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Abstract

An automated method for the simultaneous determination of six important organotin compounds namely monobutyltin (MBT), dibutyltin
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DBT), tributyltin (TBT), monophenyltin (MPhT), diphenyltin (DPhT) and triphenyltin (TPhT) in water and sediment samples is de
he method is based on derivatization with sodium tetraethylborate followed by automated headspace-solid-phase micro extract
ombined with GC–MS under retention time locked (RTL) conditions. Home-synthesized deuterated organotin analogues were use
tandards. Two high abundant fragment ions corresponding to the main tin isotopes Sn118 and Sn120 were chosen; one for quantification a
ne as qualifier ion. The method was validated and excellent figures of merit were obtained. Limits of quantification (LOQs) are

o 15 ng l−1 (ppt) for water samples and from 1.0 to 6.3�g kg−1 (ppb) for sediment samples. Accuracy for sediment samples was tes
piked real-life sediment samples and on a reference PACS-2 marine harbor sediment. The developed method was used in a cas
arbor of Antwerp where sediment samples in different areas were taken and subsequently screened for TBT contamination. Co
anged from 15�g kg−1 in the port of Antwerp up to 43 mg kg−1 near a ship repair unit.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Because of the recent awareness of the toxicological ef-
ects of many organometallic species, organometal speciation
s presently a topic of intense research. Within the class of
rganometallics, organotin compounds are probably the most
idely spread in the environment due to their use as bio-
ides in polymers, in the agricultural industry, as antifouling
aints, etc.[1–3]. Organotin compounds degrade in the en-
ironment into more polar metabolites[4] and, for instance,
ributyltin one of the most frequently used organotin additives
as tributyltinchloride or (bis)tributyltinoxide), degrades into

∗ Corresponding author. Tel.: +32 9 2644462; fax: +32 9 2644998.
E-mail address:pat.sandra@richrom.com (P. Sandra).

dibutyltin (DBT) and monobutyltin (MBT). Consequently
large diversity of organotin compounds can be detecte
environmental samples[5]. Alarming toxic effects on living
organisms such as disturbances in the hormonal syste
even the occurrence of imposex already appearing at pa
trillion (ppt) level concentrations[6,7], show the importanc
of developing highly sensitive and robust analytical meth
for their determination in environmental samples.

Several methods for the extraction and analysis
organotins have been described. Extraction with tropo
andn-hexane followed by Grignard derivatization and
termination with GC–flame photometric detection (FP
[3,8–13] is more and more replaced by the less t
consuming in situ ethylation with sodium tetraethyl
rate (NaBEt4) [14–17] followed by GC–FPD, GC–atom
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emission detection (AED) or GC–inductively coupled plasma
mass spectrometry (ICPMS)[15,17,18]. A few years ago,
solid-phase micro extraction (SPME) developed by Arthur
and Pawliszyn[19] in combination with GC–ICPMS was
applied for the analysis of NaBEt4 derivatized volatile[18]
and semi-volatile[20] organotins in environmental samples.
More recently, stir bar sorptive extraction (SBSE)[21], based
on the same principle as SPME but with a much higher vol-
ume extracting phase (polydimethylsiloxane—PDMS) was
applied for the determination of organotins in environmen-
tal samples after in situ derivatization with NaBEt4 and
CGC–ICPMS[22].

Accurate organotin speciation in different matrices
requires the use of appropriate internal standards in order
to sufficiently alleviate matrix effects and systematic
errors occurring during the sample preparation steps.
Tripropyltin (TPT) and tricyclohexyltin (TCyT) are the
most frequently used internal standards for the analysis of
organotin compounds in environmental samples[18,22]. It
remains, however, questionable whether those compounds
behave exactly the same as the target analytes and correct
for all matrix interferences. More recently, isotope labeled
standards such as isotopically enriched TBT (Sn117, Sn118

or Sn119) were introduced resulting in more reliable and
accurate results[23–25] for ICPMS detection. Besides this
approach, also deuterated organotin compounds can be
u d
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USA). Tri-(TBT) and tetra-(TeBT)butyltinchloride were
from Fluka Chemie AG (Buchs, Switzerland). Glacial acetic
acid (99.99%) and sodium acetate were obtained from
Sigma–Aldrich (Bornem, Belgium) and ethanol (Supra-
solv grade) from Merck (Darmstadt, Germany). Sodium
tetraethylborate (NaBEt4) was purchased from Strem Chemi-
cals or from Sigma–Aldrich. A 1% (m/v) solution of NaBEt4
in Milli-Q water was freshly prepared daily. Milli-Q water
was obtained by purification and deionisation of tap water in
a Milli-Q plus water system (Millipore, Bedford, MA, USA).
A HOAc/NaOAc buffer pH 5.3 was prepared by adding an
appropriate amount of HOAc to a 0.2 M solution of NaOAc
in Milli-Q water. Deuterated organotin standards (as chlo-
rides), MBT (d9), DBT (d18), TBT (d27), MPhT (d5), DPhT
(d10) and TPhT (d15) were synthesized as described else-
where[27]. For internal standardization, a solution of ca. 5
and 0.5 mg l−1 in ethanol was used to spike sediment and
water samples, respectively. Throughout this work, concen-
trations of organotin compounds are expressed as amount
referring to the respective cation, except when specifically
mentioned otherwise.

Stock solutions of 100 mg l−1 from the native organotin
compounds and further dilutions were prepared in ethanol.
Standard mixtures of butyltins and phenyltins were prepared
separately as we observed that mixing the six organotin com-
pounds together resulted in exchange of the butyl and/or
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sed for internal standardization[26]. Deuterated labele
tandards, however, cannot be applied in combination
lement selective detectors (AED and ICPMS) but are

or GC–MS analysis. In this framework, we have to note
nvironmental laboratories are all equipped with GC–

nstrumentation and prefer this combination for organ
peciation over GC–AED or GC–ICPMS. Dealing with th
and of samples, GC–MS indeed is by far the cheapes
est-established technique in environmental laboratorie

The aim of this work was to construct an automa
rganotin analyzer by combining derivatization and

omated headspace SPME analysis with state-of-th
etention time locked (RTL)-GC–MS instrumentation for
etermination of trace amounts of organotin compound
nvironmental samples. Home-synthesized deuterated o
tin compounds were implemented as internal standards
ethod was validated and evaluated for repeatability, lin

ty and accuracy for both water and sediment samples
eveloped method was used to evaluate, in the framewo
European TBT-remediation project, the extent of TBT c

amination in sediment samples from the harbor of Antw

. Experimental

.1. Chemicals and reagents

Mono-(MPhT), di-(DPhT) and tri-(TPhT)phenyltinchl
ide as well as mono-(MBT) and di-(DBT)butyltinchlori
ere purchased from Strem Chemicals (Newburyport,
-

henyl groups, forming artifacts[27]. All standard solution
ere stored in the dark at 4◦C.
Real-life organotin contaminated sediments were

ected at the harbor of Antwerp, Belgium. A blank sedim
ample was obtained by heating a relatively low cont
nated sediment at 400◦C for 24 h. It was experimental
erified that all butyltins and phenyltins were removed at
emperature by evaporation and/or degradation to inorg
in [28,29]. Freshly prepared blank sediment material
lways analyzed before use in order to verify a suffic

ow background level. For method validation, the refere
aterial PACS-2 (marine harbor sediment) was purch

rom the National Research Council of Canada (Ottawa,
anada).

.2. Instrumentation

Analyses were performed on an Agilent 6890 GC–59
SD (Agilent Technologies, Little Falls, DE, USA) com
ination equipped with retention time locking software
.75 mm i.d. SPME liner was installed in the split/splitl

njector and the temperature was set at 250◦C. The col-
mn was a 30 m× 0.25 mm i.d.× 0.25�m film thickness
P-5MS (Agilent Technologies). The oven was program

rom 50◦C (1 min) at 10◦C min−1 to 300◦C (4 min) and the
arrier gas was helium (constant pressure 70 kPa, 41 c−1

t 50◦C). MS parameters were: transfer line 300◦C, source
emperature 230◦C, MS quad temperature 150◦C, 50 ms
well time per ion and solvent delay 5 min. Automa
eadspace-SPME extraction and desorption was carrie
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with a Multi Purpose Sampler (MPS-2) from Gerstel GmbH
(Mülheim, Germany). The extraction time and temperature
were 30 min and 80◦C with a stirring rate of 500 rpm (1 min
incubation time at 80◦C). Desorption time was 1 min (split-
less injection) followed by 2 min bake-out time. Fibers coated
with 100�m polydimethylsiloxane (Supelco, Bellefonte, PA,
USA) were used.

2.3. Sample preparation and derivatization

2.3.1. Water samples
Aqueous test samples were prepared by adding an appro-

priate amount of organotin standard solutions to a mixture of
5 ml Milli-Q water and 5 ml buffer solution in a closed-cap
headspace vial of 20 ml. For real-life water samples, the same
procedure was applied but 1 ml ethanol was added to prevent
adsorption of the organotin compounds to the glass wall or
to the small particles present in those samples. Subsequently,
appropriate amounts of the six internal standards are added,
resulting in a concentration of approximately 250 ng l−1.
Derivatization is performed by adding 300�l of a 1% NaBEt4
solution. The sample vials are vigorously shaken and placed
in an ultrasonic bath for 10 min. The vials are then placed in
the MPS-2 autosampler for headspace-SPME extraction.

2.3.2. Sediment samples
to the
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Table 1
Locked retention times, windows for ion monitoring and selected ions (bold
are quantification ions) for the target organotin compounds and their deuter-
ated analogues

Organotin
compound

Locked retention
time (min)

SIM windows
(min)

Selected
ions

MBT (d9) 9.82 8.50–11.40 242,244
MBT 9.91 8.50–11.40 233,235
DBT (d18) 12.09 11.40–13.00 277,279
DBT 12.26 11.40–13.00 261,263
MPhT (d5) 13.60 13.00–13.80 316,318
MPhT 13.63 13.00–13.80 289,291
TBT (d27) 14.05 13.80–17.00 258,260
TBT 14.28 13.80–17.00 251,255
DPhT (d10) 18.83 17.00–22.00 311,313
DPhT 18.89 17.00–22.00 301,303
TPhT (d15) 23.09 22.00–25.00 364,366
TPhT 23.17 22.00–25.00 349,351

target organotin compounds based on their mass spectra and
retention times. In ion monitoring mode, besides easy peak
allocation, shifts in selected ion windows after column or
instrument maintenance and in calibration curves are avoided
[32,33]. Figs. 1 and 2show the scan mass spectra obtained for
each native organotin compound and its deuterated analogue,
respectively. Based on these mass spectra, specific ions for
ion monitoring detection were chosen in order to built up a
GC–MS method that makes ultra sensitive detection possible.
Two ions per solute giving the highest abundances and/or
lowest background levels were selected. They are depicted in
bold inFigs. 1 and 2. From the two selected ions, the highest
abundant ion was used for quantification and the other one as
qualifier ion. The selected ions and ion monitoring windows
are included inTable 1.

Optimum derivatization yields for the butyl- and
phenyltins are obtained at a pH of 5.3 and 8, respectively
[20,22]. A multi-residue method, however, requires selec-
tion of one pH only. A pH of 5.3 was chosen because this was
the best compromise for both the butyl- and phenyltins[22].
Headspace SPME analysis was applied because it offered not
only the fastest equilibration times and highest sensitivities,
but above all because it was much more robust for enrichment
from difficult matrices such as sediment samples compared to
liquid SPME. Analyses were performed at different temper-
atures and the optimum temperature was 80◦C. Extraction at
l cov-
e d for
D or
T min.
E ong
a eled
i more-
o
d dure.

ure,
s This
i wer
c iment
The organotin compounds are leached out according
rocedure described by De Smaele et al.[30]. One milliliter
lacial acetic acid (99.99%) and 1 ml ethanol were adde
.5 g of wet sediment sample and the sample is plac
n ultrasonic bath for 3 h. The leaching process was e
ted by repeating the extraction for different time periods

he optimum leaching time was 3 h. Appropriate amoun
euterated internal standards were added together wi
ase of spiking experiments or standard addition calibra
ative organotin standards. Internal standard concentra

n the order of 100�g kg−1 (ppb) were used. Afterward
ml of buffer solution was added and derivatization was

ormed with 500�l of the 1% NaBEt4 solution as describe
or the water samples. The dry mass of the sediment sa
as measured by weighing after thermal treatment at 10◦C

or 12 h.

. Results and discussion

.1. Method development

Separation of the organotin compounds is achieve
standard HP-5MS capillary column. The method wa

ention time locked with tetrabutyltin (tr = 16 min) accordin
o the procedures described[31,32]. The locked retentio
imes for the different target organotin compounds with t
euterated analogues are listed inTable 1.

Combining GC–MS in scan mode with the RTL scree
oftware provides easy peak location and identification o
ower temperatures resulted in much lower extraction re
ries especially for TPhT. Equilibrium was almost reache
BT (d18), TBT (d27) and DPhT (d10) in 30 min, while f
PhT (d15), equilibrium was not reached even after 60
quilibrium conditions are, however, not required as l
s the extraction conditions are kept constant or if lab

nternal standards are used. This is the case here and
ver SPME extraction is fully automated. Extraction at 80◦C
uring 30 min was applied as standard operating proce

During optimization of the sample preparation proced
everal sources of contamination had to be eliminated.
s especially critical for water samples for which much lo
oncentrations should be measured compared to sed
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Fig. 1. Mass spectra of the six major organotin compounds with the ion for quantification and the qualifier ion depicted in bold.

samples. Glassware should be properly cleaned, high purity
solvents and chemicals (especially ultra pure glacial acetic
acid) should be used and Milli-Q water should be freshly pre-
pared. Small background levels of monobutyltin, dibutyltin
and diphenyltin are, however, difficult to avoid. MBT and
DBT contamination originates from the laboratory environ-
ment (plastic tubing, rubber teats, etc.) while the NaBEt4
derivatization reagent appeared to be the cause of the DPhT
background level. Variable DPhT background levels were
measured when using different batches of the derivatization
reagent or from different suppliers. Blank runs should be
regularly performed to check on background levels. Taking
the necessary precautions, the background level in aqueous
media could be reduced to 5 ng l−1 for MBT, DBT and DPhT
while TBT, MPhT and TPhT did not suffer from background
contamination. For water samples the limit of quantitation
for MBT, DBT and DPhT was therefore set at 15 ng l−1 and
not at the 10 S/N level (see Section3.2).

Fig. 3shows a chromatogram of a low level (±60 ng l−1)
spiked Milli-Q water sample. The deuterated internal stan-

dards were spiked at a range of 250 ng l−1. Note that the
deuterated species of MBT, DBT, TBT and TPhT are base-
line separated from the non-deuterated species.

3.2. Figures of merit

Milli-Q water was spiked with 250 ng l−1 of the deuter-
ated internal standards and with the native organotin com-
pounds in the range 10–1000 ng l−1 (nine-point calibration)
and analyzed as described. Regression coefficients between
0.9967 and 0.9998 were measured. Blank sediment samples
were spiked in a 1–1000�g kg−1 range (five-point calibra-
tion) with a fixed concentration of the deuterated internal
standards (100�g kg−1) giving regression coefficients be-
tween 0.9981 and 0.9994. Good linearity was only possible
with the deuterated standards. Using TPT or TCyT as internal
standards, the linearity was poor.

Table 2presents data on repeatability over a one day and a
6-month period for spiked Milli-Q water samples at 200 and
500 ng l−1, respectively, and for a spiked sediment sample
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Fig. 2. Mass spectra of the deuterated organotin standards with their quantitative SIM ion and qualifier ion depicted in bold.

at 100�g kg−1. Good R.S.D. values were obtained for both
phenyltins and butyltins illustrating the robustness of the
method.

The limit of detection (LOD—3 S/N) for each of the six
organotin compounds was determined in a Milli-Q water
sample spiked with a low amount of these compounds re-
sulting in peaks close to the LOD values (Table 3). Back-
ground concentrations for MBT, DBT and DPhT were taken
into account in order to obtain a correct LOD. LOD tests for
sediment analysis were performed on a spiked blank sedi-
ment sample. Higher LOD values are found for the phenyltin
compared to the butyltin compounds. Matrix suppression for

phenyltins indeed was noted for the sediment samples result-
ing in lower absolute recoveries compared to aqueous sam-
ples. This does not impose problems by using the deuterated
internal standards. Relative recoveries (spike versus internal
standards) for all organotin solutes range from 98 to 117%
(Table 2).

Fig. 4shows a chromatogram of the PACS-2 marine harbor
sediment that is certified for TBT. Values reported for MBT
and DBT are considered less reliable because they are not
based on the results of at least two independent methods.
Table 4presents the concentrations measured for MBT, DBT
and TBT, expressed as�g kg−1 Sn, together with the 95%

Table 2
Repeatability within day and within 6 months for water and sediment samples

Organotin
compound

Within day repeatability Within 6 months repeatability Sediment
recovery (%)

(A) Water, R.S.D. (%)
n= 6, 200 ppt

(B) Sediment, R.S.D. (%)
n= 6, 100 ppb

(A) Water, R.S.D. (%)
n= 6, 500 ppt

(B) Sediment, R.S.D. (%)
n= 8, 100 ppb

MBT 6.36 3.89 8.42 3.83 100.6
DBT 3.74 4.76 8.92 4.07 98.1
TBT 2.34 1.73 8.58 2.93 105.6
MPhT 4.18 4.06 6.40 5.90 101.2
DPhT 2.28 4.27 5.68 9.82 107.8
TPhT 2.90 4.14 6.01 8.00 116.6
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Table 3
LODs and LOQs in water and sediment samples

Organotin compound Water samples Sediment samples

LOD ng l−1 (ppt) LOQ ng l−1 (ppt) LOD �g kg−1 (ppb) LOQ�g kg−1 (ppb)

MBT 0.8 15 0.3 1.0
DBT 0.6 15 0.3 1.0
TBT 0.4 1.3 0.4 1.3
MPhT 0.8 2.6 1.4 4.6
DPhT 0.5 15 0.7 2.3
TPhT 1.1 3.6 1.9 6.3

Table 4
Analysis of organotins in PACS-2 sediment sample

Organotin compound (Cx ± 2 s)�g kg−1 as Sn R.S.D. (%)n= 6

Certificate concentrations Concentration

MBT 450 ± 50a 562± 24 2.27
DBT 1090± 150a 775± 96 6.21
TBT 980 ± 130b 929± 32 1.78

a Information value.
b Certificate value.

Fig. 3. Chromatogram of a water sample (Milli-Q) spiked at ca. 60 ng l−1

(DPhT 200 ng l−1 and TPhT 100 ng l−1; deuterated internal standards were
added at 250 ng l−1).

confidence limits calculated on six replicates. R.S.D. values
are given as well. For TBT, the measured concentration was
in good agreement with the certified concentration and with
the value reported by Monperrus et al.[23] determined with
GC–ICPMS using isotopically enriched TBT (Sn117).

Fig. 4. Chromatogram of the PACS-2 marine harbor sediment material con-
taining TBT as certified organotin compound and with MBT and DBT re-
ported as information values. Deuterated internal standards were added in a
concentration of 100�g kg−1.

3.3. Case-study of the harbor of Antwerp

The developed method was applied for sediments in
the harbor of Antwerp within the framework of the Eu-
ropean TBT-remediation project. Sediment samples were
taken in the whole area of the harbor and analyzed with
headspace-SPME–GC–MS. Alarming high concentrations
(up to 50 mg kg−1) were found in the area where wet and
dry docks are situated (Fig. 5). This was expected because
the ships are stationed here for maintenance work, often in-
cluding repainting of the ship hull with TBT antifouling paint.
In contrast to the very high TBT concentrations found in the
sediment samples, water samples taken in this area contain
relatively low concentrations of TBT (50–150 ng l−1). This

F docks
o

ig. 5. TBT concentrations in sediment samples from the wet and dry
f Antwerp Ship Repair, Antwerp harbor, Belgium.
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clearly proves the high adsorption affinity of TBT on sedi-
ment. Nowadays, TBT pollution of harbors is mainly consid-
ered a problem of sediment contamination and less of water
contamination. Care should, however, be taken because low
ng l−1 level concentrations in water samples can be toxic for
several living organisms[34].

4. Conclusion

Derivatization with sodium tetraethylborate followed
by automated headspace-SPME–RTL-GC–MS in the ion-
monitoring mode provides a sensitive and accurate method
for the simultaneous determination of the most important
butyl- and phenyltin compounds in water and sediment sam-
ples. The use of deuterated organotin compounds as internal
standards largely contribute to the robustness of the method.
The method was validated for water and sediment samples
with excellent figures of merit. Advantages of the proposed
procedure in comparison with other analytical methods used
for organotin analysis are the simple sample preparation,
fully automated headspace-SPME extraction and the rela-
tively low instrument investment cost (GC–MS compared
to GC–ICPMS and/or GC–AED). The method was inten-
sively tested for TBT screening of sediments in the harbor
of Antwerp and in some areas, especially where ship main-
t kg
w
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