf, Germany).The iso-
tope-enrichedHgO was dissolvedin 1 ml HCl (5
mol lÿ1) and diluted to 10ml with twice–distilled
water. All the chemicalsused, such as sodium
pyrrolidinedithiocarbamate (SPDC), ammonium
acetate,acetonitrile, sodium chloride, sulphuric
acid, hydrochloric acid and acetone, were of
analyticalgrade.Argon 5.0 andnitrogen(research
grade)wereused.All chemicalswereusedwithout
furtherpurification.

ICP MS

A Perkin-Elmer/SciexElan 5000 was used.The
operatingparametersaftertheICPMS optimization
were as follows. ICP: forward power 1100W,
reflectedpower< 10W, coolinggas14.85l minÿ1,
auxiliary gas0.960l minÿ1, nebulizergas1.048l
minÿ1, oxygen0.056l minÿ1. Massspectrometer:
2� 100 mbar, intermediate pressure< 1� 10ÿ4

mbar,analyzerpressure5.4� 10ÿ6 mbar.

Ultrasonic nebulizer and additional
cooling path

An ultrasonic nebulizer, UT 6000 AT from
CETAC, was used (heating path length 25cm,
heating temperature150°C, cooling path length
35cm, cooling temperatureÿ9 °C; nebulization
frequency1.4MHz. The ultrasonicnebulizerhead
waswrappedwith aTeflonbandto protectit against
theacetonitrilefrom theHPLCeluent.If thereis no
protection,the headultrasonicheadglue together
and the operatinglife is decreasedby about one
month.To reducethe HPLC eluentafter nebuliza-
tion, an additionalcooling pathwasused,consist-
ing of a Liebig condenser30cm long with 0.8mm
i.d. The temperatureof the Liebig condenserwas
setatÿ10°C; it wasinsulatedfor thebestcooling
effect. For the connectionsbetweenthe ultrasonic
nebulizer and the additional condenser,and be-
tween the ultrasonic nebulizer and the ICP MS,
Teflon tubeswith 0.8mm i.d. wereused.

HPLC equipment and operating
conditions

TheHPLC–ICPMS systemis shownin Fig. 1. The
HPLC pumps were from Thermo Separation
Products.Forall connectionsPEEKplasticmaterial
was used. An RP C18 column (Hypersil-ODS,
80mm� 4.6mm from Grom, 3mm particle size)

Figure 1 AnalyticalHPLCsystemcoupledwith anultrasonicnebulizerfor determinationof methylmercuryaccordingthespecies-
specificisotopeadditionmethod.
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wasemployedfor the separation.For irradiationa
4 W low-pressureUV lampandhand-knittedPTFE
irradiationcoil 5 m long (i.d. 0.3mm low-pressure
model)wereobtainedfrom ICT. TheUV lamphad
a length of 15cm and a diameterof 15mm. The
lamp wasplacedin a box for eyeprotection.The
operatingparametersafter the HPLC optimization
were as follows: mobile phaseacetonitrile-water
(65:35, v/v), complexingagentsodium pyrrolidi-
nedithiocarbamate(0.5mmol lÿ1), pH buffer am-
moniumacetateadjustedto pH 4.5 (0.5mmol lÿ1),
eluentflow rate1 ml minÿ1, eluentpressure90–140
bar, retention time for methylmercury 3.5min,
retentiontime for inorganicmercury5 min.

HPLC preconcentration equipment
and sample enrichment

For the preconcentrationof methylmercury, a
20mm� 4.6mm reverse-phase(RP) columnwith
Hypersil ODS material (3mm) was used. The
preconcentrationwas carried out by an HPLC
pump. For sample loading, a Rheodyneinjector
valve 7010with a sampleloop of 10ml wasused
for the experiments.For distribution of the eluent
flow betweenthe preconcentrationcolumnandthe
separationprocedure,a Rheodyne7060switching
valve was used. The preconcentrationeluent
consistsof 0.5mmol lÿ1 ammonium acetatein
twice-distilled water. The preconcentrationflow
wasadjustedto 1.3ml minÿ1. For the preconcen-
tration procedurea reagentsolutionof 500mg lÿ1

sodiumpyrrolidinedithiocarbamatein 25mmol lÿ1

ammoniumacetatein twice-distilledwateradjusted
to pH 5.5 waspreparedfreshdaily.

Sample material

Sample material was collected and frozen at
ÿ30°C until analysis.Forsamplehomogenization,
a ball mill was used.Sedimentand soil samples
were dried at 40°C. Leavesand mosswere used
without drying andthedry weightwasdetermined
afterwards.

Total mercury determination

For the application of the SSIA method the
determinationof total mercury in the sample is
required:1–3g of therespectivesamplewasmixed
with 30ml aquaregia.Afterwardsit wasdigestedin
closedTeflon bottlesby microwave,within 1.5h.
Thesamplesweredilutedto afinal volumeof 50ml
with twice-distilledwaterandthetotalmercurywas

finally determined by ICP MS with ultrasonic
nebulization.Rhodiumwas usedas internal stan-
dard. Ultrasonic nebulizer settings: sample flow
1.5ml minÿ1, heating path temperature160°C,
cooling path temperature4 °C. ICP MS settings:
forward power1000W, cooling gas14.95minÿ1,
auxiliary gas 0.98 l minÿ1, nebulizer gas 0.96l
minÿ1. The detectionlimit was calculatedto be
0.25mg kgÿ1.

PROCEDURES

Distillation

The distillation procedurewascarriedout in glass
vials. Sample weights were in the range 100–
500mg. Sodium chloride (0.2ml) solution and
twice-distilled water (9.5ml) were addedto the
sample.Shortly beforethe distillation wasstarted,
0.5ml of 8 molÿ1 sulphuric acid and 500ng
200Hg2� in 0.1molÿ1 HCl (isotope 96.41% en-
riched)wasadded.Thenthe mixture wasdistilled
in anoil bathwith a heatingtemperatureof 150°C
over a periodof 30min with a nitrogenstreamof
100ml minÿ1. About9 ml of distillatewasobtained
after theprocedure.Thesampleswerestoredin the
dark and refrigeratedat 3–5°C for a subsequent
preconcentration.Sampleswere not storedlonger
than2–3 days,to avoid significantmethylmercury
losses.

Operation of HPLC±ICP MS
equipment

The newly developed equipment was easy to
handle;attentionwasrequiredto only a few critical
points.

First the torch, samplerand the high-frequency
coil had to be cleaned of residual oxidation
products to avoid misfiring and a ring plasma.
Unfavourable misfiring could lead to a melt-
togetherof the torch. It was necessarythat the
ultrasonicnebulizerandtheadditionalcoolingpath
havereachedtheoperatingtemperature.Operation
started without HPLC-eluent flow, and at the
beginning there was a low oxygen gas flow of
5 ml minÿ1 for the ignition of the plasma.After
ignition the oxygen gas streamwas increasedto
56ml minÿ1. Then the eluent flow was set to
0.05ml minÿ1 without nebulization. The eluent
flow was raisedover a period of 10min to 1 ml
minÿ1 so that condensationof the eluentstartsin
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the cool paths.Afterwardsthe ultrasonicnebulizer
could be switchedon for eluentnebulization.The
condensedeluent was removed by a peristaltic
pump. The additional cooling path was installed
with a negativeinclination so that the condensed
eluent could run down to the connectingtube to
drain,asshownin Fig.1.To turnoff theequipment,
the eluent and the ultrasonicnebulizerhad to be
switchedoff first.Theresidualeluentin thecooling
paths was removed and cleaned for the next
equipment start-up. Finally the plasma was
switchedoff.

Preconcentration and measurement

For analysis, 0.4ml of the complexing agent
(500mg lÿ1 SPDC,bufferedat pH 5.5) wasadded
to the distillate and then diluted to a volume of
10ml for calibration.Afterwardsthe10ml volume
wasinjectedinto the injection loop for the HPLC-
preconcentrationstep. The preconcentrationcol-
umnwasswitchedinto theHPLC-eluentflow using
the switching valve. The complexed mercury
specieswere desorbedby the acetonitrile–water
mixture and transportedto the analytical column.
After the separation,the mercury specieswere
oxidized by UV irradiation and nebulizedby the

ultrasonicnebulizer.The aerosolwas transported
by the nebulizer gas stream after passing the
heatingand additional eluent removing path into
the plasma for ionization and isotope-specific
detection.Mercury at m/z200 and202 andleadat
m/z207weredeterminedfrom the traces:The low
contentof lead (m/z207) was usedas an internal
standard.Thebackgroundcontentof lead(m/z207)
in the SPDCspikedin the HPLC-eluentwasused
for thedaily optimizationof theICPMS gassetting
for sensitivity. After 20 preconcentrationproce-
duresthe equipmenthad to be rinsed,without the
column,with acetonefor 5 min to removeresidual
componentsdueto thesamplepreconcentration.

RESULTS AND DISCUSSION

Capacity of plasma for loading with
eluent

The loadingof the nebulizedeluentinto the argon
plasmais limited. The aerosolwhich ultimately
reachesthe plasmahasto be regulated.If thereis
not enougheluent nebulized,the sensitivity and
thereforethe detectionlimits decreaserapidly. If

Figure 2 HPLCseparationof methylmercury(CH3Hg�) andinorganicmercury(Hg2�): mercurymasstracesm/z200and202,and
(inset)thenaturalabundanceratio of the sevenmercury isotopes.
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the amountof nebulizedaerosolis too high, the
plasma conditions and the degreeof ionization
change.Eventuallytheplasmais extinguished.

For the optimization experimentsthe HPLC-
eluentflow rate was set to 1 ml minÿ1. This flow
rate was sufficient for a good separation of
methylmercury and inorganic mercury within
5 min. The higher proportion of acetonitrile re-
ducedtheretentiontimesandthespeedof analysis,
andresultedin increasedplasmaloading.Therefore
the proportionof acetonitrilein the HPLC eluent
wassetto 65%.

Theregulationof theeluentreachingtheplasma
was optimized by the additional cooling path.
Without thisadditionalcooling,theplasmaloading
wastoohigh, themeasurementswereveryunstable
andthebaselinesof thedetectedmasstracesvaried
widely. The plasmarequiredvaluesof more than
10% oxygenof the nebulizeranda forwardpower
of more than 1300W for sufficient stability. The
additional oxygen would oxidize the acetonitrile
andthe carbondepositat the sampleinlet, but the
sampleopeningwould be enlargedunintentionally
by oxidation of the samplermaterial (nickel). If
there was not enough oxygen, the sample inlet
would be closed by carbon deposition and the
sensitivitywoulddecreaserapidly.Thetemperature
of the Liebig condenserwas optimized for sensi-
tivity atÿ10°C.A changein thetemperature(upor
down)would lower thesensitivityof detection.The
best resultswere obtainedfor 5% oxygen and a
slight adaptationof the plasmawas possibleby

adjustmentof theforwardpowerbetween1050and
1200W.

Interferences

The sevenmercury masstraceswere free from
interferences;only themasstracefor m/z204could
beinfluencedby aleadmass.Forthemeasurements

Table 1 Artifact formationpotentialof variousmatrices

Matrix
Total Hg
(mg gÿ1)

Spikevalue
200Hg2� (ng gÿ1)

MeHg
(mg gÿ1)

MeHg (SSIA)
(mg gÿ1)

Methylation
error (%)

Pineneedles 68 500 0,46 0,4 13
Spruceneedles 73 500 0,61 0,54 11,2
Starmoss 145 500 0,49 0,44 10,3
Stonemoss 70 500 0,43 0,39 6
Beechleaves 75 500 0,15 0,12 18,7
Forestsoil 82 500 0,23 0,20 18
Sediment 688 500 1,56 0,72 54
Raspberryleaves 17 500 0,43 0,43 2
Grass 11 500 0,54 0,54 1,5
Potato 6,2 500 0,05 0,05 0,13
Apple 3,1 500 0,29 0,29 0,1
Banana 4,5 500 0,12 0,12 0,3
Cheese 14 500 1,2 1,2 0,3
Liver pate 56 500 8,6 8,6 0,6
Trout muscletissue 167 500 167 167 0
Trout liver 211 500 211 211 0
Cockle 152 500 152 152 0
Cuttlefish 156 500 156 156 0

Figure 3 Chromatogramobtainedfrom a sedimentsample
from theRiver Rhine.Themasstraceof themercuryisotopeat
m/z200 showsmethylmercuryformedartifactuallyduring the
samplepreparationprocedure.Theunspikedmasstracem/z200
showsthat the actualmethylmercurycontentin the sampleis
very small.
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the mercurymassesm/z200 and202 (23.13%and
29.8%,respectively,of thenaturalabundanceratio)
with thehighestnaturalabundanceratio wereused
for detection(Fig. 2). The backgroundconcentra-
tionsof metalsin thecomplexingagentshowedno
influence.

Calculation of the methylmercury
content by the SSIA method in
different matrices

The methylmercurycontent in each samplewas
calculated according to Hintelmann et al.1 By
measuring different isotopes it is possible to
determine the apparent concentration and the
artifact formation factor. The SSIA correctioncan
be carriedout with a singlemeasurement.For the
calculationthe following equationcanbeused:

�CH3Hg�� � �CH3
nHg��=nA ÿ �Hgtotal� �M �1�

where

[CH3Hg�] = contentof CH3Hg�;
[CH3

nHg�] = measuredapparent CH3
nHg� con-

tent, basedon measurementof non-
spikedHg isotope;

nA = naturalabundanceof the non-spiked
Hg isotope;

[Hgtotal] = total mercurycontentof the sample;
M = specific methylation (%) of
addedHg2� isotopec

This method of calculation was applied for the
measurementof various matrices. The equation
consistsof two parts:thesecondtermon theright-
handsideof Eq.[1] is thecalculationof theisotope-
specificmethylationdueto inorganicmercury(e.g.
200Hg2�, enrichment 96.41%) in the specific
matrix. It wascalculatedfrom thespecificmethyl-
ation factor M of the matrix, obtainedfrom the
isotopespikingandthetotal mercurycontentof the
sample.The artifactual formation of methylmer-
cury is dependenton the matrix type andthe total
mercurycontent.The formationof methylmercury
increaseslinearly with the increasein the total
mercurycontent.1 This term was subtractedfrom
the first term on the right-handsideof Eq [1], the
measuredapparentmethylmercury content of a
non-spikedisotope.Table1 showsthesampletype,
the total mercury content,the spike value of the
enriched mercury isotope 200Hg2�, the apparent
methylmercurycontent,themethylmercurycontent
after the artifact correctionand the corresponding
error value.Spruceneedles,mosses,leaves,forest

soil andin particularsedimentsamplesareproneto
artifact formation of methylmercury when the
distillation techniqueis applied. An example is
shown in Fig. 3. In soil, leaves, mossesand
sedimentswhere the methylmercury fraction is
generallysmallandtypically 0.01–0.1%of thetotal
mercurycontentis methylatedartifactually,evena
small conversion factor can lead to significant
errors.Samplesfrom marineorganismswhichshow
high proportionsof methylmercuryarelessproble-
matic.Suchsamplesshowedinsignificanterrors.

Detection limits

The detectionlimit for methylmercurywas 12pg
(asHg; S/N= 3, detectedat m/z202,which shows
the highest proportion of the natural abundance
ratio with 29.8%).The relative standarddeviation
(RSD) for methylmercuryat the 500pg level was
5%. Therewas good linearity for the methylmer-
cury determination (regression coefficient
r = 0.9995)between50pg and900pg.

CONCLUSIONS

HPLC–ICPMS couplingusingultrasonicnebuliza-
tion is a new and powerful method for the
determinationof methylmercuryby the species-
specificisotopeadditionmethod.The easysepara-
tion of methylmercuryby thewatervapourdistilla-
tion methodcan be usedfurthermorefor sample
preparation.Although this method showed the
highestartifact values,theapplicationof theSSIA
methodofferedthepossibilityof compensatingfor
theerrorsby spikingenrichedmercuryisotopesand
by simultaneous determination of the artifact
potential. In comparisonwith a previouslydevel-
opedHPLC coupling techniquewith HPF–HHPN
(high-performance flow/hydraulic high-pressure
nebulization)the stability of the detectionproce-
durewasimprovedconsiderably.6
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