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Biomethylation of metals and metalloids of
Group 14 and 15 metals such as tin, lead and
arsenic takes place in the environment, but
information about methylated bismuth com-
pounds is rather limited, although bismuth
compounds are used widely in alloys, cosmetics
and pharmaceutical products.

Cryotrapping gas chromatography and hy-
dride generation gas chromatography coupled
with an ICP–MS as a bismuth-selective detector
were used to determine volatile bismuth com-
pounds in landfill and in sewage gas, as well as
non-volatile methylated compounds in water
and sediment samples.

One volatile bismuth compound could be
determined in gaseous samples; it was identified
as Me3Bi (TMB) by element-specific detection
(ICP-MS, m/z209), matching the retention time
with a TMB standard. The molecular structure
was recently confirmed by gas-chromatographic
fractionation with MS–ion trap detection (elec-
tron impact). Among other volatile metal com-
pounds, TMB is a major component in the gases
of sewage sludge digesters: concentrations of up
to 25mg mÿ3 have been measured at eight
sewage treatment plants. The concentration in
landfill gas was approximately one order of
magnitude lower.

In laboratory experiments, fermentors con-
taining an anaerobic culture from a clean pond
sludge were mixed with contaminated soil from
four different industrial areas. After an incuba-
tion time of two weeks at 30°C in the dark, TMB
was detected in the headspace of all the samples.
The volatilization rate of bismuth did not
correlate with the total amount of bismuth in
the sediments or with the available fraction after

acid digestion following hydride generation.
Some evidence was obtained for the occurrence
of methylated bismuth compounds in water
samples and in sediments. Copyright# 1999
John Wiley & Sons, Ltd.
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INTRODUCTION

Bismuth is a mono-isotopic element (209Bi) and
occurs in the Earth’s crust of a concentration
between 0.1 and 0.2 mg kgÿ1,1 which is compar-
able with the concentration of cadmium and
antimony. Bismuth is the heaviest element in
Group 15 of the Periodic Table and shows similar
chemical behavior to the lighter elements arsenic
and antimony. Similarities in the chemistry can also
be seen from the heavier elements in the neighbor-
ing Groups 14 (germanium, tin and lead) and 16
(selenium, tellurium). All these elements are able to
form rather stable methylated compounds.2 In
addition to the anthropogenic species tetraethyl-
lead and its mixed methylated counterparts, as well
as butylated tin species,3 many methylated arsenic,4

antimony,5 germanium6 and selenium7 species can
be identified in sediments, freshwater, seawater,
and in biota, and as volatile species in different
gases.8–11 It has therefore been speculated that
methylated bismuth compounds occur in the
environment as well.12

BISMUTH COMPOUNDS IN THE
ENVIRONMENT

Bismuth occurs in the environment in the form of
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themineralsbismuthochre(Bi2S3), bismuthoxide
(Bi2O3) and as native bismuth [Bi(0)]. Modeling
showed that the major species in seawater
(0.54mol Clÿ lÿ1) is [BiCl4]

ÿ whereasin fresh
water (<10ÿ4 mol Clÿ lÿ1) pH-dependentBi3�,
BiOH2� or BiO� is predominant.13 Theconcentra-
tion in seawateris 20nglÿ1, which is two ordersof
magnitudelower than for arsenic.14 In addition to
the natural occurrence,different bismuth com-
poundsareintroducedfrom the chemicalindustry,
where it is used as a catalyst for acrylonitrile
production as bismuth molybdophosphate.15 The
major applications are in cosmetic products as
pigmentsin eyeshadowandlipsticks(BOCl) andas
bismuthcitrate in hair dye.16 The pharmaceutical
industryproducesbismuthsubgallatefor infectious
diseases,bismuth germaniumoxide as a contrast
substanceand bismuth subcitratefor ulcer ther-
apy.17 All thesesubstancesendup in wastewater
and increasethe amount of bismuth in sewage
sludge.Only limited information is available for
bismuthconcentrationin sewage.However,some
datademonstratea fairly high valuein therangeof
5 mgBi kgÿ1 dry weightof sewagesludge,whichis
even higher than the amountsof antimony and
arsenic.18 Bismuthis alsousedin fusiblealloysand
asadopantin semiconductors,andTMB is usedfor
thegrowthof Bi2Te3 thin films by MOCVD (metal
organic chemicalvapor deposition).19 Thesepro-
ducts are discardedin municipal and industrial
waste.Of theworld productionof bismuth,50%—
about 5000t per year — was used in 1990 for
pharmaceuticalproducts.Theseshort-life products
flow quickly back into the waste streams.20

However,the amountof bismuthusedis expected
to increase becauseof some progress in the
substitutionof leadfor gunbulletsandof organotin
compoundsas antifouling paints, and the use of
bismuth vanadatefor high-performancelead-free
pigments.21

Theaim of this paperis to summarizetheresults
from our groups, which show that methylated
bismuth compounds can be found in various
anaerobicenvironments.The paperalso explains
the particular problemsin the speciationanalysis
for bismuthandits compounds.

EXPERIMENTAL

Reagents and standards

Trimethylbismuth (TMB) was synthesized by

Grignardreactionfrom methyl iodineandbismuth
trichloride.22 This standardwas storedin diethyl
ethersolution. It was checkedby GC–MS,which
gaveonly one bismuth-containingcompound.All
characteristicmassfragments(m/z254, 239, 224,
209) were determined.Bismuth trichloride stock
solution with a concentrationof 1.000g Bi lÿ1

(Merck) was used for the semiquantification
methodology, which is explained elsewhere.24

Sodiumtetrahydroborate(Aldrich) andhydrochlo-
ric acid(Merck,suprapur)wereusedfor theoff-line
hydridegenerationtechnique.

Analytical procedure

GC–ICP–MS
Two different systemswere used.The systemin
Essen(method1) coupledacommerciallyavailable
gaschromatograph(Shimadzu9A) equippedwith a
packedglasscolumn(Table1) directly via aheated
transferline anda T-pieceto the torch of an ICP–
MS (VG Elemental PQ2�). The GC could be
cooledtoÿ100°C.TheVancouversystem(method
2) consistedof a purge-and-trapsystemcoupledto
anICP–MS(PQ2)analogousto thesystemin Essen
(Fig. 1). These analytical systems have been
describedthoroughly elsewhere.23,24 In both sys-
tems,thegaseousspecieswerepreconcentratedby
cryotrappingatÿ78°C in aU-shapedglasscolumn
filled with absorptionmaterial (10% SP2100on
either Chromosorbor Supelcoport).In method1,
the trap was installed into the GC, whereasin
method 2 a secondcryofocusing step was per-
formed. In a refocusingstep, the trappedspecies
were volatilized by increasingthe temperatureof
the trap from ÿ78°C to 150°C, and the released
gaswaspurgedwith a helium flow to a secondU-
shapedtrap(6 mm o.d.,31cm length),packedwith
Chromosorb(10% SP-210045/60mesh,Supelco)
and frozen out at ÿ196°C. The major difference
betweenthe two methodswas the heatingproce-
dure.In method1 the trap wascooledto ÿ100°C
only, anda gentleheatingrampof 5 °C minÿ1 (or
10°C minÿ1, respectively)wasapplied,whereasin
method2 the trap was cooledto ÿ196°C and an
extracryofocusingstepanda non-uniformbut fast
heatingvia a variac and a Nichromewire, which
was wrappedaroundthe trap (350°C increasein
5 min), were performed.The difference between
methods1a and b is the small difference in the
heatingramp(Table1). All methodsshowasimilar
separationcharacteristic;the volatile compounds
were separatedaccordingto their boiling points.
Goodcorrelationwasachievedbetweentheboiling
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point of the methylatedvolatile speciesand the
retentiontimes.25 Therefore,theretentiontimesfor
the simple purge-and-trapsystem(method2) are
muchshorterthanfor methods1aand1b.

Method1a B. pt� 6:39Tr ÿ 109

Method1b B. pt� 11:87Tr ÿ 87:1

Method2 B. pt� 96Tr ÿ 125

whereTr is retentiontemperature(all temperatures
in °C), andB.pt is theboiling point.

To start the analysis,both systemswereheated
anda carrier gasflow wasapplied.The separated
specieswere transportedthrougha heatedTeflon
transferline to thetorchof theICP–MS.Addition-
ally, an aqueoussolutionwas introducedasa wet
aerosolinto the plasmaby meansof a nebulizer.
Both gasflows were mixed togetherin a T piece
(o.d. 6 mm) insertedbetweenthe spray chamber
andthetorch,replacingthequartzelbowusuallyin
this position. Time-resolvedanalysis and multi-
isotope determinationwere applied to check for

Table 1 Instrumentalparametersfor methods1 and2 usingGC–ICP–MS,shownschematicallyin Figure1a

Parameter Method1a Method1b Method2

Hydridegeneration
Trappingtemperature ÿ196°C ÿ196°C ÿ196°C
CryotrappingGC
Trappingtemperature ÿ80°C ÿ80°C ÿ78°C followed by

cryofocusingatÿ196°C
Columntemperature ÿ100 to �165°C ÿ100 to �165°C ÿ196 to �150°C
Temperatureramp 5 °C minÿ1 10°C minÿ1 Exponential,reaches150°C

in 3 min
Carriergas Argon Argon Helium
Flow rate 20ml minÿ1 61ml minÿ1 133ml minÿ1

Column 22cm� 6 mm o.d. 50cm� 3 mm i.d. 22cm� 6 mm o.d.
Supelcoport10%SP2100 Supelcoport10%SP2100 Chromosorb10%SP2100

Transferline PTFEtube,100cm� 0.7
mm i.d., 100°C

PTFEtube,100cm� 0.7
mm i.d., 100°C

PTFEtube,100cm� 0.3
mm i.d., 120°C

a Slight modificationof method1 leadsto methods1aand1b.

Figure 1 Schematicof the two different analytical systemsfor cryotrappingGC–ICP–MSand the two different methodsfor
hydride-generationGC–ICP–MS.
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other elementsand intermolecular interferences.
Bismuthwasmonitoredon m/z209.

HG–GC–ICP–MS
In order to investigate water samples for the
occurrenceof methylated bismuth species,hy-
dride-generationmethodologyfollowed by GC–
ICP–MS analysiswas chosen.Aqueoussamples
(10ml) weretreatedwith 1 ml HCl (0.1mol lÿ1) to
reach pH 2. Subsequently,1 ml of 5% NaBH4
solution was addedin 15s. The volatile hydrides
werepurgedinto acooledtrap(ÿ196°C) by means
of a 400ml minÿ1 He flow. The traps were
analyzedby the sameprocedureas was usedfor
the trapscontainingcryofocusedgassamples.

Environmental sampling

Gasand water samplesfrom municipal landfills
The gasesfrom the six municipal wastedeposits
investigated(locationsI to N) arecollectedin gas
wellsandpumpedin pipelineseitherto afurnaceor
to a power station.Landfill I is in the Palatinate
(Germany); J in Hessen (Germany); K N in
Northrhine-Westfalia (Germany); L in Bavaria
andM. in Delta,B. C. (Canada).

Thegasesin thegaswells weresampleddirectly
by meansof acryogenicsamplingunit consistingof
a U-shapedglasstube(22cm i.d., 6 mm o.d.) and
filled with non-polar chromatographicmaterial
(10%SP2100onSupelcoport).Thetrapwascooled
at ÿ78°C to ÿ80°C with an acetone/liquid
nitrogenslushor anacetone/dryice mixture.

On one waste deposit (location M) the gas
percolatingthrougha rainwaterpuddle20cm deep
was sampled by a floating open-bottom gas-
collecting device in the form of a cylinder
(Plexiglas).A Teflontube(o.d.6 mm)wasattached
to the valve on the very top of this cylinder (i.d.
30cm, height 10cm). A Styrofoam ring on the
outsideof thecylinderwasusedto float this device
andropesheldit in placeon thewatersurface.The
gaswhich bubbledthroughthewaterwascollected
underthisdeviceandpumpeddirectly into aTedlar
bag. The flow rate of the membranepump was
adjustedto the sameflow rate as the gasesbeing
generatedunderthe samplingdeviceby keepinga
constantwaterlevel in thePlexiglascylinderduring
thesamplingtime.Thesamplingbagswerecovered
in black plasticbagsto avoid the influenceof UV
light on the samples.Within 48h the gas was
cryotrappedunder the sameconditionsas for the
gassamplesfrom theotherwastedeposits.

All these waste depositswere used to dump

industrial and domestic wastesin Germanyand
Canada.The volumeof the samplesvariedfrom 4
to 20l.

Additionally to thegassamples,condensedwater
from the gas wells and the rainwater from the
puddle on the landfill were sampled.The water,
which was in contact with the landfill gas, was
sampledinto polyethylene(PE)bottles,whichwere
filled to the top to avoid oxidation. The samples
werestoredat 4 °C in thedark.

Sewagegas
In addition to the gasesfrom landfills, the gases
producedby the fermentationof sewagesludge
from eight different sewagetreatmentplantswere
also sampled (locations A to H). These are
municipal plants,so the wastewater was mainly
of domesticorigin with smallamountsof industrial
effluents.A–G are in Northrhine-Westfalia(Ger-
many);H is in Vancouver,BC (Canada).

Fermentation experiments
Eachof threesedimentsfrom contaminatedsitesin
Germany(Klein Dalzig, sedimentsfrom the river
Weisse-Elster;Planena,sedimentsfrom the river
Saale;Jessnitz,sedimentsfrom a small creeknear
Bitterfeld) and one wastedeposit from a copper
minenearEisleben(Theissen)weremixed1:1with
pondsludgefrom anuncontaminatedvillage pond.
Thepondsludgewasusedfor theinoculationof the
sediments to achieve uniform conditions for
methanogenesis.Approximately 500g of this
mixture was placed in a 2-liter glass bottle,
500ml of a nutrient solution containing acetate
and some essentialmetal salts (all amounts in
g/lÿ1: NaCl, 0.9; MgCl2�6H2O, 0.2; NH4Cl, 1.0;
CH3COONa,0.82;KH2PO4, 0.75;KH2PO4�3H2O,
1.45; Na2Sx�7–9H2O, 0.25; EDTA–Na, 0.1;
FeSO4�7H2O, 0.1; MnCl2�4H2O, 0.1; CoCl2�6H2O,
0.17; CaCl2�6H2O, 0.1; ZnCl2, 0.1; CuCl2�5H2O,
0.02; NiCl2�6H2O, 0.03; H3BO3, 0.01; Na2MoO4�
2H2O,0.01;H2SeO3, 0.001;HCl, 0.01)wereadded,
andthebottlesweresealedairtight with gumsepta.
The experimentswere set up in duplicate.After
storagefor two weeksat 30°C, the headspacegas
wassampledby purgingtheheadspacewith helium
andtrappingthegas.Method1b wasperformedin
orderto determinethevolatile metalandmetalloid
compoundsgeneratedfrom thesecultures.Addi-
tionally, total bismuth in the sediments was
measuredwith ICP–AESfollowing a digestionof
thesedimentwith aquaregia(DEV, S7).In orderto
speciatethe available bismuth in the sediments,
about50–200mg of eachsedimentwasplacedin a
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batch reactor and suspendedwith 10ml water
(Seralpur),1 ml of 6% HCl was addedand HG–
GC–ICP–MS was performed to determine the
available bismuth as bismuthine (BiH3) and
possible denvolized non-volatile methylbismuth
compounds. Here, we focus on the bismuth
compounds,but a morethoroughlydescriptionwill
be published elsewhere (D. Glindemann, A.
Bergmann,A. V. Hirner, E. M. Krupp, P. Kuschk
in preparation1999).

RESULTS AND DISCUSSION

Standards

The headspaceof the TMB standarddissolvedin
diethyl etherwasanalyzedby method1a andCT–
GC–ICP–MSandgaveonly onepeakat a retention
timeof 33min (method1a)(Fig. 2b).After hydride
generationof the samesolution, four distinctive
peakswere recordedon the m/z 209 trace of the
ICP–MS (Fig. 2a). In addition to TMB, other
methylatedbismuth specieswere generated:Fig.
2(a)showsthatBiH3, MeBiH2, Me2BiH andTMB
can be separatedeasily accordingto their boiling
points (17, 72, 103 and 109°C).26 It is not clear,
however,why all four different bismuthineswere
generated.Whether dimethylbismuth, methylbis-
muth and inorganic bismuth were already in
solution, or whetherdemethylationof TMB took
placeduringthederivatization,cannotbeanswered
yet. It is likely that a demethylationprocessis
responsiblefor this occurrenceof partially methy-
latedbismuthcompounds,becausethe weakBi–C
bond (143kJ molÿ1)27 can be cleavedeasily by
acid. A similar demethylation process can be
observedfor antimonyat pH 2.28

Despitethesimilaritiesto arsenicandantimony,
there are major differencesfor bismuth.Bismuth
occursas a trivalent cation or as a bismuthoxide
cation, whereasarsenic and also antimony are
metalloids and occur mostly as the pentavalent
anions arsenate and antimonate, respectively.
Thermodynamic data on organometallic com-
poundsshowthat the standardformationenthalpy
for TMB (�192kJ molÿ1) is very high compared
with �13kJ molÿ1 for trimethylarsine(TMA), and
�33kJ molÿ1 for trimethylstibine (TMS).29 Bis-
muth is moreelectropositiveandis a metal,so the
averagedissociationenergy of the metal–carbon
bond is very low for TMB (�143kJ molÿ1)
compared with �229kJ molÿ1 for TMA and

�216kJ molÿ1 for TMS.27 This meansthat much
energyis involved(i.e.takenup)in theformationof
TMB (endothermic)and that the bismuth–carbon
bondis veryweakandcanbecleavedeasily(e.g.by
oxygen). Therefore the stability of TMB in air
would be expected to be very limited and is
certainly lower thanfor TMA andTMS.

Furthermore,thehydride-generationprocesshas
to bestudiedmorethoroughlywith methylbismuth
standardsto clarify whetherhydridegenerationcan
be used as a derivatization method to identify
monomethyl-and dimethy-bismuthcompoundsin
watersamples.

Environmental studies

In eachgas samplefrom the different municipal
wastedepositsand from sewagesludgefermenta-
tion tanksonly onebismuthpeakwasrecordedon
the m/z 209 trace.No interferencefrom possible

Figure 2 Chromatogramsusingmethod1aandGC–ICP–MS
(m/z209 detection).A standardof trimethylbismuth(TMB) in
diethyl etherwasderivatizedwith NaBH4 at pH 2 to produce
volatileBiH3, MeBiH2, Me2BiH andTMB (a),while only TMB
wasdetectedwhenpurgedwith helium (b).
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208Pb1H� was encounteredbecausem/z 208 was
simultaneouslymonitored but no peak was re-
cordedat the sametime as the peak at m/z 209
appeared.To confirm that TMB occurs in these
gases from anaerobic systems, electron-impact
mass spectrometry(EI–MS) following cryotrap-
ping, gas-chromatographicseparationand fractio-
nation was performed, which is described
elsewhere.30 The structureof TMB wasconfirmed
by themajorfragments(m/z254,Me3Bi�; m/z239,
Me2Bi�; m/z 224, MeBi�; m/z 210, BiH�). The
BiH� was derivedfrom an H-migration from the
CH3 group. Only TMB, and no other volatile
bismuth compound,could be detectedin the gas
samples.

Thegasesfrom thegaspipelineson the landfills
showed the same concentration as the gases
sampledon thetop of therainwaterpuddlethrough
which landfill gaswas percolating.This suggests
that TMB is stable enoughto percolatethrough
waterwhich is exposedto air. Hydride generation

was performedfor thesewater samplesand one
majorpeakof BiH3 wasrecorded(Fig. 3a).Only a
small peak, which is consideredto be MeBiH2
accordingto the retentiontime, was found in the
rainwatersample,(Fig. 4a) but not in any of the
analyzedwatersamplesfrom thepipeline(Fig. 3a).
This indicatesthatnon-volatilemethylatedbismuth
compoundsmight existin theaquaticenvironment.
However,thesefindings haveto be confirmedby
theevaluationof hydridegenerationfor methylbis-
muth compounds.Besidesother volatile organo-
metalliccompounds,trimethylstibine(TMS) canbe
found in landfill andsewagegases.30 In contrastto
the absenceof methylatedbismuthcompoundsin
thewatersystem,methylatedantimonycompounds
[i.e. monomethyl-,dimethyl-, and trimethyl-anti-
mony(V) compounds]could be determinedas the
majorantimonyspeciesin the rainwatersamples28

andin thecondensedwaterfrom thegaspipeline.31

A reasonfor theabsenceof TMB in watercouldbe

Figure 3 Chromatogramsusingmethod1aandGC–ICP–MS
(m/z209detection).(a)Hydridegenerationof 0.1ml condensed
water from the gaspipelinecontaininglandfill gasgivesonly
BiH3. (b) TMB in landfill gas.

Figure 4 Chromatogramsusingmethod2 andGC–ICP–MS
(m/z 209 detection). (a) Rainwater (1 ml) from the puddle
through which landfill gas percolatedwas derivatized with
NaBH4 at pH 2 to give BiH3 and possiblyMeBiH2. (b) The
landfill gascontainedTMB only.
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thatTMB in generalis not very solubleand,unlike
TMS, cannoteasily be oxidized to form a water-
solublecompoundsuchastrimethylbismuthoxide
(comparedwith trimethylantimonyoxide). There-
fore,theaccumulationof TMB in wateris unlikely;

it will eitherbedemethylatedor volatilizedinto the
atmosphere.However, it is possiblethat partially
methylatedbismuth can be complexedby other
substancessuchashumicacidsor form methylbis-
muth dithiolateandstayin solution.

In contrastto the minor contributionof methy-
lated bismuthcompoundsin water, volatile TMB
occursin ratherhigh amountsin the sewageand
landfill gases(Figs 3b, 4b). The concentrations
measuredby a semiquantitativetechnique,23 which
usesa stablebismuthsolutionto calibratetheICP–
MS, are shown in Table 2. Previouslypublished
dataareindicatedin the table.

The concentrationsmeasuredwere up to 25�g
bismuth as TMB per m3. It seems that the
concentrationof TMB in the sewagegasis a little
higher than in landfill gas. If theseamountsare
compared with the amounts of other volatile
organometalliccompoundsfound in thesegases,
it is surprisingthatmorevolatile TMB is generated
than other very well-known substancesin the
environment,e.g.dimethylmercuryor dimethylse-
lenide(Table3).

The global impact of TMB generatedfrom
landfill sites on the biogeochemical cycle of
bismuth can be calculated, if TMB correlates
with methaneproductionfrom landfills. Between
16 and281kg TMB will begeneratedfrom landfill

Table 2 TMB concentrationsin sewageandlandfill gasesandin migrationandsoil gascloseto landfill siteN

Location Gassource No. of samples TMB conc.(�g mÿ3)
Published
reference

A (1997) Sewagegas 5 5.00� 1.29
A (1998) Sewagegas 6 5.53� 1.59
B Sewagegas 3 1.67� 0.16
C Sewagegas 3 24.2� 1.58
D Sewagegas 5 6.24� 1.37
E Sewagegas 3 4.29� 0.65
F Sewagegas 5 0.003–0.016
G Sewagegasa 5 0.17–1.06 9
H Sewagegasb 4 1–5
I Landfill gas 4 0.0002–0.0065 8
J (1993) Landfill gas 11 0.312–0.892 31
J (1998) Landfill gas 0.168
K Landfill gas 4 0.088–0.335 41
L Landfill gas 3 0.378–0.610 41
L Gasfrom the leachatepipeline 3 0.624–0.927 41
M Landfill gasb 6 0.01–0.03
N Gaswells on landfill 9 0.01–0.403
N Soil gas100m from landfill N 6 0–0.034

a Thermophilicdigestion.
b Sampledinto Tedlarbags.

Table 3 TMB concentrationsin landfill and sewage
gases(Table 2) comparedwith other volatile organo-
metallic compoundsdetected

Concentration(�g mÿ3)

Species Minimum Maximum Reference

Me3Bi 0.0002 24.2
Me3As 0.001 75.5
Me3Sb 0.04 83.7 41
Me4Sn 0.07 54.8 41
PbMe4

a 0.005 0.510 41
Me2Hg 0.0001 0.79
Me2Te 0.0012 1.76
MeI 0.0001 0.230 41
Me2Se bdlb 0.550c 41
Ni(CO)4 0.5 1.0 42
Mo(CO)6 0.2 3.6 24
W(CO)6 0.005 0.015 24

a Total volatile Pb.
b bdl, belowdetectionlimit.
c Aerobic vent.
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sites worldwide, if it is assumedthat the TMB
producedis in therangeof 0.2–1�g mÿ3 in landfill
gaswith an averagemethaneconcentrationof 20–
65%,32 andan annualproductionfrom landfills of
(20–70)� 1012 g peryear.33 If 0.4m3 landfill gasis
produced per kg of refuse, then approximately
0.4�g bismuthasTMB is generatedfrom 1 kg of
refuse.The annualworldwide generationof TMB
from domesticsewagetreatmentcanbe calculated
to be 30–4980kg TMB assuminga TMB concen-
trationof 1–25�g mÿ3, amethaneconcentrationof
62–75%,32 and a methane production of (15–
80)� 1012 g.33 So theseamountsare quite sub-
stantial,which is surprisingbecauseonly a minor
amountof the 5000t bismuthworld productionis
depositedin thesewagesystem.

Fermentation experiments

The fermentationexperimentsshowed that bio-
methylationof bismuthoccursandall the cultures
produced TMB. The duplicates showed good
agreement in terms of TMB production. The
volatilization rates,however,differed by at least
three ordersof magnitudefor the different sedi-
ments.No correlationof thetotal bismuthshownin
Table4 andthevolatile TMB canbe found.There
is the possibility that the high amountsof heavy
metals in the sludge from the mixing area
(fermentor)minimizesthe growthof the methano-
gens. The amount of bismuth which can be

volatilized by hydride-generationmethodology
following acid digestion (pH 2) also showed
differencesof at leasttwo ordersof magnitudefor
the different sediments.The different amountsdo
not correlate with TMB production in those
cultures. In addition to the occurrenceof BiH3,
smallamountsof MeBiH2 wererecorded,which is
an indication that methylatedbismuthcompounds
arepresentin this anaerobicculture.Onepossible
compound would be MeBi(SR)2, which was
recently investigatedfor its anti-cancerproper-
ties.34 A uniform anaerobicculture was achieved
from the procedureto mix the anaerobicpond
sludge with the sediments;the duplicatesshow
good agreementfor TMB productionand in the
amount of generatedbismuthines.However, it
could not be excluded that the mixing of the
sedimentwith the sameanaerobicsludgeprevents
different anaerobiccultures. These might meta-
bolize bismuth in a different way. Furthermore,
the bioavailability of bismuth in the cultures,i.e.
the bismuth species present in the different
cultures,wasprobablyalsoan importantfactor in
TMB production.Thereforeproceduresfor specia-
tion of water-solublebismuthspeciesareurgently
needed. The ethylation of bismuth, recently
shown35, could be usedfor the developmentof a
bismuthspeciationmethod.However,whetherthe
integrity of thespeciescanbeconservedor not has
to beproven.

Toxicological aspects

In contrast to compoundsof many other heavy
metals such as lead and thallium, bismuth com-
poundssuch as BiOCl show very low toxicity.
However,bismuthhassimilar physicalproperties
to lead.Bismuthis progressivelybeingsubstituted
for lead in severalapplications,for exampleasan
additivein glassandceramics,glazesandlubricat-
ing oils, andin leadshotfor waterfowl(thelastare
usually dumped in wetlands and lakes). This
reduced toxicity permits the use of bismuth
compoundsin the cosmetic and pharmaceutical
industries and encouragedPalmieri to describe
bismuthasan ‘… amazingly“green” environmen-
tally-mindedelement…’.36

Bismuth has a strong lone-pair effect and can
bind bothto Zn(II) sites(e.g.,metallothionein)and
to Fe(III) sites (e.g. transferrin) in proteins.37

However, the low toxicity of pharmaceutical
products such as bismuth subcitrate, subnitrate
andsubsalicylateaswell asbismuthtrichloride is
probablyderivedfrom their low intestinalabsorp-

Table 4 Bismuth concentration in the anaerobic
cultures

HG Bia
Volatile Bi:

Total Bi
(mgkgÿ1)

As BiH3
b

(�g kgÿ1)
As MeBiH2

c

(�g kgÿ1)
TMBd

(ngkgÿ1)

A1 <5 0.048 bdle 0.51
A2 <5 0.048 bdl 0.49
B1 <5 130 bdl 0.25
B2 <5 130 bdl 0.23
C1 <5 0.108 0.060 48
C2 <5 0.108 0.060 44
D1 367 5.91 bdl 0.084
D2 367 5.91 bdl 0.076
E1 <5 nmf nm 0.56

a Available bismuthafter hydridegeneration(HG).
b At pH 2.
c MethylatedBi speciesasMe BiH2.
d Volatile TMB (without hydridegeneration).
e bdl, belowdetectionlimit.
f nm, not measured.
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tion rate (<1%).38 Furthermore,the changein the
oxidation state from Bi(III) to Bi(V) is rather
difficult compared with arsenic and antimony,
which might be important for its toxicokinetics.
The toxicokinetics can easily be changed if a
lipophilic and volatile bismuth compound like
TMB is applied.Sometoxicologicaldataof TMB
are available from the time when TMB was
investigatedfor its antiknockpropertiesin petrol.39

SollmannandSeifter40 examinedthe toxicological
effectson variousanimals.In addition,toxicologi-
cal data from accidental exposure were also
reported.Two human subjectswere exposed.A
peculiargarlic or turnip tastewasnoticed,stronger
thantheodor.Itching andburningof theeyeswere
mentioned.If theexposurewasprolonged,afeeling
of warmth developed in the flush area, ac-
companiedby sweating and followed by head-
ache.Dizzinessand faint feelingsdevelopedas a
first stageof anesthesia.Theconcentrationin theair
was unknown, but the 24h urinary output was
measuredto be as high as 0.82mg bismuth.The
urinefrom asecondperson,whofelt symptom-free,
contained 0.38mg bismuth. The urinary output
from non-contaminated individuals is about
12.5� 29�g perday.20

Fataldosagesto rabbitsandratswereexamined,
andit appearedthattheywerenotdependenton the
kind of mammalsthatwereused.Theaveragefatal
doseof an intravenousapplication of TMB was
found to be 10mg/kg body weight. The animals
(rabbits, rats) died after a 10min exposureto
310mg Bi as TMB per m3 or after 45min of
exposureto 186mgmÿ3, respectively,of which an
unknown proportion was oxidized before inhala-
tion.Theseconcentrationsareat leastfour ordersof
magnitudehigherthanthemeasuredconcentrations
in landfill andin sewagegases.Therefore,no fatal
concentrationof TMB could be measuredin these
gases.However,it shouldbenoticedthatno recent
researchhasbeendoneon thetoxicologicaleffects
of TMB, which shouldbe necessaryto assessthe
workplaceair in the vicinity of TMB sourcessuch
as landfills and sewagetreatmentplantsor in the
semiconductorindustry, where TMB is used in
MOCVD to producethin films of Bi2Te3.

19

Conclusions

In additionto volatilearsinesandstibine,trimethyl-
bismuthine(TMB) wasalsoproducedfrom muni-
cipal waste deposits and from sewage sludge
fermentationtanks.

Laboratory experiments could confirm the

methylation of bismuth in anaerobic cultures.
However, there was only minor evidence that
non-volatile methylbismuth compoundsexist in
sediments and in fresh water, in contrast to
methylated arsenic(V) and antimony(V) com-
pounds. Cryotrapping GC–ICP–MS was used
successfullyfor the speciationof volatile com-
pounds;however,no reliable speciationmethods
for non-volatilebismuthcompoundsareavailable.
Theapplicationsof bismuthin sensitiveareassuch
as pharmaceuticalproductsand cosmeticsshould
motivate environmental analytical chemists to
developbetteranalyticalmethodsfor thespeciation
of bismuthin theenvironment.
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