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The effects of: (1) the modifier type (methanol
and formic, acetic and propionic acids), (2)
complexing agents (diethylammonium diethyl-
dithiocarbamate, ammonium pyrrolidinedithio-
carbamate) either with or without acidic
modifiers, (3) the extraction temperature (50–
80°C) and pressure (30–50 MPa), (4) the
extraction procedure (static–dynamic or dy-
namic), and (5) the volume of static modifier,
on the extraction efficiency of native butyl- and
phenyl-tin compounds from sediment, were
evaluated comprehensively. The highest extrac-
tion efficiency for butyl- and phenyl-tin com-
pounds was obtained at 30 MPa and 50°C by
using CO2 modified with acetic acid (200ml in
the cell). Supercritical fluid extraction (SFE)
extracts were hexylated and determined by GC–
FPD using a 610 nm bandpass filter without any
clean-up step. In summary, the developed
analytical procedure is robust (no restrictor
clogging; free from FPD interferences), it is low-
cost (no complexing agents needed), it has a high
sample throughput (<3 h), it is independent of
the matrix for the determination of butyltin
compounds in sediment, and it provides the
highest precision among the SFE procedures
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INTRODUCTION

During the 1990s, a great deal of attention has been
devoted to the development of analytical proce-
dures for organotin (OT) speciation from environ-
mental samples aiming to reduce the usage of toxic
solvents and expanding the range of analytes of
interest.1,2 In this regard, several analytical proce-
dures based on aqueous-phase ethylation combined
with solid-phase extraction (SPE) followed by
supercritical fluid extraction (SFE) have been
developed for the extraction of butyl-, phenyl-
and cyclohexyl-tin compounds3,4 from aqueous
matrices. These methods make possible a substan-
tial reduction in the solvent usage and analysis time
in comparison with conventional liquid–liquid
extraction methods.2,5

Until now attempts to apply SFE to OT
extraction from sediment have been partially
successful due to a stronger interaction of ionic
species with the matrix, leading to moderate to poor
recoveries of the more ionic species mono-alkyl
and mono-aryl species). In one of the first SFE
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methods,supercriticalcarbondioxidewasmodified
with acidified(HCl) methanol;this is effectivefor
tributyltin from spiked sediment and certified
reference materials6 (CRMs). Interest in the
determinationof a broad spectrumof OTs and
their degradationproductshasled to the develop-
mentof alternativeapproaches,including(1) useof
complexing agents to increasethe solubility of
ionic speciesin supercriticalcarbondioxide7–9 and
(2) hexylation in situ beforethe SFEextraction.10

Although the latter approachis particularlyattrac-
tive becauseit yields a cleanextractreadyfor GC
determination,its main limitations are the sample
size(ca100mg)andthereactivityof sulfurspecies
occurringin sedimentswith thederivatizationagent
(Grignard reagent), which might lead to alkyl
sulfide formation that interferes with the deter-
minationof OTsby tin-selectiveFPD.10 However,
theformerapproach(complexingagent)appearsto
beparticularlyinteresting,especiallyfor mono-and
di-substitutedorganotin compounds,becausethe
useof complexingagentscan improve the solubi-
lity of ionic organotin compoundsin the super-
critical fluid. The feasibility of acidic CO2
modifiers11,14 (formic and acetic acids) or polar
fluids12 (CHClF2) for the extractionof OT com-
poundsfrom sedimentandbiotahasbeenassessed
for a variety of environmentaland food matrices,
but these extraction procedureshave not been
validated.

Consequently,it is of primary interestto inter-
comparethe performanceof different SFE proce-
duresfor nativeorganotincompoundsbecausemost
of the published method developmenthas been
carried out on spiked samples. Furthermore,
becauseof the largenumberof variablesinvolved
in the developmentof SFE procedures,someof
them are not considered.Therefore,a systematic
evaluationof the effect of modifiers,temperature
and complexingagentsis particularly neededfor
the extraction of incurred phenyl and butyltin
compounds. Moreover, the lack of reference
materialswith a certifiedphenyltincontentmakes
it necessaryto develop precise and accurate
extraction proceduresfor their certification in
environmentalsamples.

Theobjectivesof thiswork wereto intercompare
the effect of different modifiers and complexing
agentsfor therecoveryof nativephenyl-andbutyl-
tin compoundsfrom a marina sedimentusing a
stepwise optimization. In addition, temperature,
pressureand the effect of static versusdynamic
extraction were also evaluated.The developed
analytical procedurewas validated with a CRM

(PACS-1) and a researchmaterial (CRM-424),
either certified or with an indicative value of the
butyltin content.

EXPERIMENTAL

Apparatus

Supercritical fluid extraction
Extractionswereperformedwith anSFE30system
(FisonsInstruments,Milan, Italy) usingSFE-grade
carbon dioxide (Praxair, Barcelona,Spain). The
apparatusconsistedof two 150ml syringepumps,a
singleextractioncell, linear flow restrictors,anda
solvent trap to collect the extracts.The syringe
pumpwhichdeliveredCO2 wasrefrigeratedat4 °C
to keepthe CO2 liquid. An extractioncell with an
internal volume of 3.5ml (50mm� 9.4mm)
(Dionex, Sunnyvale,CA, USA) was used. The
SFE instrumental setup is described in detail
elsewhere.10 The SFEflow ratevariedfrom 1.3 to
1.9ml minÿ1 (measuredas liquid fluid at the
pump).All extractswerecollectedby insertingthe
low-pressureendof therestrictorthrougha septum
into a 30ml glassvial containingan inner glass
liner for effective collection of extracts. The
collection vial contained 15ml of methylene
chloride. The top part of the restrictor (about
10cm) was maintained at 150°C to prevent
plugging.The collection solventwasheld at 5 °C
to minimize the lossesof volatile OTs. A 1 mm
i.d.� 10cm lengthof steeltubingwasusedto vent
thedecompressedCO2.

GC–FPD
Analyses of SFE extracts were performed in
duplicate using a Fisons Mega 2 Series gas
chromatograph(Milan, Italy) andanFPDdetection
system(FPD700,Fisons,Milan, Italy) containinga
610nm bandpassfilter. The detectortemperature
was set at 225°C. A 30 m� 0.25mm i.d. fused-
silica column coatedwith a DB-17 film 0.25mm
thick (J&W Scientific,Folsom,CA, USA) wasused
asthe analyticalcolumn.The columntemperature
was held at 60°C for 1 min. then programmedat
10°C minÿ1 to the final temperatureof 300°C,
which was held for 5 min. Helium at a linear
velocity of 30cm sÿ1 andnitrogenat 30ml minÿ1

were usedas carrier and detectormakeupgases,
respectively.Flow ratesof fuel detectorgaseswere
120ml minÿ1 of hydrogenand100ml minÿ1 of air.
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Data were acquiredand processedby a Perkin-
Elmer–Nelsoninterfaceconnectedto a PC.

Reagentsand materials
Surficial sedimentswere collectedin the Masnou
marina(Barcelona,Spain),freeze-dried,andsieved
through 120mm. A reference material (harbor
sediment,PACS-1)wasobtainedfrom theNational
ResearchCouncil of Canada,Ottawa,Canada,and
a researchmaterial(estuarinesediment,CRM-424)
was obtained from the Community Bureau of
Reference(BCR), Commissionof the European
Communities,Brussels,Belgium.

Monobutyltin (MBT), monophenyltin(MPhT),
diphenyltin (DPhT), triphenyltin (TPhT) and tri-
pentyltin chloride (TPeT) (Aldrich Chem. Co.,
Milwaukee,WI, USA), dibutyltin (DBT), tributyl-
tin chloride(TBT) andtripropyltin chloride(TPrT)
(Merck–Schuchardt,Hohenbrunn,Germany),and
tetrabutyltin (TeBT) (Fluka AG, Buchs,Switzer-
land) were used as received.Diethylammonium
diethyldithiocarbamate(DEA-DDC), ammonium
pyrrolidinedithiocarbamate(APDC) and hexyl-
magnesiumbromide (HexMgBr, 2.0 mol lÿ1) in
diethyl ether were obtainedfrom Aldrich. Nano-
gradedichloromethaneandmethanol(MeOH)were
obtained from Merck and 99.7% acetic acid
(HOAc) from Aldrich. All other chemicalswere
of analytical-reagentgradeor better.

Organotinchloridesand TeBT stock standards
werepreparedat aconcentrationof ca1000mg lÿ1

(as Sn) in hexane(for MBT, DBT and TBT) or
acetone(for MPhT,DPhT,TPhT,TPrTandTPeT).
The hexylatedorganotinstandardswere prepared
by hexylation of the appropriateorganotin salts
with an excessof HexMgBr, following a similar
procedurereportedby Ungeret al.13

Procedure

Samplepreparation
The extraction cell was filled first with pre-
extracted glass wool, then with about 1 g of
elementalcopperand1 g of sediment.Theremain-
ing void volumewasfilled with pre-extractedglass
wool. WhenDEA-DDC wasusedasthe complex-
ing agent,a samplepreparationprocedurereported
by Liu et al. wasemployed.8 Briefly, 1 g sediment
was weighed into an aluminum dish and then
amendedwith 0.5ml of 0.3 mol lÿ1 DEA-DDC in
methylenechloride directly in an aluminumdish.
Thetreatedsamplewasallowedto standfor 20min
to allow the solventto evapore,thenit wasmixed
with a spatula,andloadedinto the extractioncell.

When APDC was usedas the complexingagent,
25mgof APDCwasaddeddirectly to thesediment,
thoroughlymixed with a spatulaand then loaded
into theextractioncell. TheHOAc waseitheradded
directly (200ml) into theextractioncell containing
1 g of sedimentor deliveredby the modifier pump
asa methanolicsolution.

SFE extraction
Followingsedimentloading(ca1 g), theextraction
cell was placed in the SFE oven. For each
extraction,30ml of CO2 was passedthrough the
cell (measuredasliquid at thepump)at anaverage
flow rateof 1 ml minÿ1. Theflow raterangedfrom
approx.1.3 to 1.9ml minÿ1. Thedynamicaddition
of modifiers(neatMeOH or a methanolicsolution
of HOAc) wascarriedoutby theslavepump.When
anadditionalstaticextractionstepwasincludedthe
extractioncell washeld in the ovenat 50 or 80°C
for 10min, then subjectedto a 20min dynamic
extraction. For PACS-1 and CRM-424 analyses,
294ng of TPrT was addedas a surrogateto the
collectionsolventbeforetheextraction.

Derivatization
FollowingtheSFEextraction,226–564ngof TeBT
and103–309ng of TPeTwereaddedto theextract.
Thenthesolventcontainedin thecollectionvessel
wascarefullyevaporatedto about0.5ml by agentle
streamof dry nitrogen. Organotin derivatization
was performed using hexylmagnesiumbromide
(HexMgBr) 2 ml of which wasaddeddropwiseto
the extract;the reactionvesselwaskept on an ice
bath during this derivatizationreaction.Caution:
occasionalpresenceof small amounts of HOAc
in some extracts can cause a violent reaction
with HexMgBr. Themixturewasallowedto stand
for 30min andwasshakena few timesduring this
period. To stop the reaction and to destroy the
excessHexMgBr, thereactionvesselwasplacedin
anice bath,5 ml of waterwasaddeddropwiseinto
the mixture followed by 5 ml of HCl (25%). The
mixture was transferredinto a 60ml separating
funnel andthe vesselwaswashedtwice with 2 ml
portionsof hexanewhich werealso transferredto
the same separating funnel. The mixture was
shakenmanually for 5 min and allowed to stand
for a few minutesmoreuntil phaseseparationhad
occurred.The aqueousphasewas discarded,and
theorganicphasewasdriedoveranhydroussodium
sulfate.Theexcessof solventwasevaporatedunder
a gentle stream of nitrogen to 1 ml (0.5ml for
CRM-424),and1ml wasinjected,in duplicate,into
the (GC–FPDapparatus.
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RESULTS AND DISCUSSION

Pollutedharborsedimentsfrom theMasnoumarina
(Barcelona, Spain) were used throughout the
extraction-variableoptimization, as well as two
CRMs for method validation. Becausethe large
numberof extractionvariablesconsideredin this
study (modifiers,complexingagents,temperature,
pressureandmodeof modifieraddition),prelimin-
ary experimentswere carriedout at 50°C and 30
MPa to evaluatethe effect of the modifier on the
extractionefficiency of OTs. Once the extraction
agentwasselected,temperatureandpressurewere
optimized(Table1).

Effect of acid modi®ers

Formic, acetic and propionic acids were selected

for the extraction of butyl- and phenyl-tin com-
poundsandwereevaluatedin the combinedstatic
(10 min) anddynamicextraction(20 min) (Fig. 1).
Someof thesecarboxylicacidsareeffectivefor the
extraction of OTs under atmosphericconditions,
becauseof thecombinedeffectof matrix displace-
mentandcomplexingcapability.It hasbeenfound
that formic acidcandisplacethedifferentcounter-
ionsof OTs(e.g.chlorides,acetates)whentheyare
analyzedby SFCusingCO2 modifiedwith formic
acid.11 Furthermore,acetic acid was also found
effective for the extraction of triphenyl and tri-
butyltin from biotic matrices15 but it hasnot been
evaluatedin thecaseof sediments.Amongthethree
carboxylicacidsevaluated,aceticacidwasthemost
efficient modifier for the extractionof di- and tri-
butyltin compounds,and propionic acid for the
monosubstitutedOT compounds.The higher ex-

Table 1 SFEexperimentalconditions

Expt no.a MeOH in CO2 (%, v/v) HOAc in MeOH Complexingagent Temperature(°C) Extractionmodeb

1 2 0 None 50 D
2 2 20% None 50 D
3 2 20% DEA-DDC 50 D
4 2 0 DEA-DDC 50 D
5 5 20% None 50 D
6 10 20% None 50 D
7 5 200ml None 50 S� D
8 0 200ml None 50 S� D
9 2 20% APDC 50 D

10 2 0 APDC 50 D

a Experimentswerecarriedout in duplicateor triplicate.
b S, static;D, dynamic.

Figure 1 Effect of thedifferentacidmodifiers(200ml) addedto theextractioncell for theextractionof butyl-
andphenyl-timfrom a marinasediment.Extractionwascarriedout at 50°C and30 MPa in a combinationof
static(10 min) anddynamic(20 min) modes.Abbreviationsareidentifiedin the text.
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tractionefficiency for monosubstitutedOTs in the
presenceof propionicacid canbe attributedto the
dealkylation of the di- or tri-substitutedspecies
sincetheextractionefficiencyof di- andtri-alkyltin
andphenyltinspeciesis usually lower in compari-
son with acetic acid. Therefore,acetic acid was
selectedas the more suitable modifier for the
extraction of both butyl- and phenyl-tin com-
pounds.

The extraction procedure (e.g. 20min static
combined with 10min dynamic, versus 30min
dynamic)wasalsoevaluatedfor the2% mixtureof
HOAc andMeOH (1:4, v/v) but in both casesthe
extractionefficiency was 20–30%poorer in com-
parisonwith thatwhentheHOAc wasto addedthe
extractioncell. Theseresultsareconsistentwith the
formationof OT acetatesin theSFEconditions,and
the addition of a polar modifier suchas methanol
does not improve the extraction because the
solubility parameterof the extractantis too high
comparedwith theOT acetates.

Thevolumeof aceticacidaddedto theextraction
cell asa staticmodifierwasalsoevaluated(Fig. 2).
The bestresultswereobtainedwith 200–300ml of
HOAc. At highervolumes,a slight degradationof
phenyltins was observed.In addition, occasional
restrictorpluggingwasfound whenlargevolumes
(>300ml) of HOAc wereused.

Effect of complexing agent

Sincesomecomplexingagents,suchasDEA-DDC,
havebeenreportedto beeffectivein theextraction

of di- andtri-organotinsfrom soil andsediment,7–9

theyhavebeenconsideredin thisstudy.In addition,
the effect of the combinationof the complexing
agentwith acidic conditionswas also considered.
However,becauseit is reportedthat DEA-DDC is
lessstablein acidic conditionsthan APDC,15 we
have consideredboth complexing agentsin this
study. Therefore, APDC and DEA-DDC were
evaluated both in neat MeOH and in MeOH
acidified with HOAc. The effect of complexing
agentscomparedwith neatMeOH wasto increase
the extractionefficiencyof dibutyltin andtributyl-
tin compoundswhichwasmoreapparentin thecase
of APDC (Fig. 3). The lesssolubleOTs in CO2–
MeOH exhibiteda greaterimprovementin extrac-
tion in the presenceof complexingagents.These
resultsindicatethat the rise in the extractioneffi-
ciency when complexingagentsare usedcan be
attributedprimarily to anenhancementof solubility
in the fluid. However,MBT was not extractedas
reportedelsewhere,8 probablybecauseit is strongly
bound to the matrix. In order to improve the
extractionof themonosubstitutedOTs,20%HOAc
wasaddedto theMeOH;thisledto animprovement
in theextractionefficiencyfor all analytes(Fig. 4),
but it was still poorer than that with neatHOAc,
particularly in the caseof monosubstitutedOTs
(Fig. 5).

From the aboveexperiments(Figs 3–5),we can
concludethat HOAc is the best modifier for the
extraction of native butyl- and phenyl-tin com-
poundsfrom theharborsedimentanalyzed,because
it providesa higher extractionefficiency and less

Figure 2 Effect of the volumeof HOAc usedasa staticmodifier in the extractionefficiencyof OTs from
sediment.Compoundidentificationand other extractionconditionsare identical to thosein Fig. 1, but the
sedimentis different.
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chanceof interferencesin the CGC–FPDdeter-
mination than in the presenceof complexing
agents.Furthermore,theSFEextractsareamenable
to derivatization with Grignard reagents since
HOAc addedto theextractioncell is not displaced
during theSFEextraction.

Effect of temperature and pressure

Two temperatureswereevaluatedin this study:50

and 80°C (Fig. 6). Although no significant
differenceswere found, we consideredthe lowest
temperaturemore suitable to prevent possible
degradationprocessesduringtheextraction.In this
respect,thermal degradationof organotinhalides
hasbeenreportedin supercriticalfluid chromato-
graphy (SFC) with CO2 at temperaturesabove
100°C.16

Two pressures(30 and50 MPa) wereevaluated
at 50°C. The resultsshow that pressuredoesnot

Figure 3 Effects of different complexing agents(diethylammoniumdiethylcarbamate,DEA-DDC; ammo-
nium pyrrolydenedithiocarbamate,APDC) on the extractionefficiency of OTs from a sediment(the same
sampleasin Fig. 2). Compoundidentificationandextractionconditionsareidenticalto thosein Fig. 1 but 2%
MeOH wasusedasa CO2 modifier.

Figure 4 Effects of different complexing agents (diethylammonium diethylcarbamate,DEA-DDC;
ammoniumpyrrolydenedithiocarbamate,APDC) on theextractionefficiencyof OTsfrom sediment(thesame
sampleasin Figs2 and3).Compoundidentificationandextractionconditionsareidenticalto thosein Fig.1 but
2% MeOH containing20%HOAc wasusedasa CO2 modifier.
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affect the extraction efficiency of butyl- and
phenyl-tincompounds.Theseresultsareconsistent
with those reported above for the extraction of
organotincompoundsfrom sediment.9 This could
be attributedto the limited changein fluid density
with anypressureincreaseabove30 MPa.

Method validation

Method validation was carried out only for
butyltins becausethey are the only OTs certified
in sediment.Therefore,PACS-1wasusedfor this
purpose,andanadditionalresearchmaterial(CRM-
424) was selectedto evaluatethe matrix effects
usingtheoptimizedextractionconditions(30 MPa,
50°C, 200ml HOAc, static–dynamic).Resultsare
listed in Table 2. Extractionefficiency calculated
from the certified values for DBT and TBT in
PACS-1 is over 80% and the precision of the

Figure 5 IntercomparisonbetweenthedifferentCO2 modifiersfor OTsfrom a sediment(thesamesampleas
in Figs2–4).1, DEA-DDC dissolvedin MeOH; 2, DEA-DDC dissolvedin MeOH containing20%HOAc; 3,
300ml HOAc in theextractioncell.Extractionwascarriedoutat50°C and30MPa.Abbreviationsareidentified
in the text.

Figure 6 Effect of temperatureon theextractionefficiencyof
OTsfrom sediment(thesamesampleasin Figs2–5).Extraction
wasperformedat 30 MPa. Abbreviationsare identified in the
text.

Table 2 Validation of the SFEanalyticalproceduredevelopeda

PACS1 CRM-424

Compound
Certifiedconcn.

(ng/gasSn)
Av. rec.b

(%)
RSD (n = 4)

(%)
Indicativevalue

(ng/gasSn)
Av rec.

(%)
RSD (n = 4)

(%)

MBT 280� 170 130 5.5 174� 36 59.5 5.02
DBT 1160� 180 72.0 2.1 27.2� 9.7 60.8 13.2
TBT 1270� 220 79.1 3.4 8.2� 2 140 12.9

a Extractionconditionsused:50°C, 200ml HOAc, 10min staticand20min dynamic.
b Av. rec.Averagerecovery.
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methodis high (RSD< 3.5%,n = 5). The precision
of thedevelopedmethodis consistentlyhigh,dueto
its simplicity (modifier is added directly to the
extraction cell and no complexing agents are
needed). The value found for MBT by the
developedmethod exceedsthe averagecertified
value but it falls within its range.For other SFE
methodsrecoverieswerereportedthat wereabove
thecertifiedvaluefor this CRM.9

The MBT and DBT recoveries calculated
accordingto thegivenvalue(notcertified)obtained
for CRM-424wereslightly lower thanthosefound
for PACS-1; this could be attributed to the high
complexity of the matrix and the low OT levels
found in this matrix. The precisionfor this CRM
wasalso lower thanfor PACS-1,but if it is taken
into accountthat theconcentrationsof theOTsare
from two to threeordersof magnitudelowerthanin
PACS-1, the precision of the developed SFE
procedureis still reasonable(RSD< 13%). In the
caseof TBT, ahighervaluewasfoundin thisstudy
in comparisonwith the indicative value for this
compound.The very low TBT content and the
complexity of the matrix could be responsiblefor
thedifferencesfoundbetweenthe two values.

CONCLUSIONS

A comprehensiveevaluation of a number of
variablesthat could affect the SFE extractionof
native butyl- and phenyl-tin compoundsfrom a
marinasedimentdemonstratedthat thebestextrac-
tion conditionsfor butyl- andphenyltincompounds
were the addition of HOAc to the extractioncell
followed by a static period combined with a
dynamicextractionwith CO2 (50°C and30MPa).
Useof MeOH combinedwith HOAc led to lower
recoveries,probably becauseof a high solubility
parameterfor theextractionof theOT acetatesthat
presumablywereformedundertheSFEconditions.
The two complexingagentsevaluated,DEA-DDC
and APDC in either CO2–MeOH or CO2–HOAc–
MeOH, enhancedthe extractionefficiencyonly of
thelesssolubledisubstitutedphenyl-andbutyl-tin,
andtriphenyltin, in comparisonwith CO2–MeOH.
Furthermore, the extraction efficiency of the
proceduresinvolving complexingagentsfor both
butyl- and phenyl-tin compoundswas lower than
theHOAc methoddevelopedin this study.

Theeffectivenessof HOAc asaCO2 modifierfor
theSFEof OTsfrom sedimentis reportedherefor
the first time. The improvementof the extraction

efficiency by the addition of HOAc could be
attributedto the ability of HOAc to interactwith
an analyte–matrixcomplex, and the subsequent
formation during the extraction of OT acetates
which are readily soluble.No polar modifiersare
neededwith theCO2. By usinga moderateamount
of HOAc, restrictor clogging is obviatedand the
extractsareamenableto CGC–FPDdetermination
following a Grignard derivatization without any
clean-upstep.

Theapplicationof thisdevelopedSFEmethodto
the determinationof CRMs demonstratesthat the
useof HOAc asa modifier is effectivefor theSFE
extractionof organotinsfrom sedimentevenin the
caseof low OT contentsandcomplexmatrices.
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