
Journal of Chromatography A, 1072 (2005) 19–27

New approach of solid-phase microextraction improving the extraction
yield of butyl and phenyltin compounds by combining the effects of

pressure and type of agitation
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Abstract

A new methodology for the simultaneous and fast solid-phase microextraction (SPME) of butyl- and phenyltin compounds, as ethylated
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erivates, is proposed in this paper. The effects of pressure and type of agitation during headspace SPME sampling are ev
iscussed on the basis of thermodynamic considerations. Quantitative structure–activity relationships were used to estimate analy
oefficients allowing to explain the different behaviours experimentally observed. SPME sampling conditions including mechanic
nd reduced pressure result in simultaneous higher efficiency (detection limits especially lowered for phenyltins up to a eight-fold
nd shorter sampling time (two-fold reduction).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Over the past 30 years, the large anthropogenic use of
rganotins, especially the highly toxic butyl- and phenyltin
ompounds, is responsible for their important occurrence
n the environment[1,2]. Consequently, the presence of
hese compounds is more and more drastically controlled.
herefore, fast, accurate and precise analytical methods
re required in order to identify and quantify these species
t the levels commonly found in environmental matrices,

.e. in the range pg to ng (Sn) l−1. Speciation of organotin
ompounds is commonly realised by coupling gas chro-
atography with a specific detector[3–12]. Nevertheless,

ample preparation remains a critical step which requires
he extraction/derivatization and preconcentration of the
nalytes prior to their injection in the chromatograph.

∗ Corresponding author. Tel.: +33 559 407 762; fax: +33 559 407 781.
E-mail address:jerome.darrouzes@etud.univ-pau.fr (J. Darrouzès).

Liquid–liquid extraction is traditionally used but requi
high levels of often toxic organic solvents.

Solid-phase microextraction (SPME) was develope
the 1990s by Pawliszyn and co-workers[13,14] for organic
compounds and further used for metallic and organome
compounds, as reviewed by Mester et al.[15]. Nevertheless
only few teams have worked on the extraction of phen
compounds with SPME[16–22].

For organotin compounds, direct sampling, i.e. the fi
is directly exposed to the aqueous sample, was first
posed by Lespes et al.[16] and Aguerre et al.[17–19] but
suffers from long extraction time (up to 60 min), poss
matrix effects and organic matter co-absorption on the
[17,23].

Headspace (HS) extraction mode, i.e. the fibre is exp
in the headspace located above the sample, propos
Zhang and Pawliszyn[24], is based on the faster diffusi
of analytes in the vapor phase than in the aqueous ph
the aqueous phase is constantly stirred. HS-SPME sam

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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times could be shortened up to 40 min[20,21]with elimina-
tion of matrix effects. Nevertheless, heaviest compounds, i.e.
also the less volatile ones, are less extracted.

Effects of temperature in headspace mode were also pro-
posed to reduce extraction time[25]. But, no significant im-
provement in extraction time was obtained by Vercauteren
et al.[22] for triphenlytin and tricyclohexyltin using a sam-
pling temperature of 75◦C (35 min). Moreover, handling of
vials is more difficult and pressure build-up inside the vial
can cause some losses of sample vapor when removing the
SPME needle from the vial.

Applications of new techniques of extraction such as stir
bar sorptive extraction[26] or liquid phase microextraction
[27] were applied to butyl- and phenyltin compounds but
did not shorten extraction time (30 and 60 min, respectively
including desorption time).

Hence, we propose in this paper another alternative which
is the combination of SPME in HS using reduced pressure.
If the pressure in the headspace is below the atmospheric
pressure, extraction of analytes should be enhanced from
the aqueous phase to the gaseous phase[28]. In this paper,
this method was applied to butyl- (MBT, DBT, TBT) and
phenyltin (MPhT, DPhT, TPhT) compounds determination.
The optimisation of the critical parameters are described
in details. Two stirring modes were tested both under
atmospheric and reduced pressure. Analytical performances
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Fig. 1. Schematic of SPME device for sampling at reduced pressures: (1)
modified conical flask; (2) tygon tubing; (3) water trap (soda lime and CaCl2

mixture); (4) vacuum controller; (5) two-way valve; (6) vent (depression
regulation); (7) vacuum pump.

ington, DE, USA) Model 6890 Series Plus gas chromato-
graph equipped with a split/splitless injection port and
a narrow bore injection liner (0.75 mm I.D.). Detection
was achieved with an Agilent G2350A Microwave Induced
Plasma Atomic Emission detector (MIP-AES) with opera-
tional parameters previously optimised in our lab[18].

2.3. SPME procedure

SPME was carried out manually with the appro-
priate SPME holder and 100�m polydimethylsiloxane
(PDMS)-coated fused silica fibres (Supelco, Bellefonte, PA,
USA). This apolar phase is the most commonly used for
organometallic compounds[15,16,21].

For the optimisation of the HS SPME procedure, modified
50 ml conical flasks were used. An open-cap vial was welded
at the top of the flask allowing it to be sealed with a polyte-
trafluoroethylene (PTFE)-coated silicone rubber septum (Su-
pelco, 20 mm diameter). The importance of the headspace to
aqueous phase volume ratio in HS SPME sampling is well
known [30–32]. Geometry of modified conical flasks was
designed to allow: (i) a reduced headspace volume around
the fibre while keeping the headspace to aqueous phase vol-
ume ratio constant; (ii) a larger exchange surface between
headspace and sample to improve analyte transfer from aque-
o
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f the technique were also discussed in terms of extra
fficiency, detection limits, preconcentration time,
eproducibility.

. Experimental

.1. Standards and reagents

Monobutyltin trichloride (>95%), monophenyltin trichl
ide (>98%), diphenyltin dichloride (>96%) and tripheny
hloride (>95%) (Aldrich), dibutyltin dichloride (>98%
nd tributyltin chloride (>96%) (Merck) were used with

urther purification. Stock standard solutions contain
000 mg (Sn) l−1 of each compound in methanol (Normap
99%, Prolabo) were stored in the dark at 4◦C. In these con
itions, they were stable for several months[29]. Working
tandard solutions were prepared by dilution with Mill
ater (Millipore, 18.2 M� cm) weekly for 10 mg (Sn) l−1

nd daily for 100�g (Sn) l−1.
Sodium ethanoate (Sigma, >99%) and ethanoic

Merck) were used for 0.4 mol l−1 buffer preparatio
pH = 4.75). Sodium tetraethylborate (NaBEt4, 98%) was ob
ained from Galab (Geesthacht, Germany). Fresh 2%
ions (w/v) were prepared daily in Milli-Q water and sto
t 4◦C in the dark.

.2. MIP-AES apparatus and GC conditions

Chromatographic separation of ethylated butyltin
henyltin compounds was performed with an Agilent (Wi
us to headspace phase.
A glass tube (17 mm length× 2 mm I.D.) was also welde

t the neck of the flask in order to carry out HS SPME in
uced pressure conditions. In the case of HS SPME sam
t atmospheric pressure, this opening was tightly shut.

A 25 ml aliquot of the sodium ethanoate/ethanoic
uffer was introduced in the modified conical flask. A
ealing, organotins were added to obtain a final concentr
f 400 ng (Sn) l−1 of each compound. The SPME fibre w

nserted in the headspace immediately after the additio
5�l of NaBEt4 solution. In the case of reduced press
PME sampling in order to minimise analyte losses, de

ization reagent was added after decreasing the press
he flask. A manual two way valve allowed to isolate
eactor from the vacuum pump once the depression
chieved as indicated inFig. 1. The pump was then switch
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off and the fibre was exposed to the headspace. During the
sampling time, pressure did not significantly increase (less
than± 0.01 bar) for the two tested vacuum levels, i.e. 0.5
and 0.04 bar.

In HS SPME sampling, sample stirring does not affect
analyte diffusion from the headspace to the fibre coating, but
it accelerates the mass transfer of low volatile compounds
from aqueous phase to headspace[33]. Two different types
of stirring were tested: (i) using the stirrer in combination
with a magnetic table, called magnetic, with the stirring rate
adjusted to 600 rev min−1; (ii) using the elliptical table with
the stirring rate adjusted to 350 rev min−1, called mechanical.

After SPME sampling, the fibre was placed into the injec-
tion port of the gas chromatograph where ethylated organotin
compounds were thermally desorbed at 270◦C in the split-
less mode for 1 min. Under these conditions complete des-
orption of all investigated compounds was assured (data not
shown).

3. Results

3.1. Evaluation of HS SPME GC–MIP-AES
performances

ling
a mean
o re-
s bers
a

The influence of tested parameters, i.e. sample stirring
type and pressure, have been evaluated by the determination
of repeatability, application domain and detection limits of
the whole SPME procedure.

Repeatability (RSD) is defined as the relative stan-
dard deviation calculated from five SPME samplings of
aqueous samples spiked with the studied compounds at
400 ng (Sn) l−1. The obtained value is given for one fibre.

The application domain (AD) of the whole procedure, in-
cluding sampling and detection, has been evaluated with sam-
ples containing organotin compounds at concentrations from
40 to 2000 ng (Sn) l−1. Each spike level was sampled twice.

The detection limits were evaluated according to the
IUPAC specifications as:

DL = tσ

si
(1)

where t, student’s coefficient witht= 3 for a confidence
interval of 99.73%,σ the height standard deviation calcu-
lated from 10 SPME sampling of the “blank”, i.e. buffer and
derivatization reagent, andsi is the calibration curve slope
for organotin (i), i.e. peak height/(ng (Sn) l−1).

As it has been previously observed by other authors[21]
detection limits are mainly controlled by contamination
originating from the buffer and the derivatization reagent.
In this paper, we distinguish the instrumental detection
l at
t the
“ rd
d hile
i nk”

F ) and m ounds: (
M

The results of extraction time studies, including samp
t 5, 10, 15, 20, 30, 40 and 60 min, are presented as the
btained with two different PDMS fibres. Error bars rep
enting the relative standard deviation between the two fi
re included.

ig. 2. HS SPME time profiles from agitated sample by magnetic (- - -

BT; (� ) DBT; (�) TBT. (B) Phenyltin compounds: (�) MPhT; (�) DPhT; (©)
imit (IDL) and a “procedure” detection limit (PDL) th
akes into account organotin signals originating from
blank”. For IDL calculation,σ value is taken as the standa
eviation of the “blank” chromatogram background, w

t represents the standard deviation of organotin “bla

echanical (—) stirring under atmospheric pressure. (A) Butyltin comp�)
−1
TPhT (400 ng (Sn) l spiked aqueous sample).
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Table 1
Comparison of (A) atmospheric pressure (AP) and (B) reduced pressure (RP) HS SPME GC–MIP-AED performances from mechanical or magnetic stirred
sample

Magnetic stirred samplea Mechanical stirred sampleb

RSDc IDLd PDLd ADd RSDc IDLd PDLd ADd

(A) AP
MBT 7 0.13 7 400 8 0.11 19 400
DBT 10 0.06 6 2000 3 0.04 3 1000
TBT 10 0.06 3 400 5 0.04 3 400
MPhT 10 1.00 1 1000 14 0.90 0.90 1000
DPhT 13 0.45 0.45 2000 6 0.30 0.30 1000
TPhT 10 0.80 0.80 2000 8 0.30 0.30 2000

Magnetic stirred samplee Mechanical stirred samplef

RSDc IDLd PDLd ADd RSDc IDLd PDLd ADd

(B) RP
MBT 13 0.10 4 400 5 0.08 11 400
DBT 11 0.07 8 400 6 0.04 6 1000
TBT 8 0.06 5 400 7 0.04 5 1000
MPhT 10 0.90 0.90 1000 17 0.50 0.50 400
DPhT 11 0.30 0.30 400 8 0.15 0.15 400
TPhT 13 0.30 0.30 1000 18 0.10 0.10 2000

a Performances calculated for 30 min extraction time.
b Performances given for 20 min extraction time.
c Repeatability in % as defined in the text.
d In ng (Sn) l−1, see the text for definition.
e Performances calculated for 15 min extraction time.
f Performances given for 15 min extraction time.

signal in the case of PDL. As it will appear latter, blank
contamination, originating mainly from the derivatization
reagent, concerns butyltin compounds and leads to an
increase of their detection limit by a factor 50–175.

3.2. Mechanical versus magnetic stirring

HS SPME sampling under atmospheric pressure of ethy-
lated organotin compounds from agitated sample at room
temperature (24± 1◦C) was compared for magnetic and me-

chanical stirring. Results are presented inFig. 2A and B as
percent peak areas with respect to maximum signal obtained,
i.e. the one of DBT for 60 min extraction under mechanical
stirring. Whatever the stirring type, extraction time profiles
show that equilibrium is not reached even after 1 h of sam-
pling. The positive effect of mechanical stirring on DBT and
TBT extraction is obvious for the whole sampling time range.
The use of a mechanical table leads to a two-fold increase
of peak areas and to the improvement of reproducibility be-
tween fibers in comparison with magnetic stirring. For the

F heric in
s from p
ig. 3. Comparison of HS SPME responses obtained under atmosp
ampling, magnetic stirring). The percent gain indicated is calculated
and reduced pressures sampling (400 ng (Sn) l−1 spiked aqueous sample, 15 m
eak areas obtained at 0.04 (A0.04) and 1 bar (A1) as (A0.04−A1)/A1 × 100.
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Fig. 4. Reduced pressure HS SPME time profiles from agitated sample by magnetic (- - -) and mechanical (—) stirring. (A) Butyltin compounds: (�) MBT;
(� ) DBT; (�) TBT. (B) Phenyltin compounds: (�) MPhT; (�) DPhT; (©) TPhT (400 ng (Sn) l−1 spiked aqueous sample).

other compounds, we cannot draw such a clear tendency.
The behaviour of phenyltins is discontinuous with peak ar-
eas increasing up to a plateau at 20–30 min. After this time,
desorption of DPhT and TPhT occurs while MPhT signal
remains constant. Such phenomenon has been observed in
direct extraction mode and was attributed to a slow self des-
orption of the compounds from the fiber[23].

As a compromise between sensitivity and extraction time
adapted to GC analysis (15 min), sampling of 30 and 20 min
were chosen for magnetic and mechanical agitation respec-
tively. Corresponding SPME procedure performances are
given inTable 1A.

3.3. Reduced versus atmospheric pressure sampling

The effect of reduced pressure SPME sampling from mag-
netic agitated sample was compared to atmospheric pres-
sure sampling for two vacuum levels, i.e. 0.5 and 0.04 bar.
Results are presented inFig. 3 for an extraction time of

15 min. The positive effect of reduced pressure on SPME
sampling efficiency is obvious, not only for enhanced over-
all sensitivity, but also for each individual organotin com-
pound and particularly for the less volatile ones, i.e. DPhT
(around five-fold enhancement) and TPhT (around eight-
fold enhancement). As 0.04 bar sampling was the more ef-
ficient in extracting ethylated organotin compounds, extrac-
tion time profiles from 5 to 60 min were studied at this re-
duced pressure and are compared inFig. 4A and B. The ef-
fect of sampling under 0.04 bar is obvious in particular for
phenyltin compounds for which extraction is significantly
enhanced. For MBT and MPhT, it appears that sampling un-
der reduced pressure shifts individual extraction maximum
to lower sampling times around 15 min. As previously no-
ticed with mechanical stirring under atmospheric pressure
(seeFig. 2), desorption of phenyltins is also observed for
shorter sampling times under reduced pressure (seeFig. 4).
It is also observed when sampling MBT with both agitation
types.

Table 2
Variations of SPME responses as a function of sample agitation type (MA: magnetic; ME: mechanical) and sampling pressure (AP: atmospheric; RP: reduced,
i.e. 0.04 bar)

Organotin Calibration slope Gain (%)

MA-AP sampling MA-RP sampling ME-AP sampling ME-RP sampling

M
D
T
M
D
T

BTEt3 0.233 −12
BTEt2 0.478 −4
BTEt 0.465 13
PhTEt3 0.030 11
PhTEt2 0.067 65
PhTEt 0.038 133
21 61
75 61
57 59
10 106
44 205
167 500
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Table 3
Estimates of solubility, saturated vapor pressure andKow for ethylated butyl- and phenyltin compounds

Organotin TSAa Sb pc Kow
d ≈Kfs He ≈Khs Kfh =Kow/H

MBTEt3 279.3 2.00× 10−7 2.29× 10−4 2.32× 105 4.67× 101 4.96× 103

DBTEt2 319.3 2.54× 10−8 2.42× 10−5 2.62× 106 3.89× 101 6.73× 104

TBTEt 359.3 3.23× 10−9 2.56× 10−6 2.95× 107 3.23× 101 9.12× 105

MPhTEt3 276.2 2.35× 10−7 4.11× 10−6 1.92× 105 7.15× 10−1 2.69× 105

DPhTEt2 313.1 3.50× 10−8 2.47× 10−8 1.80× 106 2.88× 10−2 6.23× 107

TPhTEt 350 5.22× 10−9 1.48× 10−10 1.68× 107 1.16× 10−3 1.45× 1010

a In Å2, calculated with individual TSA: 17.7 for Sn, 55.4 for C2H5, 95.4 for C4H9 and 92.3 for C6H5.
b In mol l−1, calculated from Eq.(5).
c In atm, calculated from Eq.(7) and(11) for butyl and phenyl series, respectively.
d Calculated from Eq.(6).
e Calculated from Eq.(4).

From extraction time profiles obtained, sampling times
of 15 min were chosen for magnetic and mechanical agita-
tion under reduced pressure. Corresponding SPME procedure
performances are given inTable 1B. By combining mechan-
ical stirring and reduced pressure conditions, detection lim-
its are especially lowered for phenyltin compounds up to an
eight-fold reduction for triphenyltin. In the case of butyltins,
procedure detection limits remain similar to the ones obtained
under atmospheric pressure sampling due to enhanced blank
signal when sampling under reduced pressure. HS SPME
efficiency for tested extraction conditions are compared in
Table 2. In addition to saving of time, combining mechanical
agitation and reduced pressure results in a general enhance-
ment of extraction yields which is the most pronounced for
triphenyltin.

4. Discussion

The effects experimentally observed and detailed above
can be discussed on the basis of thermodynamic consid-
erations. Therefore, we have tried to explain the different
behaviours observed for organotins under study using the
equilibrium theory of SPME developed for fibres extracting
analytes by absorption and the estimation of organotins
partition coefficients.
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The octanol/water partition coefficient (Kow) is a good
estimate ofKfs for methyl silicone coating as it has been pre-
viously observed by other authors[24,34], and the partition
coefficientKhs, is equivalent to the dimensionless Henry’s
constant,H. Eq.(2) can thus be rewritten as:

nf = KowVfVsC0

KowVf + HVh + Vs
(3)

4.2. Estimation of H and Kow constants

Henry’s constant can be determined from the knowledge
of the saturated vapour pressure of the analyte,p (in atm
with 1 atm = 1.013× 105 Pa), and its solubility in water,S(in
mol l−1), [35]:

H = p

SRT
(4)

withR= 0.08205 atm l mol−1 K−1, andT= 298 K in our case.
Physicochemical properties can be obtained from quan-

titative structure–activity relationships (QSARs). Solubility,
saturated pressure, andKow have been successfully correlated
to molecular total surface area (TSA in̊A2) for organotin
compounds in the form of:

− logS = 0.0224× TSA + 0.442, with S in mol l−1 (5)

l

l

(
1
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a
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.1. Theoretical considerations

In HS SPME sampling, the amount of analyte abso
y the fibre coating,nf , can be expressed as[24]:

f = KfhKhsVfVsC0

KfhKhsVf + KhsVh + Vs
= KfsVfVsC0

KfsVf + KhsVh + Vs
(2)

hereVf is the fibre coating phase volume,Vs the aqueou
hase volume,Vh the headspace phase volume,C0 the initial
oncentration of the analyte in the aqueous phase,Khs the
artition coefficient of an analyte between the headspac
queous phases,Kfh the partition coefficient of an analy
etween the fibre coating and headspace phases andKfs is the
artition coefficient of the analyte between fibre and aqu
hases, easily connected toKfh andKhs.
ogKow = 0.0263× TSA − 1.98 (6)

ogp = −0.0244× TSA + 6.0554, with p in mmHg

(7)

p is later converted to atm, 760 mmHg = 1 atm = 1.013×
05 Pa).

Eqs. (6) and (7) [36,37] can be used for mixed tet
lkyltin compounds, i.e. R1nR2

4−nSn, corresponding to eth
ated butyltins. Eq.(5) [1,36] was firstly demonstrated f
omologous tetraalkyl derivatives of Group IVA eleme
nd further applied to mixed tetra alkyltin compounds[37].
stimates of tetra substituted organotin TSA can be obta
ith summation of mean individual TSA values for orga
ubstituents and tin atom[1]. Values of solubility andKow
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obtained applying Eqs.(5) and (6) for ethylated butyl and
phenyltin compounds are presented inTable 3.

Comparison to reference values is difficult since to our
knowledge, they have never been experimentally evaluated.
Calculated values can be checked against comparable litera-
ture values. Considering octanol/water partition coefficients,
Arnold et al. have evaluatedKow constants for chloride, per-
chlorate, bromide and nitrate complexes of TBT and TPhT
[38]. From these results, we can calculate for each complex,
the ratio of TBT to TPhTKow which is close to 3. For ethy-
lated TBT and TPhT, the ratio ofKow obtained from QSAR
is around 2, which is in the same order of magnitude and
supports QSAR estimations of octanol/water partition coef-
ficients for mixed ethyl-, butyl- or phenyltins.

In the case of solubility, it decreases with increasing num-
ber of substituents within butyl and phenyl series. They are of
the same order of magnitude between butyl- and phenyltins
which is in agreement with reported experimental values[1].

To estimate saturated vapour pressures, Eq.(7) was mod-
ified for phenyltins, to account for their lower volatility com-
pared to butyltins. Chromatographic retention times were
converted to boiling temperatures in first approximation,Tb
(◦C), which were correlated with TSA within each organotin
series, giving following relationships:

Tb = 1.1577× TSA − 116.01, for ethylated phenyltins(8)

T

te
c .
(

l

e-
r

l

ur
p ries,

accounting for the decreased volatility of ethylated organ-
otins in going from mono- to tri-substituted compounds.
It is more pronounced in phenyltin series compared to
butyltins. Comparison with literature data is also quite dif-
ficult, vapour pressures have been reported for (C6H5)4Sn
(0.16–1.2× 10−13 atm)[1], (C2H5)4Sn (10−3 atm)[39] and
(C4H9)3SnOAc (3.55× 10−6 atm) [1]. Even though these
values refer to compounds different from those under study,
the trend and order of magnitude of estimated vapour pres-
sures for mixed ethylated butyl- and phenyltins seem in
good agreement. Moreover, using Eq.(11) established in
this paper and Eq.(7) respectively, the calculated vapour
pressures of (C6H5)4Sn and (C2H5)4Sn are 8.9× 10−13 and
2.2× 10−3 atm, values which are close to those reported in
the literature[1] supporting the use of such QSARs.

4.3. Connection with experimental results

From calculated solubilities and saturated vapour pres-
sures, Henry’s constants were estimated (seeTable 3). In
butyltin series, H is in the same order of magnitude (H
(MBTEt3)/H (TBTEt) = 1.44) while it decreases by a factor
50 in the phenyltin series from mono- to tri-substituted tin.
This indicates that in the case of butyltins, the three com-
pounds should be similarly distributed between the aqueous
a ence
t inly
d ient,
K d
v s
s
i - to
t re
a sted
i no
k

ount
o bre
c d
i no-
t nds
s tyltin

T
C e coati s org
w
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M
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0−2 l, C

ons, fir ced pressure
s

and

b = 0.4687× TSA + 39.408, for ethylated butyltins (9)

For ethylated butyltins Eq.(7) was applied to calcula
orresponding saturated vapour pressures,p. Combining Eqs
7) and(9) gives for butyltin compounds:

ogp = −0.052× Tb + 8.0897 (10)

Combining Eqs.(8) and(10), it comes for phenyltins s
ies:

ogp = −0.0602× TSA + 14.122 (11)

As reported inTable 3, the trend in the saturated vapo
ressures is the same for both butyl- and phenyltin se

able 4
alculation of ethylated organotin amounts (mol) extracted by the fibr
ithin butyl and phenyl series (considering 60 min sampling)

rganotin nf
a % Extractedb

BTEt3 6.636× 10−12 7.9
BTEt2 4.516× 10−11 53.6
BTEt 7.917× 10−11 93.9
PhTEt3 5.912× 10−11 70.2
PhTEt2 8.230× 10−11 97.7
PhTEt 8.404× 10−11 99.8

a Calculated from Eq.(3), Vf = 6.12× 10−7 l, Vs = 2.510−2 l, Vh = 3.5× 1
b % extracted with respect to initial 8.42× 10−11 mol.
c Mean ratios calculated from peak areas considering both agitati
ampling.
nd headspace phases when equilibrium is reached. H
he amount of analyte sorbed onto the fibre should ma
epends on its coating to headspace partition coeffic
fh, which can be expressed asKfh =Kow/H (see calculate
alues inTable 4). The evolution ofKfh in the butyltin serie
hould then be more or less the same as theKow variation,

ndicating that sorption should increase from mono
ributyltin. CalculatedKfh values for phenyltin series a
ll superior to butyltin’s ones, that should be manife

n higher sorption of phenyl- compared to butyltins if
inetic limitation occurs.

From estimates of the partition coefficients, the am
f each organotin absorbed at equilibrium by the fi
oating can be calculated based on Eq.(3). Values reporte

n Table 4show that absorption should increase from mo
o tri-substituted organotin, and that phenyltin compou
hould be better extracted than their corresponding bu

ng and comparison with experimental ratios obtained for homologouanotins

Ratio Fromnf Experimentalc

MBTEt3/MPhTEt3 0.11 2.73± 0.86
2.29± 0.30

DBTEt2/DPhTEt2 0.55 2.22± 0.60
1.34± 0.16

TBTEt/TPhTEt 0.94 15.60± 3.56
4.56± 1.28

0 = 3.37× 10−9 mol l−1, H andKow from Table 3.

st line for atmospheric pressure sampling and second one for redu
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compounds. For the discussion and comparison with exper-
imental results, it has not to be forgotten that these values
refer to an estimation of the amount of analyte sorbed when:
(1) individual sampling is performed, (2) equilibrium is
reached. Moreover, the thermodynamic constants,H and
Kow, govern the equilibrium concentrations of the analyte
between coating, sample and headspace phases, but the
kinetic aspect of partition processes is not taken into account.
Experimentally, sorption of DBT and TBT is upper than
sorption of MBT whatever be extraction conditions. The
results obtained when sampling at atmospheric pressure
indicate that DBT is better extracted than TBT under both
magnetic and mechanical stirrings with the exception of
5 min extraction time. The ratio of DBT to TBT sorbed onto
the coating as predicted by Eq.(3) equals 0.57. Using experi-
mental corresponding peak areas for each sampling time, we
find a ratio DBT/TBT of 1.4± 0.1 which is constant under
magnetic or mechanical stirring (with the exception of 5 min
mechanical agitation sampling which gives a ratio of 0.8).
This value is very close to the ratio of estimated Henry’s con-
stants, i.e.H(DBTEt2)/H(TBTEt) = 1.2, which could indicate
that: (1) under atmospheric pressure, extraction of DBTEt2
and TBTEt is mainly limited by their distribution between
aqueous and headspace phases and; (2) this distribution is
similarly modified for ethylated DBT and TBT with the two
types of agitation. These hypotheses are supported by exper-
i ng. In
t r
t the
p uced
p , Eq.
( of
d nd
u never
e tion.
A ltin
i ssure
a peri-
m of
T ii) to
t

r at-
m ltins,
t pling
u ssure
c n
o ret-
i s
t PME
s near
t ore
p inetic
m
d qui-
l
c unds

should then take longer times to achieve equilibrium than
butyl compounds. The evolution of butyl/phenyl homologues
ratios, reported inTable 4, indicates that the amount of an-
alyte extracted is increased when sampling under reduced
pressure even if equilibrium is not reached. Therefore HS
SPME under reduced pressure has potential for the analysis
of semivolatile organotins compounds.

5. Conclusion

The use of an elliptical table and/or a reduced pressure can
enhance the ability of weakly volatile organotin compounds
to partition into the headspace, resulting in considerable
improvement of HS-SPME procedure. For phenyltin com-
pounds, detection limits are lowered so far as eight-fold, in
half the time compared with classical sampling, i.e. magnetic
stirring and atmospheric pressure. Sampling with mechani-
cal stirring alone results in decreasing detection limits up to a
factor 2.5 compared to magnetical agitation, with still shorter
extraction time (20 instead of 30 min). Considering the series
of butyltin compounds, the HS-SPME improvement arising
from these alternative sampling conditions, is mainly based
on a saving of time holding satisfactory detection limits of
classical sampling. As it has been already discussed by sev-
e ting
f tor
o b to
i

and
r tions
c able
a tyl-
a rter
e

R

ent:

95)

36

hro-

hem.

togr.
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[ on,
mental results obtained under reduced pressure sampli
hat case the ratio DBT/TBT = 1.17± 0.08, is coming close
o Henry’s constants ratio of 1.2, that could be due to
rogress of analytes partition to the headspace in red
ressure conditions. When considering phenyltin series
3) predicts a similar order of magnitude for extraction
i- and tri-phenyltins at equilibrium. Experimentally a
nder atmospheric pressure sampling, the TPhT signal
xceeds those of MPhT and DPhT whatever be the agita
upper signal of triphenyltin compared to monopheny

s observed only when sampling under reduced pre
nd extraction times longer than 30 min. These ex
ental observations are indicative of the slow kinetic
PhT partition processes (i) to the headspace and (

he coating.
To evaluate the effect of sampling under reduced o

ospheric pressure, on homologous butyl- and pheny
heir peak areas ratios were calculated at 60 min sam
nder both pressure conditions. For each sampling pre
ondition, the values, reported inTable 4, represent the mea
btained with both agitations. Their comparison with theo

cal equilibrium ratios, i.e. calculated fromnf values, show
hat butyl/phenyl homologues ratios decrease when S
ampling is realised under reduced pressure, drawing
o equilibrium expected ratios. This tendency is all the m
ronounced as substitution degree is increasing. The k
odel developed by Zhang and Pawliszyn[24] to study the
iffusion process involved in HS SPME predicts longer e

ibration times for analytes with the sameKow and smallerH
onstant. For butyl/phenyl homologues, phenyl compo
ral authors, organotin signals (mainly butyltins) origina
rom NaBEt4 reagent are actually the main limiting fac
f the procedure. Work is actually in progress in our la

mprove the quality of commercial reagents.
Finally, HS SPME under mechanical agitation

educed pressure implies some technical modifica
ompared to traditional sampling but represents a valu
pproach for the simultaneous determination of bu
nd phenyltins, including higher sensitivities and sho
xtraction time.
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