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The volatile antimony compound trimethylanti-
mony (TMA) was detected in headspace gases
over anaerobic soil enrichment cultures spiked
with potassium antimony tartrate. The presence
of TMA was variable (12 positives from 104
cultures) and dependent upon both the inoculum
source (environmental sample) and enrichment
culture conditions. Positives for TMA formation
were obtained with variable frequency for four
of the six soils tested and for three types of
enrichment culture, designed to encourage
growth of nitrate-reducing, methane-producing
or fermentative bacteria. The identity of the
volatile antimony compound produced in each of
the three types of enrichment culture was
confirmed by gas chromatography–mass spec-
trometry and gas chromatography–atomic ab-
sorption spectroscopy. There was no evidence of
any other volatile antimony compound in the
headspace gases. These data suggest that the
capability to generate TMA is widely distributed
in the terrestrial environment and is attributable
to different metabolic types of micro-organisms.
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INTRODUCTION

Antimony (Sb) is found naturally in the environ-
ment in trace quantities, but widespread industrial
utilization has redistributed this element so that it

intermingles with biological food chains at high
concentrations. Contemporary products that con-
tain antimony include textiles, drugs, plastics,
paper, wood, paints and fire-retardant systems.1

Biovolatilization of antimony would have both
environmental and health implications, since this
process could move the element from one environ-
mental compartment to another and could give rise
to toxic chemical species.2

The biomethylation of elements (Ge, As, Se, Sn,
Te) that literally surround antimony in the Periodic
Table is well established (see, for example, Refs 3
and 4), whereas biomethylation of antimony has
been observed in only a single instance.5 Early
studies6,7 proposed that antimony could be mobi-
lized in similar ways to inorganic arsenic com-
pounds by certain moulds, although the analytical
techniques used then (1947) were, inevitably,
primitive and no real speciation attempts could be
made. This tantalizing work was neglected until the
discovery of methylantimony(V) species in natural
waters at the nanograms/litre (ng dmÿ3) level (see,
for example, Ref. 1). The only antimony species
thought to occur naturally in the environment are
CH3SbO(OH)2 and (CH3)2SbOOH.8,9 As methyl-
antimony moieties arise via a hydride generation
analytical process, it can be stated that CH3Sb- and
(CH3)2Sb- moieties exist in the environment. These
methylantimony species have been found in various
rivers in the USA, some German rivers, the Gulf of
Mexico, and the Baltic Sea.9 Hirner and co-
workers10,11have shown that antimony compounds
are volatilized from municipal waste dumps, but the
species were not identified. A later paper from this
group12 used inductively coupled plasma–mass
spectrometry (ICP–MS) to demonstrate the produc-
tion of volatile antimony compounds from sedi-
ments. The authors speculated on the identity of the
volatile species—based on calculated boiling points
by the retention time only—and suggested that
methyl- and ethyl-antimony compounds were
produced. Compound-specific evidence was not
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available. In 1996, Cullen and co-workers13

reported the presenceof organoantimonycom-
poundsin extractsof a freshwaterplant; this was
the first time that detectionof suchcompoundsin
samplesof biological origin was reported.These
reportsthereforeconstituteindirect evidencethat
biomethylation of antimony does occur, but no
controlled laboratory biomethylationexperiments
hadbeencarriedout.

Trimethylantimony(TMA) productionby a soil
enrichmentculture was describedrecently,5 and
representsthe first characterizationof a volatile
antimonycompoundthoughtto arisebiogenically
from an inorganicantimonysubstrate.This study,
however,wassomewhatlimited, both with regard
to environmentalsourcesof requisite biological
activity (threesoils tested)and culture incubation
conditions(nitrateaselectronacceptorfor anaero-
bic respiration)requiredfor antimonybiomethyla-
tion. Furthermore,the study did not completely
eliminate the possibility of transmethylationof
antimonyby otherorganometalsandorganometal-
loids that may have been present in the soil
samples.Although one analytical screeningtech-
nique (chemiluminescence) usedby theseauthors
wasnotelement-specific,amassspectrumwasalso
obtained. The authors did not comment on the
presenceor absenceof other volatile antimony
compoundsin headspacegases.

In this paperwe presentevidence,derivedfrom
both element-andcompound-specificanalysis,for
biomethylationof a soluble antimony compound
(potassiumantimony tartrate) by various mixed
culturesof micro-organisms.SinceTMA is known
to berapidlyoxidizedin air to lessvolatileandnon-
volatile products,14 the strategy used was to
cultivate facultativeandobligateanaerobicmicro-
organismsand to detect volatile antimony com-
pounds in the anaerobic headspaceof mixed-
culture vials supplementedwith an inorganic
sourceof antimony.We presentdatafor six types
of mixed inocula (soils) and for threeenrichment
culture regimes designed to promote bacterial
growth by anaerobicrespiration(NO3

ÿ or CO2 as
terminalelectronacceptor)or by fermentation.

MATERIALS AND METHODS

Soil samples used as culture inocula

Six soil samples from different environmental
locationswere collected into sterile glassbottles

andstoredin the closedvesselsat room tempera-
ture. All soils were from UK locations: garden
topsoil (5 cm depth)and pond (black sedimentat
5 cm depth) from a public park in Leicester;
chemically contaminatedsoils [5 cm (top) and
25cm (bottom) depth] from a disused tannery
works in Bolton; auto-garagesoils [5 cm (top) and
25cm (bottom) depth] from a long-term petro-
chemical-contaminatedsite in Lancashire.

Inductively coupled plasma–atomicemission
spectrometry(ICP–AES) was used to determine
the contentof Sb, As, Sn, Pb and Hg in the soil
samples.The soils were homogenizedseparately
usinga pestleand mortar and aliquots(1 g) were
transferredto 5%nitric acid.Soil suspensionswere
digestedby microwave heating (low power, 1.5
min), bath-sonicationfor 40min and overnight
agitation of the nitric acid solution. Digested
sampleswere filtered (0.22mm) and eluateswere
analysed using a Plasma 40 Atomic Emission
Spectrometer(Perkin-Elmer, Beaconsfield,UK).
Calibration standards(0.1–10mg cmÿ3) for each
element were preparedfrom stock solutions of
1 mgcmÿ3 (BDH, Poole,UK). Millipore Q water
wasusedthroughout.

Soil enrichment culture

Three culture media designed to enrich for
methane-producingbacteria,nitrate-reducingbac-
teria or fermentative bacteria were used. The
mediumusedfor enrichmentof methane-producing
bacteriahasbeendescribedpreviously.15 A cooked
meatmedium(Oxoid, Basingstoke,UK) wasused
to enrich fermentativebacteria,particularly clos-
tridia. The enrichmentmedium for facultatively
anaerobic,nitrate-reducingbacteriacontained(%
w/v): KH2PO4, 0.7; K2HPO4, 0.3; glycerol, 0.5;
(NH4)2SO4, 0.1; sodium citrate, 0.05; MgSO4�
7H2O, 0.01; KNO3, 0.1 (pH 7.4). Aliquots
(15cm3) of enrichmentmedium were placed in
20-cm3 glassvials and autoclavedat 121°C for
15min. Ethyl alcohol was filter-sterilized and
addedto themethanogenmediumafterautoclaving.
Immediately after cooling, sample vials were
inoculated with 0.2g of soil and supplemented
with antimony to 10mg cmÿ3, added as soluble
potassiumantimony tartrate(PAT). Culture vials
were sealed with PTFE-lined rubber septa and
incubatedin the dark at 25°C except those for
enrichmentof methanogens,which wereincubated
in darknessat 30°C. Threetypesof control vials
[(i)–(iii)] were preparedin an identical manner
exceptthat (i) PAT wasomitted, (ii) culturevials
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were autoclaved after inoculation and (iii) a
componentof the medium was omitted (nitrate
for the nitrate-reduction medium; ethanol for
methanogenmedium). Incubation was for 5–8
weeks.

Culture headspace analysis

Headspacegasesfrom enrichmentcultures were
analysedroutinely by purge-and-trapgaschroma-
tography–atomicabsorption spectrometry (GC–
AAS).16 Cultureheadspacegasesweretransferred
underaflow of heliumgas(40cm3 minÿ1, 10min).
Constituentvolatile compoundswere cryofocused
on a chromatographiccolumn(50cm glass,4 mm
i.d. OV-101 3%) immersed in liquid nitrogen.
Following removalof liquid nitrogen,the column
washeatedelectrothermally(125°C for 5 min) and
trappedcompoundswereelutedaccordingto their
boiling points.Detectionof elutedcompoundswas
by antimony-specificAAS [Perkin-ElmerPE3100;
antimonylamp(S& J,Harlow,UK) at217.6nmin
a quartz furnaceheatedto 850°C]. Identification
was by retentiontime in comparisonwith methy-
latedantimonystandards,producedby reductionof
(CH3)3SbCl2 (obtainedfrom W. R. Cullen and I.
Koch, University of British Columbia, Canada)
with sodium borohydride.The standardreaction
mix for reduction contained:glacial acetic acid,
3 cm3; (CH3)3SbCl2, 4.9mg; sodiumborohydride,
10mg; Millipore water,50cm3. Volatile antimony
standardswere purged from the solution using
helium gas(40cm3 minÿ1) onto the cold trap and
analysedas for the culture headspacegases.The
order of elution and the absoluteidentificationof
thesecompoundswereconfirmedby gaschromato-
graphy–massspectrometry(GC–MS). Quantifica-
tion of volatile antimonycompoundsdetectedby
GC–AASwasachievedby correlatingpeakareaof
standardswith amountof antimonymobilizedfrom
(CH3)3SbCl2 [basedonmeasurementof Sb,by ICP-
MS, in reactionmixture pre andpost reductionof
(CH3)3SbCl2].

GC-MS was also used to detect and identify
unknownvolatile compoundsin cultureheadspace
gases.Culture headspacegaseswere transferred
undera flow of heliumgas(40cm3 minÿ1, 10 min)
through Tenax1-TA (60/80 mesh, 6 cm� 5 mm
i.d.) traps.Volatile compoundswerereleasedfrom
thetrapsby thermaldesorptionat200°C for 10min
(TD4, Perkin-Elmer),and cryofocusedat ÿ40°C.
Subsequenttransferto theGC columnwasundera
flow of helium (3 cm3 minÿ1) via a transfer line

held at 180°C. Separationof volatile compounds
was achieved using a Carlo Erba 8000 Gas
Chromatographfitted with an OV1 column (30
m� 0.32mm i.d.). Helium wasusedascarriergas
(2 cm3 minÿ1) andthe injector washeld at 150°C
for 3 min. Thecolumnwasthenheatedfrom 40 to
100°C at a rate of 10°C minÿ1. Identificationof
eluted compoundswas achievedusing a Fisons
MD800 MassSpectrometer(EI, 70eV). Identifica-
tion was basedon (a) eight peak index of mass
spectra(MassSpectraDataCenter,Royal Society
for Chemistry,UK, 3rd edition) and(b) the NIST
(NationalInstituteof StandardsandTesting)library
databaseof massspectra.Identificationof biogenic
TMA was also basedon comparisonof retention
timeswith thoseof volatile antimonystandards.

RESULTS

Reductionof (CH3)3SbCl2 with sodium borohy-
dridedismutatedthestartingmaterialinto amixture
of SbH3, CH3SbH2, (CH3)2SbH and (CH3)3Sb,
which were separatedand detected by either
antimony-specificGC–AAS (Fig. 1b) or GC–MS.
GC–AAS was usedto screenenrichmentculture
combinations (six soil types and three culture
media) for the generationof volatile antimony
compoundsunderanaerobicconditions.Trimethyl-
antimony(TMA) wasdetectedin cultureheadspace
gasesfrom eachof the threetypesof enrichment
culture media(Table 1). Overall, 12 culture vials
werepositivefor TMA from atotalof 104analysed
(all supplementedwith PAT). The frequencyof
TMA detectionvariedbetweentreatmentsandwas
influencedby both the sourceof culture inoculum
(soil) andthe type of enrichmentculturemedium.
TMA wasnot detectedin culture vials inoculated
with the gardentopsoil or auto-garagetopsoil, i.e.
thesesoil samplesdid not work. However,culture
vials inoculated with pond sediment showed
positives for TMA at a frequency of 50% and
22% for the methanogenand the cooked meat
mediumrespectively.TMA wasnotdetectedin any
othersoil samplesfor themethanogenmediumand,
for thecookedmeatmedium,wasfoundin only one
other culture vial (chemical soil, bottom). The
remainingpositivesfor TMA wereassociatedwith
nitrate-reducingmediumata frequencyof 57%and
30% for chemical topsoil and garagebottom-soil
respectively.The quantity of volatile elemental
antimony detectedwas highly variable even for
replicatesamples:quantitiesfrom positive culture
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vialswerein therange40–3450ng,i.e.0.03–2.30%
of elementalantimonysubstrate.Chemicaltopsoil/
nitrate-reductionmediumwasthe mostproductive
combination (1914� 690ng volatile Sb). TMA
was not detectedin any control culture vial in
which: (i) nitrate was omitted from the nitrate-
reducingmediuminoculatedwith chemicaltopsoil
(seven replicates) or auto-garage bottom-soil
(sevenreplicates);(ii) ethanolwas omitted from

the methanogenmedium-inoculatedwith pond
sediment(sevenreplicates).Similarly, TMA was
not detectedin any control culture vials (three
replicatedfor eachmedium/soilcombination)that
had beenautoclavedpost-inoculationor had not
beensupplementedwith PAT.

TMA was also detectedin culture headspace
gasesby GC–MS analysis.Figure 2 comparesa
typical mass spectrum of TMA obtained for
headspacegas analysiswith the referencemass
spectrumfor this compoundobtained from the
NIST library database.TMA was found in head-
space gases from each of the three types of
enrichmentculture media (Table 2) and no other
volatile antimonycompoundsweredetected.Vola-
tile sulphurcompounds(seealsoRef. 5) andend-
products of microbial fermentation were also
detectedin headspacegases(Table 2). Culture
vials for thecookedmeatmediumproduceda wide
rangeof volatile sulphurcompoundsthat probably
reflectedproteolyticdecompositionof the meatby
clostridia. The presence of ethanol, acetone,
propanol,butanoland butanoatein thesecultures
is alsoconsistentwith fermentationby butyric acid
bacteria, such as Clostridium butylicum and
Clostridiumacetobutylicum.Relatively low levels
of somefermentationend-productswerealsofound
in culturesgrownon the nitrate-reductionmedium
(Table2), andareconsistentwith anaerobicgrowth
in theseculturevials.However,theprincipalmode
of anaerobic metabolism in these vials was
probablyanaerobicrespiration,with nitrateserving
as terminal electron acceptor.Dimethyl suphide,
carbon disulphide and dimethyl disulphide were
alsodetectedin headspacegasesfrom the nitrate-
reduction medium. Two of these sulphur gases
(dimethyl sulphide,dimethyl disulphide),together
with dimethyl trisulphide, have been reported
previously to be producedby undefinedmixed

Figure 1 GC–AASidentificationof TMA detectedin culture
headspacegases. Typical chromatogramsof (a) volatile
antimonycompoundsfrom culture headspaceand (b) volatile
antimony compounds(standards)producedby reduction of
(CH3)3SbCl2. Retention times (min) were: SbH3, 0.41;
CH3SbH2, 0.88;(CH3)2SbH,1.14; (CH3)3Sb,1.36.

Table 1 Frequencyof detectionof TMA in cultureheadspacegasesby GC–AASa

Enrichmentmedium

Sourceon inoculum Nitrate-reduction Methanogen Fermentation

Gardentopsoil 0/9 0/4 0/5
Pondsediment 0/6 2/4 2/9
Chemicalsoil (top) 4/7 0/4 0/4
Chemicalsoil (bottom) 0/8 0/4 1/5
Auto-garagesoil (top) 0/8 0/4 0/4
Auto-garagesoil (bottom) 3/10 0/4 0/4

a Valuesrepresent(numberof culturevials that werepositive for TMA)/(total numberof vials
analysed).Between40 and 3450ng of (CH3)3Sb were producedin positive culture vials. All
mediaweresupplementedwith antimonyat10mg cmÿ3 (addedasPAT).All positiveresultswere
confirmedby negativecontrols.
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cultures growing anaerobically with nitrate as
electron acceptor.5 Volatile fermentation end-
productswere not detectedfollowing growth in
the methanogenmedium,which is consistentwith
provision of a non-fermentablecarbon source
(ethanol)in this medium.

To establish whether pre-enrichmentof anti-

monybiomethylationcapabilitywaslikely to have
occurredin soils,thelevelsof Sbandseveralother
elementsknownto bebiologically methylated(As,
Sn, Pb, Hg) were determinedfor all soil samples
(Table3). Thelevelsof PbandAs showedaseven-
and five-fold variation betweensoil typesrespec-
tively, whereasthe levels for each of the other
elementsvaried less than three-fold. Relatively
high levelsof bothPbandAs werepresentin auto-
garage(top and bottom) and gardentopsoils.The
gardentopsoil also containedthe highestlevel of
Sb.

DISCUSSION

We have demonstratedformation of a volatile
antimony compound,TMA, by soil enrichment
cultures.The absenceof TMA in control culture
vials that lacked a component of the growth
medium indicates that microbial growth was
requiredfor TMA formation.Generationof TMA
by particular soil types under some,but not all,
enrichmentculture regimesis alsoconsistentwith
biomethylation of inorganic antimony during
cultureincubation.

Unequivocal identification of TMA in culture
headspacegasesfrom all threeenrichmentculture
regimeswas obtainedby GC–MSanalysis.There
was no evidence of volatilization of inorganic
antimony by bioreduction (SbH3 formation) or
through formation of methyl hydrides, i.e.
(CH3)2SbH or (CH3)SbH2. Theseresults suggest
that TMA is the primary or sole form of volatile
antimony produced by microbial action in the
environment, and are consistent with
CH3SbO(OH)2 and (CH3)2SbOOHbeing the only
antimonyspeciesthoughtto occurnaturally,8,9,13in
that they are the likely oxidation productsof this
unstablespecies.14

Our work provides independentconfirmation
(usingdifferent environmentalsamplesand meth-
ods) of the observationof Gürleyük et al.5 that
TMA wasproducedduringsoil enrichmentculture
in which nitrate served as terminal electron
acceptorfor anaerobicrespiration(nitrate-reduc-
tion medium). Detection of TMA in headspace
gasesfrom other types of enrichmentculture, in
which the principal modes of metabolismwere
fermentation or anaerobic respiration (CO2 as
electronacceptor),suggeststhatdifferentmetabolic
types of bacteria can give rise to TMA in the
absenceof oxygen.It follows thatin nature,distinct

Figure 2 MS identification of TMA. (a) Typical mass
spectrumof TMA from Tenax1-TA trapfor cultureheadspace
gases from methanogen medium supplemented with
10mg cmÿ3 antimony(addedaspotassiumantimonytartrate).
(b) Massspectrum(reference)of TMA from NIST library.
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anaerobicenvironments—such asfreshwatersedi-
ments,waterloggedsoils or animal manure—may
harbour the potential for antimony biovolatiliza-
tion, astheydo for phosphorusbiovolatilizationto
phosphane.17,18Generationof TMA duringenrich-
ment for methane-producing bacteriais consistent
with reports10,11of volatileantimonycompoundsin
landfill andsewagegases.

Formation of TMA during enrichmentculture
was not correlatedwith high levels of Sb in the
environmental samples,or with high levels of
severalother elementsknown to be biologically
methylated(As,Sn,Pb,Hg). Indeed,thegardenand
garagetopsoils,whichshowednoevidenceof TMA

formationunderany of the enrichmentconditions,
containedrelativelyhigh levelsof bothAs andPb;
the gardensoil alsocontainedthe highestlevel of
Sb. Theseresults indicate that pre-enrichmentof
antimonybiomethylationcapabilityin soilsthrough
the presenceof substratesfor biomethylation,was
probably not a prerequisitefor TMA formation
duringanaerobicenrichmentculture.

Reactionof TMA with oxygenis known to be
rapid, with a rate constantaroundnine ordersof
magnitudegreaterthan that for trimethylarsine.14

Thisprobablyaccountsfor thescarcityof reportson
methylantimonyin the environment.However,the
possibilityof TMA formationby anaerobicmicro-

Table 2 GC–MS analysis of culture headspacegases from enrichment cultures
generatingTMA

Enrichmentmediuma

Headspacegas Nitrate-reduction Methanogen Fermentation

Volatile sulphurcompounds
Methyl sulphide ÿ ÿ �
Dimethyl sulphide � ÿ �
Carbondisulphide � ÿ �
Dimethyl disulphide � � �
Methyl ethyl disulphide ÿ ÿ �
2,4-Dithiapentane ÿ ÿ �
Methyl propyl disulphide ÿ ÿ �
Dimethylbutanethioate ÿ ÿ �
Dimethyl trisulphide ÿ ÿ �
Dimethyl tetrasulphide ÿ ÿ �

Volatile antimonycompounds
TMA [(CH3)3Sb] � � �

Fermentationend-products
Ethanol � �b �
Acetone � ÿ �
Propanol � ÿ �
2-Butanol ÿ ÿ �
Butanoate ÿ ÿ �

a All media were supplementedwith antimony at 10mg cmÿ3 (added as PAT).� ,
Detected;ÿ , not detected,i.e.< 5 ng Sb.
b Componentof culturemedium.

Table 3 Elementalanalysisof environmentalsoilsusedasinoculafor enrichmentcultures

Elementconcentration[m g (g wet wt soil)-1]a

Soil type Sb As Sn Pb Hg

Gardensoil 2.13� 0.06 2.90� 0.09 2.37� 0.11 19.67� 0.22 1.03� 0.02
Pondsediment 1.70� 0.06 2.05� 0.05 1.65� 0.05 6.00� 0.13 1.18� 0.04
Chemicalsoil (top) 1.00� 0.03 1.30� 0.03 1.25� 0.03 2.75� 0.06 0.45� 0.02
Chemicalsoil (bottom) 0.85� 0.06 1.15� 0.06 1.20� 0.04 3.05� 0.06 0.50� 0.03
Garagesoil (top) 1.43� 0.03 5.03� 0.10 1.77� 0.06 14.13� 0.28 0.70� 0.00
Garagesoil (bottom) 1.85� 0.25 5.95� 0.75 2.25� 0.04 17.10� 0.32 0.90� 0.01

a � , Standarddeviationsbasedon threereplicatesoil samples.
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organismcannot be dismissedon this basis, the
likely productsof TMA oxidation,e.g. methylsti-
bonic acids,shouldbe takeninto considerationin
the experimentalapproach.14 Residualoxygen in
someof our culture vials, leadingto oxidation of
biogenicTMA to lessvolatilespecies,mayaccount
for the variability in detection of TMA in the
replicateenrichmentcultures.Soil sampleinhomo-
geneity and natural variability associatedwith
growthof mixedculturesmayalsohavecontributed
directly to this variability, or indirectly by influen-
cing residual oxygen concentrationsin culture
vials.

Researchin thefield of environmentalantimony
hasfocusedon chemicalspeciationratherthanthe
organismsresponsiblefor biomethylationand, to
date,a systematicsearchfor micro-organismsable
to volatilize antimonyhasnot beenreported.We
notethatthefungusmostcommonlysuggestedasa
plausibleagentfor antimonyvolatilization,19 Sco-
pulariopsisbrevicaulis, is astrongbiomethylatorof
the closely relatedelementarsenic.3,20 The latter
elementis alsoknown to be methylatedby a wide
rangeof bacteria,includingmembersof thegenera
Enterobacter, Pseudomonas,Methanobacterium
and Bacillus.20 The work reportedhere suggests
that,asfor arsenic,differentmetaboliccategoriesof
prokaryoticorganismsare able to methylateanti-
mony andthat this capability is widely distributed
in the terrestrial environment.This is consistent
with reports of detection of methylantimony
species8,9,13or othervolatile antimonyspecies10–12

in several environmental locations. Biological
formationof TMA would beexpectedto influence
theenvironmentalchemistryof antimonygreatly.It
could, for example, enhance mobilization of
antimonythroughvolatilization or (in thepresence
of oxygen) lead to the formation of more water-
solublecompounds,e.g.methylstibonicacids.
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