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Abstract Because of their high toxicity and widespread
distribution, the reliable selective quantification of alkyl
and aryl species containing mercury, tin, or lead has been
one of the goals of speciation analysis in recent years.
Since becoming commercially available, GC-MIP-AED
has been one of the most-used tools in this work. In this
paper, the value and limitations of GC-MIP-AED for the
speciation of Hg, Sn, and Pb compounds in environmental
samples are reviewed and compared with the analytical
characteristics of other hyphenated GC-based techniques.
Because quantification of Hg, Sn, and Pb species by GC
techniques normally requires complex sample preparation
involving several steps, the effect of sample-preparation
methods on the accuracy and precision of the results is
discussed. Finally, we describe the current status of a
rapid, low-cost GC-MIP-PED system specifically de-
signed for routine quantification of Hg, Sn, and Pb species
in environmental control laboratories.

Keywords Speciation - Mercury - Tin - Lead - Gas
chromatography—microwave-induced plasma—atomic
emission

Introduction

Speciation analysis is the separation and quantification of
identifiable chemical species containing a particular ele-
ment [1]. Its am is to determine the distribution of the
element among the different chemical speciesin asample.
Few of the instrumental methods available for elemental
analysis have sufficient selectivity for direct quantifica-
tion of individual metal-containing species. Spectroscopic
techniques are very sensitive but usually determine only
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the total amount of metal in the sample, and they must be
combined with a separation technique before individual
species can be quantified [2, 3]. Speciation analysis, there-
fore, normally relies on hyphenated techniques.

In this review we concentrate on what, with the excep-
tion of GC-MS, has probably been the most successful
commercially marketed GC-based hyphenated technique,
the combination of GC with detection of atomic emission
stimulated by use of a microwave-induced helium plasma
(GC-MIP-AED).

Because microwave-induced helium plasmas (MIP)
are formed at lower temperatures than inductively cou-
pled argon plasmas (ICP), liquid samples cannot be intro-
duced into them, because they are extinguished by even
small amounts of organic vapor. When MIP-AES is com-
bined with GC it is, therefore, necessary to vent the GC
solvent front before it arrives at the discharge tube. When
this problem had been solved, GC-MIP-AED proved to
have several advantages over GC-ICP-AED. The most
important are, perhaps, the higher electron temperature
and ionization energy of MIP, which enable quantification
not only of metals but also of semi-metals, and even of
other organic compounds containing elements with high
ionization potentials (fluorine, chlorine, etc.) [4, 5, 6].
Other advantages of MIP are the small dead volume of the
discharge tube, the compatibility of the plasma with the
low carrier gas flows used in capillary GC columns, and
the consumption of less gas than |CP. AES detection of el-
ements excited by an MIP is, furthermore, both very se-
lective and often (e.g. for selenium and for most elements
with atomic masses lower than 40) less subject to interfer-
ence than the more sensitive ICP-M S system [3, 7]. There
is no doubt that these properties that were responsible for
the worldwide commercial success of the GC-MIP-AED
system marketed by Hewlett—Packard at the end of the
nineteen-eighties.

One of the most important environmental applications
of GC-MIP-AED isthe quantification of alkylmetal species
of low molecular-weight. These species are highly toxic at
low concentrations and are easily bioaccumulated; some
are regarded as endocrine system disrupters. In environ-
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Table 1 Summary of GC-AES methods for the determination of inorganic mercury and organomercury species in various sample

matrices
Species;, sample  Sample preparation LOD CRM used Determination Date Ref.
matrix technique
MeHg; fish Alkaline digestion 0.4pgMeHgas CRM 464, GC-MIP-AED 2000 [38]
tissue (KOH-M eOH)+derivatization Hg DORM-2
(HCI-CH,Cl,~NaBPh,)
MeHg, EtHg; (1) Ethylation (NaBEt,) (1) 0.04 pg - GC-MIP-AED 2000 [24]
standard agueous MeHg as Hg
solutions (2) Phenylation (NaBPh,) (2) 0.02 pg GC-AFS
MeHg as Hg
(2) 0.03 pg GC-MS
EtHg as Hg
MeHg, ng*; (1) Derivatization (Grignard reagent)  0.1ng g™ IAEA 356, GC-MIP-AED 2000 [31]
soil, sediment (2) CH,CI, extraction+ethylation MeHg CRM 580,
(NaBEt,)+Tenax collection PACS-1
MeHg, EtHg, Derivatization (Grignard reagent) 0.2 pg MeHg DORM-2, GC—f-HC-GD-AED 2000 [23]
Hg?"; dogfish and EtH,0.3pg DOLT-2
tissue Hg*
MeHg; tunafish, MAE (HAc)+phenylation (NaBPh,) 0.04 pg MeHg CRM 463, GC-MIP-AED 2000 [43]
cockle, mussel, asHg CRM 464,
dogfish DORM-2
MeZHg, MeHg, (1) Ethylation (NaBEt,) <lnglL™ - PTI-GC-MIP-AED 1999 [49]
Hg™"; water, soil, (2) Hydride generation
sediment (NaBH,)+preconcentration on
Chromosorb and thermal desorption
Me,Hg, Et,Hg, (1) Direct SPME (1) 144pgmL* - GC-MIP-AED 1999 [34]
Ph,Hg; water, Me,Hg as Hg,
soil, sediment 30 pg mL™
Et,Hg as Hg
(2) HS-SPME (2) 30 pg mL™*
Me,Hg as Hg,
25 pg mL™
Et,Hg asHg
MeHg, EtHg, Acid hydrolysis 1.3ngmL™ DORM-2, GC—rf-GD-AED, 1998 [22]
Hg*"; fishtissue  (HCI)+DDTC+derivatization MeHg and DOLT-2 GC—-dc-GD-AED
(Grignard reagent) EtHg, 3.0 ng
mL~* Hg*
MeHg, Me,Hg, Derivatization (Grignard reagent) (1) 0.5-(2) - (1) GC-FAPES 1998 [21]
Hg*"; natural gas 2.1 pg Me,Hg
condensate (1) 09-(2 (2) GC-MIP-AED
4.1 pg MeHg
@ 17-2
4.1 pg Hg*
MeHg; grain, Acid hydrolysis (HCI)+Celite 545 0.24 pg as Hg - GC-AED 1998 [54]
cereal products,  column+CH,CI, elution+Kuderna
fruit, vegetables  Danish concentrator+stannic
chloride-MeOH
MeHg; fish Alkaline digestion 5 pg MeHg - PTI-GC-MIP-AED 1998 [39]
(KOH-M eOH)+ethylation
(NaBEt,)+Carbotrap column
MeHg; fish MAE (TMAH)+(1) ethylation (1)3pgg? CRM 464 PTI-GC-MIP-AED 1997 [41]
(NaBEt,) MeHg
MAE (TMAH)+(2) hydride (2) 125pgg™
generation (NaBH,) MeHg
MeHg, Hg™"; TMAH digestion+ethylation 7 pg MeHg, DOLT-2, PTI-GC-FAPES 1997 [44]
fish tissues (NaBEt,)+Tenax-TA column+thermal 1 pg Hg* TORT-2,
desorption DORM-2
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Tablel (continued)

Species; sample  Sample preparation LOD CRM used Determination Date Ref.
matrix technique
MeHg, Hg*"; Ethylation (NaBEt,) 6 pg MeHg, - PTI-GC-MIP-AED 1996 [71]
water 20 pg Hg*"
MeHg; sediment (1) SFE (2) distillation (KCI-H,SO,) 0.1ngg™ PACS-1 GC-MIP-AED 1996 [29]
MeHg; marine Extraction (Cu powder+CuSO,)+ - DORM-2, GC-MIP-AED 1996 [32]
tissues K Br+toluene TORT-1,
DOLT-2,
IAEA 350
MeHg, Me,Hg, (1) On-line amalgamation (1)0.24pgL™ - GC-MIP-AED 1996 [33]
Hg?; natural gas trap+derivatization (Grignard reagent) Me,Hg,
condensate 056 pgL™
MeHg and Hg**
(2) HS-SPME+derivatization (22pgL™
(Grignard reagent) MeHg,
3pg L™ MeHg,
2.3pg Lt Hg*
MeHg, EtHg; Extraction (Cu powder+CuSO,)+ 0.8 pg MeHg TORT-1, GPC-GC-MIP-AED 1996 [30]
marine tissues, K Br+toluene asHg DOLT-2,
sediment IAEA 350,
DORM-2....
MeHg, EtHg, SPE (DTC- resin)+acid thiourea 0.4 pg MeHg, - GC-MIP-AED 1995 [47]
Hg®*; seawater  elution+derivatization (Grignard EtHg and Hg*
reagent)
MeHg, Hg*"; SPE (DTC- resin)+acid thiourea 0.04ng MeHg, - GC-MIP-AED 1995 [46]
natural water elution+derivatization (Grignard 0.28 ng Hg*
rich in humic reagent)
substances
MeHg, EtHg, Sulfhydryl cotton microcolumn+HCI 2ng MeHg - GC-MIP-AED 1995 [53]
Hg?"; water elution+phenylation (NaBPh,) and EtHg,
3.2ng Hg*
MeHg, EtHg, Direct agueous phase phenylation - - GC-MIP-AED 1995 [36]
PhHg, Hg*"; (NaBPh,)
biological tissues
MeHg; fishand (1) Alkaline digestion (NaOH-NaCl) Fromlow ngg™ DOLT-2, GC-MIP-AED 1994 [40]
other biological  (2) Acid leaching (HCI-NaCl,)+ topgg™ TORT-2,
tissues derivatization (Grignard reagent) CRM 464,
CRM 463,
IAEA-MA
B3/TM
MeHg; fish, Acid hydrolysis (HCl)+cysteine 1.2 pg MeHg DORM-1 GC-MIP-AED, 1994 [20]
biological acetate aqueous sol ution+toluene GC-ECD
tissues, sediment
MeHg, EtHg, DTC-resin+elution with thiourea 0.025ngMeHg - Closed flow injection- 1993 [45]
Hg*"; natural solution+derivatization (Grignard and EtHg, GC-MIP-AED
water reagent) 0.075 ng Hg*
MeHg; Tenax column+thermal elution into 3 pg MeHg - GC-ICP-AED 1992 [19]
atmospheric benzene+concentration with a asHg
samples nitrogen gas flow
MeHg, EtHg; Acid leaching 0.8pgMeHgas IAEA-MA GC-ECD, GC-MIP* 1991 [37]
fish (HCI-NaCl,)+derivatization Hg, 1.3pg EtHg B3/TM
(Grignard reagent) asHg
MeHg; fish (1) Acid hydrolysis (HCl)+cysteine 3ng/8 pL - GC-ECD, GC-DCP 1987 [18]
acetate aqueous solution+Kuderna MeHg AED

Danish concentrator

(2) Extraction with diethyl ether—light
petroleum+Kuderna Danish
concentration
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Species, sample  Sample preparation LOD CRM used Determination Date Ref.
matrix technique

MeHg, Me,Hg; Acid hydrolysis (HBr—HI)+benzene 2 pgMe,Hg, - GC-ECD, GC-MIP? 1975 [28]
water, fish 0.5 pg MeHg

Organic Hg; Acid hydrolysis 0.1ng MeHgCI - GC-MIP? 1971 [27]
salmon (HCI)+HgCl,+Benzene+clean-up

with thiosulphate

#Non-commercia microwave-induced plasma

mental samplesthey are normally present in polar species,
making their conversion to compounds that are less polar
and thermally stable a pre-requisite for gas chromato-
graphic separation [7]. CG-MIP-AED is one of the best
and most frequently used techniques for quantification of
the resulting derivatives.

This paper reviews the application of CG-MIP-AED
to the speciation of alkyl species containing mercury, tin,
and lead in environmental samples — mainly water, sedi-
ments, and biological tissues. The scope and limitations of
the technique are discussed, and its analytical perfor-
mance is compared with that of other hyphenated tech-
niques used in species analysis, including GC-AED sys-
tems with other plasma sources. Particular attention is
given to sample preparation procedures and derivatization
methods, because of their great influence on the precision
and accuracy of the analytical results.

Speciation of mercury species

The biogeochemistry and the health effects of mercury
(Hg) have received considerable attention because of the
toxicity of methylmercury (MeHg) and dimethylmercury
(Me,Hg), the accumulation of Hg in biota, and its bio-
magnification in aquatic food chains[8, 9]. Knowledge of
the concentration, transport, and dynamics of MeHg and
other organomercury compounds in aquatic ecosystems
is, therefore, needed to enable prediction of the potential
impact on human and aguatic life [8, 10].

In the nineteen-eighties it became clear that GC with
€lectron-capture detection (ECD) had poor selectivity for
organomercury species and often required elaborate, time-
consuming clean-up procedures before sample injection;
a simpler, more specific technique was required [11, 12].
Although early GC-MIP-AED systems had many draw-
backs (see below, Comparison of plasma sources and de-
tection techniques), the commercial MIP-AED instru-
ment has many advantages over these earlier designs, par-
ticularly with regard to venting of the solvent to protect
the plasma, plasma stability, background correction, and
convenience of data handling. The use of a high-perfor-
mance monochromator with a photodiode-array spectro-
photometer as detector also improves sensitivity [13] (at-
mospheric-pressure MIP are more sensitive and signifi-
cantly more selective than low-pressure MIP for mercury;
to obtain maximum sensitivity for mercury with a low-

pressure MIP, hydrogen should be used as scavenger gas
[14].) Table 1 lists studies of the application of GC—
MIP-AED, and of some other GC methods, to the deter-
mination of Hg species in a variety of sample matrices.
Note that in each example the table specifies the certified
reference materials (CRM) used; in species analysis, asin
other areas of analytical chemistry, the use of CRM is es-
sential for good quality control and traceability [15, 16].

Although packed columns are sometimes useful, capil-
lary columns are generally essential for complex environ-
mental samples [17]. Because of its flexibility, ease of
use, inertness, and ability to retain a variety of coatings,
fused silicaisthe preferred material for capillary columns,
its inertness being especially important in the determina-
tion of chemically active compounds such as organomer-
cury compounds [14].

Plasma sources and detection systems

Early GC-MIP-AED systems had serious drawbacks —
intolerance of large volumes of injected sample, plasma
instability, poor reproducibility, poor precision, and in-
ability to run unattended for long periods of time [18]. Be-
cause of this, at that time Panaro et a. developed asimple,
inexpensive GC-AED method using a direct current
plasma (DCP) [18]; an isothermal packed-column GC
system dedicated to the DCP generator enabled routine
qualitative and quantitative determination of organomer-
cury species in complex food samples (when used to de-
termine MeHg in fish, the sample was subjected to an ex-
traction procedure based on the method of Hight and
coworkers[11, 12] and included concentration by use of a
Kuderna-Danish apparatus). Being element-selective, DCP-
AED eliminated interferences and thus enabled more ac-
curate determination of MeHg than ECD.

MIP-AED is very sensitive for volatile species con-
taining metals but, as noted above, the introduction of sol-
vent into the plasma quenches the discharge, making it
necessary either to vent the solvent vapor before it enters
the cavity or to ignite the plasma only after the solvent has
passed through the cavity. An ICP can, on the other hand,
be maintained in the presence of an organic solvent. Kato
et a. combined GC with an axialy viewed inductively
coupled plasma (AXV-ICP) and AED [19]; air samples
were collected in a Tenax column and eluted with ben-
zene. AXV performed better than conventional side view-
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ing —in particular, the LOD for alkylmercury compounds
in the atmosphere was 20 times lower with the axid
method.

After an acid-hydrolysis extraction procedure, CG-MIP—
AED enables accurate quantification of MeHg in unclean
marine samples and samples with a high fat content (e.g.
mussels), which pose serious resolution problems for GC—
ECD systems [20].

Frech et al. compared MIP-AED and furnace-atomiza-
tion plasma-excitation spectrometry (FAPES) as detection
systems for use with high-resolution GC [21]. The test an-
alytes were the mercury species in a natural gas conden-
sate, which had been derivatized by use of butylmagne-
sium chloride in tetrahydrofuran. Better LOD were achieved
with FAPES, and MIP-AED measurement of Me,Hg was,
in fact, impossible, because the plasma could not with-
stand loading with hydrocarbon solvents. Although base-
line disturbances occurred with both sources during sam-
ple elution, in FAPES they resulted from changes in back-
ground emission, a problem that could be ameliorated by
means of a suitable background correction system,
whereas in MIP-AED they were because the plasma lost
excitation capability, a problem little can be done to solve.

Recently, the analytical potential of capillary GC with
radiofrequency (rf) and direct current (dc) glow dis
charges (GD) and AED has been investigated for quantifi-
cation of low levels of MeHg, ethylmercury (EtHg) and
inorganic mercury (Hg?") in fish tissues [22]. Both
dc-GD-AED and rf-GD-AED performed at a level similar
to that of more common AED methods. GC-GD-AED
enabled accurate determination of the Hg species without
the need to resort to standard addition techniques. When a
hollow-cathode was used to increase emission intensities,
optimization of discharge conditions (pressure, He flow
rate, rf power) afforded LOD that were 5-10 times better
than those obtained by use of flat-cathode GD-AED and
were also lower than those obtained with MIP-AED [23].
The hollow-cathode GD-AED system had alow construc-
tion cost and consumed 10-20 times less He than MIP-
AED.

The performance indices of GC in combination with
MIP-AES, mass spectrometry (MS), or atomic fluorescence
spectrometry (AFS) have been evaluated for quantifica-
tion of MeHg and EtHg after aqueous derivatization with
sodium tetraethylborate and sodium tetraphenylborate
[24]. Both GC-AFS and GC-MIP-AED had broad linear
ranges, although the AFS sensitivity setting had to be ad-
justed for each particular sample on the basis of its Hg
concentration. Phenylation seemed to be the better deriva-
tization method, because it distinguished better between
EtHg and Hg?* and was less expensive than ethylation. It
was concluded that although GC-MS is, perhaps, the
most important technique for identification and confirma-
tion, it is unlikely to provide the sensitivity required for
determination of Hg in most environmental samples.

Sample pretreatment for mercury speciation
with GC-MIP-AED

Extraction

The first extraction method developed specifically for
quantification of mercury speciesinvolved the leaching of
Hg compounds from the sample using hydrochloric acid
[25, 26]. Since the nineteen-seventies this method has
been used to prepare fish samples for the determination of
several organic mercury salts by GC-MIP-AED [27, 28]
(Talmi’s paper [28] describes a procedure that makes the
clean-up step of the West66 method unnecessary.) The to-
tal analysistime for MeHg in fish isless than 15 min, and
more than 30 benzene extracts can be analyzed per hour.
As mentioned above, a modified acid hydrolysis proce-
dure has al so been applied to marine samples before quan-
tification of MeHg by CG-MIP-AED [20].

Supercritical-fluid extraction (SFE) has been used to
isolate MeHg from sediments before quantification by
CG-MIP-AED [29]. SFE isfast and reliable, and is more
sparing of solvents, labor and chemicals than other cur-
rently used methods such as steam distillation (the refer-
ence method in the study given in Ref. [29]).

Acid leaching procedures have been applied to both
marine tissues and sediments [30, 31]. Interfering sulfur-
containing species can be removed during sample extrac-
tion with copper powder, the extracts subsequently being
themselves extracted with toluene after acidification with
potassium bromide solution [30, 32]. High molecular-
weight pigments and lipids can be removed from the ex-
tracts by preparative gel-permeation chromatography
(GPC) before GC analysis [30].

Few studies have used solid-phase microextraction
(SPME) to prepare samples for quantification of Hg species
by GC-MIP-AED [33, 34]. SPME extracts volatile or
semivolatile organic compounds directly from an agueous
or gaseous sample passed through a capillary or over a
fused-silica fiber coated with an appropriate stationary
phase. In combination with headspace sampling (HS),
SPME has proved suitable for extraction of Me,Hg and
diethylmercury (Et,Hg) in the analysis of agueous and
soil samples. It is aso possible to use direct SPME for
less volatile organomercury compounds in aqueous sam-
ples[34].

Derivatization

The derivatization of analytes before their determination
by GC with low-pressure or atmospheric-pressure MIP—
AED avoids capillary column passivation problems even
if no prior extraction stage is used [35]. Direct ethylation
or phenylation in an aqueous medium, and butylation with
a Grignard reagent, have been compared with regard to
their improvement of the multi-element determination of
several organomethylates in biological tissue [36]. The
addition of traces of a mixture of oxygen and hydrogen to
the plasma improves the shape of the chromatogram peaks



by removing carbon deposits and preventing the forma-
tion of refractory oxides. For samples for which there is
no information about the species present, derivatization
by at least two procedures is recommended.

Extraction and derivatization

Fish and marine samples. Combining derivatization with
extraction improves the chromatographic characteristics
of the speciesto be separated. For MeHg and EtHg in fish,
samples can be extracted with saturated sodium chloride
solution and HCI; after the extracts have been shaken vig-
orously with sodium diethyldithiocarbamate (DDTC) and
toluene, the toluene phase can be derivatized with butyl-
magnesium chloride in tetrahydrofuran (THF) [37]. Col-
umn efficiency, detection limits, and resolution of MeHg
and EtHg are better in capillary GC-MIP-AED than
packed column GC—ECD.

Alkaline digestion with KOH-methanol is an obvious
alternative to acid treatment before extraction of Hg com-
pounds with dichloromethane then phenylation [38] or
ethylation [39]. When used to isolate MeHg from fish
samples, alkaline digestion has been found to eliminate
interferences with the derivatization reaction before GC—
MIP-AED determination [38, 39]. International intercali-
bration studies of the simultaneous determination of
MeHg and Hg?" from reference and candidate reference
materials by CG-MIP-AED after acid leaching or alka-
line digestion and subsequent derivatization revealed very
large differences between the extraction efficiencies of
different sample work-up procedures. Artifact formation,
detector selectivity, chromatographic performance, and
the stability of Hg compounds are discussed on the basis
of their results [40].

Microwave-assisted extraction (MAE) is a well ac-
cepted technique in elemental trace analysis and has aso
been used for quantification of organometallic compounds.
Under the usua conditions (high applied energy, high
pressures, and high temperatures) most compounds are
destroyed and all speciation information is lost [41], but
when performed under milder conditions in a closed sys-
tem with sophisticated pressure and temperature control it
achieves successful extraction of organomercury com-
pounds [42]. Alternatively, an open system using focused
microwaves has also been successfully applied to the di-
gestion of fish samples before Hg species analysis by
GC-MIP-AED [41]. Digestion of fish tissues with tetra-
methylammonium hydroxide (TMAH) is quick and sim-
ple, and losses of volatile analytes as aresult of heating by
the microwave field are reasonably low and reproducible.
Two different derivatization and injection procedures
have been examined (ethylation, extraction into hexane,
and injection with a cooled injection system; and hydride
generation with sodium tetrahydroborate then purge-and-
trap injection (PTI)).

For determination of MeHg with the closed-vessel sys-
tem the extraction and derivatization conditions have been
optimized by use of afactorial experimenta design [43].
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Combination of MAE with a suitable derivatization pro-
cedure avoids the need for previous column treatment
with inorganic salts before GC-MIP-AED, and also re-
duces solvent volume and analysis time.

PTI has also been used in other studies of the applica-
tion of GC-MIP-AED [41] or GC-FAPES [44] to quan-
tification of MeHg and Hg?* in biological tissues. In the
latter technique samples were solubilized with TMAH
and the ionic species were purged from aqueous solution
after ethylation; the species were then preconcentrated on
Tenax-TA and thermally desorbed on to an isothermal GC
column.

Water samples. In the quantification of Hg compounds in
water samples, low concentration is without doubt the
most serious problem; occasionally very large sample vol-
umes must be processed. The method developed by Emte-
borg et al. [45] for simultaneous determination of mercury
species in natural waters involves large sample volumes,
preconcentration on a dithiocarbamate (DTC) resin-loaded
microcolumn, extraction of the eluted species into toluene,
and derivatization with a Grignard reagent; these deriva-
tives are separated and quantified by GC-MIP-AED. One
disadvantage of the method is that the preconcentration
step fails in the presence of high concentrations of humic
substances. To solve this problem a batch method has
been developed [46] — Hg species enrichment is per-
formed by adding purified DTC resin directly to the water
sample. The accuracy of this method has been assessed, in
part, by means of interlaboratory comparison with results
from GC-AFS, and the ability of the columns to retain
alkyl-Hg and Hg?* compounds has been studied [47]. In a
later variant, large volumes of the sample areinjected in a
packed-column GC system connected to a capillary GC
system coupled to a MIP-AED device [48]. In this way
the Hg species are focused before separation in the ana-
Iytical column; this minimizes the risk of the plasma be-
ing extinguished by excess solvent. This variant has been
applied to the determination of Hg species in river water.

In another study [49] Hg species were either ethylated
or were converted to hydride with NaBH,, stripped from
solution with He, pre-concentrated on Chromosorb at
room temperature or —160°C, released from the adsorbent
by thermal desorption, and quantified by PTI-GC-MIP-
AED. Both these procedures were designed for analysis
of soil and sediments and water.

Because of problems associated with the production of
natural materials and the stability of Hg compounds in
agueous media, very few reliable reference materias are
available for the quantification of mercury compounds in
natural waters [50, 51]. Because of this the possibility of
storage on a solid support has been studied [52]. The sta-
bility of Hg species from natural waters immobilized on
sulfhydryl cotton fibers (SCF) was examined by elution
into HCI solution, derivatization with NaBPh,, and deter-
mination by GC-MIP-AED [53].

Gaseous samples. Hg species present in natural gas con-
densate have been extracted for determination by GC—
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MIP-AED using an on-line amalgamation trap [33]. The
Hg compounds can be collected from the column eluate
within a specific time window and subsequently passed to
the plasma as Hg vapor in a flow of pure helium. Use of
the amalgamation trap improves the determination of
mercury species in two ways. First, by separating analyte
material from the matrix before detection it enables the in-
troduction of samples containing large amounts of carbon
compounds without any need to use split injectors or di-
luted or smaller sample masses to preserve chromato-
graphic resolution and detector efficiency. Second, use of
the trap enables the addition of standards directly after the
gas chromatograph by injecting samples of air saturated
with mercury vapor; this procedure enables independent
calibration for standards separated by the chromatograph.
Results obtained by use of the trap were compared with
data obtained by HS-SPME and liquid sample injection
followed by direct measurement of the column eluate.
SPME might be a simple and useful alternative method
for the determination of derivatized polar Hg species [33].

Soil samples. In addition to the method mentioned above
in the section Water samples [49], extraction with di-
chloromethane then in situ ethylation and collection of the
species on Tenax has been used for determination of
MeHg in forest soils by GC-MIP-AED [31].

Food samples. Historically, Hg in food products other
than seafood was not subjected to species analysis be-
cause of the lack of adequate methodology. The high
specificity and selectivity of GC-MIP-AED, and the min-
imum analyte isolation required by this method (irrelevant
matrix components being transparent to the detector)
have, however, enabled its use for the determination of
MeHg in thirty-two samples of grains, cereal products,
fruits, and vegetables [54]. After acid hydrolysiswith HCI
the resulting chlorinated species were eluted from a Celite
545 sample homogenate column with dichloromethane,
the eluate was treated with stannic chloride, and the ana-
lyte was isolated from co-extracted materials by use of a
wide-bore capillary column for GC-MIP-AED.

Speciation of tin compounds

Organotin compounds found in environmental samples
(water, sediments, particulate matter and living organ-
isms) have both anthropogenic and natural origins. The
most important anthropogenic compounds are butyl- and
phenyltin species. Tributyltin (TBT), used mainly as an
antifouling compound in paints, is highly toxic to both
target and non-target marine organisms, and has recently
been included in the list of endocrine system disrupters
[55]. Diakyltins with butyl and octyl groups are used as
polymer stabilizers in, for example, PVC pipes, from
which they can be released into water [56], or even into
air, in fires or during processing of plastic materials at
high temperature [57]. Dibutyltin (DBT) and mono-
butyltin (MBT) can also be generated in the environment

by degradation of TBT. Triphenyltin (TPhT), although
also used as an antifouling agent in paints, is mainly em-
ployed as a fungicide and biocide in agriculture [58]. Nat-
ural degradation of TPhT to diphenyltin (DPhT) and mono-
phenyltin (MPhT) is well documented. Nowadays, use of
al these compounds (especially TBT) is restricted, but
they are still present in marine environments (mainly in
sediments, from which they are slowly released into the
aguatic environment). Naturally occurring organotin com-
pounds are mainly biomethylated species generated from
inorganic tin (Sn**) in sediments and estuarine environ-
ments. Natural methylation of butyltin compounds has
also been reported [59].

The toxicity of organotin compounds depends on the
number and kind of organic groups bound to the Sn atom.
Species analysis is therefore essential for understanding
the biological effects and environmental impact of these
compounds. Accurate identification and quantification of
tin species in environmental samples needs reliable ana-
lytical methods based on the combination of adequate
sample preparation procedures with selective, sensitive
analytical techniques. Most viable methods are based on a
separation step followed by quantification, by use of an
appropriate detector. Gas chromatographic separation is
more widely used than HPLC because of the higher re-
solving power of GC columns, the smaller requirement for
hazardous solvents, and the availability of detectors that
are more sensitive and more selective. Among these tech-
niques, GC-MIP-AED has been one of the most widely
used in the past 10 years.

Experimental conditions and analytical features
of GC-MIP-AED

Optimization of MIP-AED conditions for the analysis of
organotin compounds was first performed by Lobinski et
a. [60], and later by several others (Table 2). Although
there are small differences among the measurement con-
ditions used in these studies, there is general agreement
that a helium make-up flow rate higher than 200 mL min-!
is necessary to prevent the interaction of tin compounds
with the quartz discharge tube and to achieve maximum
sensitivity. The presence of oxygen in the helium plasma
was also found to be necessary to prevent deposition of
carbon on the walls of the discharge tube, even though
oxygen leads to the formation of refractory tin oxides and
a consequent decrease in the emission signal. The nega-
tive effect of oxygen can be compensated by addition of
hydrogen to the plasma gas; hydrogen probably produces
very volatile hydrides that are easily atomized and ex-
cited, thereby reducing the detection limit of the tech-
nique [61, 62].

Although some authors claim absolute detection limits
<0.2 pg of tin [60, 63, 64, 65], most authors have reported
values between 0.5 and 5 pg. Slight variations in the he-
lium make-up flow and reagent gas pressure are probably
largely responsible for these small differences. With re-
gard to the effect of the emission line selected, Tutschku
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Table2 Optimum MIP-AED

i _ Emission He make-up H, pressure O, pressure ADL Ref.
ton limits Goralinoise-d) for e @M (mLmim)  (Kpa (Kp (b S0
organotin compounds 270.651 220 448 207 1-5 (69, 145, 146]
303.419 240 400 160 ca2-5 [61]
303.419 270 345 152 ca2-3 [99]
270.651 240 414 138 05 [100]
326.23 240 200 200 0.8 [62]
- 150 450 150 2-4 [67]
303.419 200 - - 5 [147]
303.419 240 345 138 0.05 [60]
_ Not available 303.419 240 345 138 0.15 (64, 65]

et a. [62] obtained lower detection limits at 326.23 nm
than with the more usual 270.651 and 303.419 nm lines.
Table 2 summarizes MIP-AED conditions and detection
limits for organotin compounds.

Table 3 lists the detection limits achieved by GC-based
systems other than GC-MIP-AED for quantification of
organotin compounds. Those achieved by GC-MIP-AED
are similar to those of the best GC-FPD instruments and
of GC-MS systems with a quadrupole mass analyzer op-
erating in SIM mode (ion-trap mass analyzers are a valu-
able alternative to high-sensitivity scanning, and have de-
tection limits similar to those of quadrupole instruments
in SIM mode) [66]. In GC-MIP-AED, however, all
organotin compounds are quantified under identical con-
ditions, whereas with quadrupole SIM M 'S detection sev-
eral different masses must be monitored [67]. The combi-
nation of gas chromatography with AAS is less sensitive
for tin compounds than GC-MIP-AED, because of the
high atomization temperatures of tin and the possible for-
mation of refractory oxides [63]. Detection limits one or
two orders of magnitude lower than those of CG-MIP-
AED have only been achieved with customer developed
combinations of gas chromatography with ICP-M S detec-
tion.

Table 3 Absolute detection limits (S/N=3) for organotin com-
pounds achieved by gas chromatography systems other than
GC-MIP-AED

System Instrumental detection Ref.
limits (pg tin)

GC-FPD 3 [148]
0.2 [149]
2-4 [150]
0.2-0.5 [151]
0.3-18 [152]

GC-QF AAS 33-71 [63]
10-100 [153]

GC-MS 1-10 [66, 67]
158 [154]

GC—-ICP-MS 0.050 [155]
0.015-0.034 [156]
0.052-0.17 [112]
0.05-0.08 [157]

With regard to the linearity of response, several papers
have reported GC—-MIP-AED calibration curves that are
linear over the range 10 to 2500 ng tin mL-1, with corre-
lation coefficients >0.999 [68, 69]. The detection limits
noted above and the elemental selectivity of CG-MIP-
AED have made this technique the workhorse for quan-
tification of organotin compounds in environmental sam-
ples.

In the discussion below the possibilities and limitations
of GC-MIP-AED for the speciation of organotin com-
pounds in a variety of different matrices are discussed.
Some comments on sample-preparation and derivatization
strategies are also made.

Water samples

The levels of organotin compounds in polluted waters
(rivers, estuaries, harbors, shipyard areas, and tap water in
contact with certain polymeric materials) are below the
detection limits of GC-MIP-AED or any other gas chro-
matography-based technique used in organotin species
analysis. A concentration step is therefore necessary be-
fore analytical determination. In general, concentration
strategies are very similar for all gas chromatographic
techniques used in the speciation of tin, Table 4.

Classical approaches are based on the extraction of
organotin compounds (mainly butyl and phenyl com-
pounds) using a complexing agent (tropolone or sodium
diethyldithiocarbamate) in combination with avolatile or-
ganic solvent, followed by derivatization with a Grignard
reagent [60, 67]. A faster option is the use of NaBEt,, and
more recently NaBPr,, as derivatization agent (the latter
enables the investigation of ethyltin compounds in water
samples) [61, 64, 70]; in both reactions alkyl derivatives
are formed in the aqueous medium and extracted simulta-
neously into an organic solvent. NaBEt, has also been
used to derivatize polar organotin species previously re-
tained on a solid extraction cartridge [65].

Methyltin compounds can be ethylated in aqueous
samples using NaBEt,, and simultaneously extracted and
concentrated with a purge-and-trap device; these injectors
can use cryogenically cooled capillary traps [71] or solid
adsorbents operating at room temperature [49]. Polar butyl-
tin species can be converted by treatment with NaBH, into
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Table4 Summary of GC-MIP-AED procedures for the quantification of organotin compounds in water samples

Compounds Sample Extraction technique Derivatization Detection Ref.
volume reagent limits
(mL) (ng L)
Butyl and phenyltin 50 LLE (hexane) NaBEt, 0.1° [64]
Butyl and phenyltin 50 SPE, C18?2 NaBEt, 0.1b [65]
Butyl, methyl and diphenyltin 100-250 LLE (hexane-tropolone) EtMgBr 10-15 [147]
Butyl and methyltin 1500 LLE (pentane-NaDDTC) PeMgBr — [60]
Butyl and phenyltin 100 LLE (hexane) NaBEt, 17-33 [61]
Butyl and phenyltin 100 LLE (hexane) NaBPr, 3-12 [70]
Methyltin 10 P&T NaBEt, 0.15 [71]
Butyltin 4 Direct SPME (PDMS fibers) NaBEt, ca 20 [73]

aDerivatization of polar compounds on the stationary phase of the
adsorbent cartridge

volatile compounds that can be purged from water sam-
ples, an option that has normally involved the use of a
packed column coupled to a QF-AAS instrument [72]; as
far aswe are aware, analysis of butyltin compounds as hy-
drides by GC-MIP-AED has not been reported in the lit-
erature.

The possibility of direct derivatization in agueous sam-
ples enables the use of solid-phase microextraction
(SPME) as a concentration technique [73, 74, 75, 76].
Non-polar fibers are normally used (mainly with polydi-
methylsiloxane as stationary phase). The sampling step
can be performed directly in the agueous phase or in the
headspace over the sample. The latter procedure enables
faster equilibration between sample and fiber for volatile
and semivolatile compounds, and also more selective ex-
traction. Although methyl- and butyltin species are nor-
mally sampled at room temperature [77, 78], for less
volatile species such as phenyltin compounds better sensi-
tivity is achieved at high temperature [79].

Despite the high concentration factors achieved with
these techniques, and their low or at best medium selec-
tivity, GC-MIP-AED suffers from no interferences at tin
emission lines (271, 303 and 326 nm). Some problems
with blanks have, however, been reported. Szpunar et al.
[80], who used Grignard derivatization with pentylmagne-
sium bromide, observed organotin signals in blanks when
several microliters of the organic phase were introduced
into the chromatography column by use of aPTV injector.
Blanks with organotin signals have aso been detected
when NaBEt, was used as derivatization agent; possible
sources of this contamination are plastic holders, the
polypropylene body of SPE cartridges [65], and reagents
used in sample preparation, including the NaBEt, [81].
Szpunar et a. aso reported that the use of sodium di-
ethyldithiocarbamate (NaDDTC) as a complexing agent
and then Grignard derivatization of the organic extract led
to noisy baselines, probably because of reaction of the
Grignard reagent with decomposition products of NaDDTC
[80]. Stéb et al. [67] using GC-MS have identified MBT
and DBT, at levels of 5-12 ng L1, in blank chromato-
grams corresponding to the analysis of water. Finally,
Rosenberg et al. have reported variations of 30-40% in

bCalculated for an injection volume of 25 L, using a PTV injector
— Not available

the analysis of butyltin compounds at low concentrations
when using HS SPME with GC-MIP-AED [82]. Apart
from problems described by the authors in relation to the
SPME fiber surface, it is also possible that blank signals
are aso responsible for this lack of repeatability when
organotin compounds are analyzed at concentrations be-
low the pg L level.

Solid matrices

Sample preparation procedures for determination of organo-
tin compounds in solid matrices by gas chromatography
comprise several steps, the precise number of which de-
pends on the derivatization technique (Grignard reaction,
direct alkylation with sodium tetraalkylborates in aqueous
solution, or hydride generation) [83] and on whether a
clean-up step is needed, which in turn depends on the de-
rivatization technique (alkylborates normally lead to
cleaner extracts than Grignard reactions, which require
the use of complexing reagents such as tropolone [84]),
on the kind of sample, and above all on the selectivity of
the GC detector. For GC-MIP-AED systems, concentra-
tion of the final extracts from solid matrices is not nor-
mally necessary, because instrument sensitivity matches
target detection limits for environmental samples (approx.

1ngg™) [85].

Sediment samples

Because organotin compounds are not involved in miner-
alogical processes and bind only to the surface of sedi-
ments, complete dissolution of the matrix is not consid-
ered necessary. Acid leaching combined with mechanical
shaking [86] or sonication [77], and microwave-assisted
leaching [87, 88], are, therefore, the basic approaches used
to release organotin compounds from sediments. Leach-
ing can be achieved by use of dilute acids with complex-
ing agents (tropolone or sodium diethyldithiocarbamate)
dissolved in an organic solvent [84, 89], or using only
agueous or methanolic solutions of acetic or hydrochloric



acids [88]; normally the former choice is followed by
Grignard derivatization and the latter by direct alkylation
with NaBEt, or NaBPr,. Methods based on hydride gen-
eration have been shown to be poorly efficient for extracts
with high sulfur, hydrocarbon, or inorganic metal content,
and are therefore not advisable for sediment analysis[72].

The element selectivity of GC-MIP-AED makes it un-
necessary to perform the time-consuming desulfuration pro-
cedures described in the literature for the determination of
organotin species in sediments by GC-FPD [90, 91]. In gen-
era, no clean-up procedures are necessary with GC-MIP-
AED, athough Ceulemans et a. [89] have recommended
that if tropolone is used as complexing reagent the final or-
ganic extract should be passed over basic alumina, or ex-
cess tropolone can contaminate the head of the column.

The analytical characteristics (sensitivity and selectiv-
ity) of GC-MIP-AED are, in principle, good enough to
solve the detection step in the analysis of tin compounds
in sediments. Problems mainly arise in sample prepara-
tion [92] and in the limited number of reference materials
(currently only reference sediment material PACS-2, with
certified concentrations of MBT, DBT, and TBT, is com-
mercially available). As a consequence, validation of ana-
lytical procedures for phenyltin speciesis a difficult task.
Some of the problems related with the analysis of organo-
tin compounds (mainly MBT and phenyltin species) in
sediments are well known and clearly described in the lit-
erature. Few sample extraction procedures for MBT claim
quantitative yields, and recoveries are sometimes esti-
mated by use of spiked samples [84, 93]. In real polluted
sediments interaction of MBT with the matrix, which is
directly related to sample sulfur and organic carbon con-
tent [84], is probably even stronger than in the spiked
samples, and the extraction yield accordingly lower. Be-
cause of its structure and polarity, similar behavior is ex-
pected of MPhT. Another problem is encountered in the
extraction of phenyltin compounds — these species are
partially degraded by some leaching procedures designed
for butyltin compounds. Degradation is of special signifi-
cance when acid conditions are combined with high tem-
peratures. Despite their lability during sample prepara-
tion, however, surveys of phenyltin compounds, espe-
cially TPhT, in sediments are of environmental interest,
because of their toxicity and their persistence under the
anaerobic conditions obtaining in sediments [67].

Both problems (non-quantitative extraction and degra-
dation) could be compensated by use of isotope-labeled
organotin compounds as internal standards. If the label is
introduced in the tin atom [94] the excellent sensitivity
and multielemental capabilities of ICP-MS might justify
marketing an interface between GC and ICP-MS as a
complementary technique to GC-MIP-AED for organo-
tin speciation (and for volatile organometallic speciation
in general) [3]. A similar effect could be achieved with
13C or deuterated organotin standards; with these, deter-
mination can be achieved by use of conventiona quadru-
pole GC-MS [95], a technique available in most analyti-
cal chemistry laboratories which is sufficiently sensitive
for the analysis of organotin compounds in solid matrices.
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Some authors have found that GC-MIP-AED chro-
matograms for some sediment samples show not only
methyl-, butyl-, and phenyltin compounds but also peaks
corresponding to minor organotin species [96]. Identifica-
tion of these species is the first step towards understand-
ing their origin and environmental behavior. GC-MS is
currently the only hyphenated technique capable of pro-
viding information about their structures. Because the de-
tection limits of quadrupole mass analyzers, working in
scan mode, are till far above those achieved with MI1P—
AED, the use of ion-trap MS instruments is advisable
[66].

Biological tissues

Speciation of tin compounds in fish and other seafood tis-
sue has been studied for the past 15 years, since their neg-
ative effects on the reproduction of marine organisms
such as oysters and other mollusks were discovered [97,
98]. Nowadays, two reference materials are available —
NIES-11 (fish tissue from the National Institute for Envi-
ronment Studies, Japan) and BCR-477 (mussel tissue pre-
pared by the former BCR). The concentration of TBT in
the former is certified and an approximate level isaso in-
dicated for TPhT; the latter contains MBT, DBT, TBT,
MPhHT, and TPhT, at least, although only the concentra-
tions of MBT, DBT, and TBT are certified.

As for sediments, sample preparation is usually per-
formed in several steps, the first of which is sample di-
gestion. Because organotin compounds can be incorpo-
rated in tissues, complete sample decomposition is a pre-
requisite for quantitative extraction. Acid solutions (mainly
acetic acid and dilute hydrochloric acid), modified super-
critical CO,, and mixtures of lipase and protease have all
been used to release organotin compounds from biologi-
cal tissues, but highest yields seem to be achieved with
agueous TMAH solutions [99, 100, 101, 102, 103]. The
second step is derivatization and extraction of the organo-
tin derivatives into an organic solvent (except for hydride-
generation techniques, when cryogenic purge-and-trap de-
vices are used). Fast, integrated sample-preparation pro-
cedures have been described in which tissue digestion,
derivatization (ethylation), and extraction of the ethylated
derivatives into an organic solvent occur simultaneously
in only 3 min under the action of a microwave field [83].

The problems encountered in the sample preparation
step are similar to those reported for sediment samples:
sub-quantitative recovery and the degradation of phenyltin
compounds [101, 104]. TPhT seems to be more stable at
basic pH [79, 99] than in acid media [101], however,
which is another reason for preferring solubilization with
TMAH to acid leaching.

Irrespective of the digestion and derivatization agents
used, the final extracts from biological samples are col-
ored solutions containing large amounts of lipids. Clean-
up of the organic extract containing the derivatized organo-
tin species has therefore been recommended, to prevent
column deterioration and to eliminate baseline drift with
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Fig.1 GC-MIP-AED chromato-
grams obtained from a mussel-tissue
extract, with clean-up over alumina
(solid line) and without clean-up
(dotted line). Extraction was per-
formed as described elsewhere [99].
1. TPT (1S), 2. MPhT, 3. TPhT.

A. 248 nm carbon emission line.

B. 271 nm tin emission line
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increasing oven temperature when relatively poorly selec-
tive detectors such as scan-mode M S or FPD are used. Po-
lar adsorbents such as silica [100], alumina [80, 99] and
Florisil [105, 106] are used for this purpose. Szpunar et al.
have shown that with CG-MIP-AED a stable, flat base-
line is obtained even without clean-up, although they also
noted that the response to ethylated TPhT depended on
whether or not clean-up had been performed [80]. In our
laboratory we have had the same problem with the deter-
mination of TPhT in biological materials; the 248 nm car-
bon channel, monitored simultaneously with the 271 nm
tin line, shows a large, broad signa at the retention time
of TPhT (Fig.1). The speciesresponsible for this non-spe-
cific signa (probably lipids) might temporarily modify
the internal wall of the quartz discharge tube, causing loss
of sensitivity in tin emission signals.

Speciation of lead compounds

Organolead compounds are ubiquitous pollutants in air,
atmospheric aerosols, water, and sediments. Tetraa kyllead
species (TAL; mainly Et,Pb, Me,Pb, and MeEt, Ph),

4 6 8 70 2
Time (min}y

till used in some countries as anti-knocking additives in
gasoline [107], can penetrate the skin and biological
membranes and are readily absorbed via the lungs. The
toxicity of organolead compounds depends on the organic
groups bound to the lead atom — methylated species are
less toxic than the corresponding ethylated compounds,
but are more stable and volatile [108].

TAL enter the atmosphere via vehicle exhaust pipes
and as a result of accidental spillage. There they are de-
composed to inorganic lead (Pb?*) via tri- and diakyl
compounds. Photolysis and radical reactions are responsi-
ble for the fast decomposition of Me,Pb and Et,Pb
(t,=41 and 8 h, respectively). lonic organolead species
(MesPot, EtsPb*, Et,Pb?", and Me,Pb?") are less toxic
than tetraalkylated species but have longer half-lives, en-
abling them to be transported considerable distances from
their anthropogenic sources [109].

The combination of gas chromatography with spectro-
scopic techniques (AAS, MIP-AED, MS or ICP-MS) is
common in the speciation of lead compounds. As for tin,
the separation of lead compounds by gas chromatography
requires prior derivatization of ionic akylated species to
thermally stable volatile compounds. This reaction can be



performed with Grignard reagents after chelation of these
species and extraction into an organic solvent such as
hexane or pentane. Another option isto use borate reagents.
Although sodium tetraethylborate is only useful for meth-
ylated lead compounds (both inorganic and ethylated lead
species yield Et,Pb [110]), Pawliszyn et al. have recent-
ly overcome this problem by using deuterium-labeled
NaBEt, [111]; because the isotope-labeled ethyl group is not
present in environmental samples, it can be used to distin-
guish between ethylated inorganic lead and native ethyl-
lead species. Lower-cost alternative derivatization reagents
are sodium tetrapropylborate [10, 112] and tetrabutylam-
monium tetrabutylborate [113, 114], both of which enable
simultaneous determination of most of the ionic alkyllead
(IAL) species commonly found in environmental samples
(MesPb*, Et;Pb*, and Me,Et,,,Po-m+) [115].

Table 5 Absolute detection limits (S'N=3) for organolead com-
pounds achieved by GC-based hyphenated techniques

Hyphenated Absolute detection limits Ref.

technique (pg as lead)

GC-MIP-AED 0.03-1 [107, 116]
0.01 [123]
0.04-0.08 [114]

GC-CP-MS 0.01-0.016 [122]
0.7 [158]
0.04-0.09 [112]

GC-AAS 40-95 (Flame) [125]

3045 (Quartz furnace) [47]

1-2 (Quartz furnace) [159]

GC-MS 2 [110]
4 [130]
7-8 [131]

85
Analytical features of GC-MIP-AED

Detection limits obtained in the speciation of lead com-
pounds by use of avariety of different GC-based hyphen-
ated techniques are compared in Table 5. The detection
limits of GC-MIP-AED are similar to those reported for
GC-HCP-MS, and between two and three orders of mag-
nitude better than those obtained using GC-MS systems
or custom-made combinations of GC with AAS.

The GC-MIP-AED system enables measurement of
lead emission at 261.418 nm and 405.783 nm. The latter
lineis preferred because of its higher sensitivity, which is
maximum with a helium make-up flow of approximately
300-330 mL min™ [114, 116, 117, 118]. Oxygen and hy-
drogen are also necessary as reagent gases; oxygen pre-
vents carbon from being deposited on the walls of the dis-
charge tube (oxygen pressure is normally adjusted to 138
kPa (20 psig)) and, as for tin, the presence of hydrogen
improves sensitivity (pressures of 550-650 kPa are re-
ported as optimum [116, 119, 120]).

With the 405.783 nm emission line, good linearity has
been obtained for injected amounts of organolead species
between 0.1-100 pg, as Ph. If very high levels of organo-
lead species reach the plasma, lead can condense on the
wall of the discharge tube, causing peak tailing and re-
duced sensitivity [116]. Because more than 99.9% of the
lead in most samples is Pb2* [121], and part of this inor-
ganic lead can be derivatized and extracted with the native
organolead species, it is advisable to vent the chromato-
graphic peak corresponding to native Pb?*, to prevent con-
tamination of the discharge tube [120].

Water and other agueous samples

Because of their short half-lives and low solubility in wa-
ter, the presence of TAL compounds in aqueous samples
is not common [107]. The levels of AL speciesin rain,
surface, and tap water (mainly dimethyl-, trimethyl-, di-

Table 6 Speciation of organolead compounds in water and other agueous samples

Sample volume Extraction Derivatization Detection technique Detection limits Ref.
(mL) procedure reagent (ng L)

100-150 LLE hexane PrMgCl PTV GC-MIP-AED 0.1 [120]
75-120 g (snow) LLE hexane PrMgCl PTV GC-MIP-AED 10fg gt [123]
60-80 (wine) LLE hexane PrMgCl GC-MIP-AED 1-3 [119]
20 LLE hexane Bu,N* Bu,B- PTV GC-MIP-AED 0.04-0.08 [114]

100 LLE hexane PrMgCl GC-MIP-AED 0.5-0.9 [117]
25 SPME NaBEt, GC-ICP-MS 0.1 [74]
10 (urine) SPME NaBEt, GC-MS-MS 7 [126]

100 LLE hexane NaBEt, GC-MS 25 [110]
20 SPME NaBEt, GC-MS 83-130 [111]

500 LLE pentane BuMgCl GC—QF AAS 1-2.2 [128]

1000 LLE pentane Bu,N*Bu,B~ GC—QF AAS 10-30 [113]
25 SPE PrMgCl GC-MS 14 [115]
50 Purge and trap NaBEt, GC—QF AAS - [121]
50 LLE hexane PrMgCl GC-ICP-MS 0.05-0.08 [122]

PTV: programmed temperature vaporization

— Not available
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ethyl-, and triethyllead) are at most afew ng L~ [47, 117,
118, 121, 122]. The concentration of organolead com-
pounds in polar snow is even lower, although it is indica-
tive of the atmospheric distribution of these pollutants and
of the world production of leaded petrol [120, 123, 124].
Because of these low concentrations, the first step in the
quantification of organolead compounds in aqueous sam-
plesis enrichment. Table 6 lists reported sample prepara-
tion procedures. The earliest concentration techniques
were based on liquid-iquid extraction of |AL species
with hexane or pentane after complexation with sodium
diethyldithiocarbamate at pH 8-9; this was followed by
derivatization with Grignard reagents such as propyl- or
butylmagnesium chloride [117, 120, 122, 123, 124]. Si-
multaneous akylation and extraction of IAL into organic
solvents can be performed by use of NaBEt, [110, 111],
NaBPr, [10, 112] or Bu,NBBu, [113, 114], for al of
which the highest yield is achieved at pH 4. Irrespective
of whether a Grignard reagent or a borate is used, inor-
ganic lead present in the sample is co-extracted and de-
rivatized; to prevent large quantities of alkylated inor-
ganic lead from contaminating the MIP discharge tube (or
the ion source of GC-MS systems), inorganic lead is nor-
mally masked with EDTA before extraction of IAL com-
pounds.

With initial sample volumes of 100200 mL and the
injection of 25-50 pL of the final organic extract into the
chromatographic column, GC-MIP-AED achieves detec-
tion limits of the order of 0.1 ng L~ (Table 6). At these
low concentrations, however, the accuracy and precision
of the analysis can easily be disturbed by blank signals
and the presence of artifacts. In fact, organolead com-
pounds are very often detected in blanks because of con-
tamination and transalkylation reactions. Steps can be
taken to prevent this:

 For samples with concentrations below 0.1 pg g2, sam-
ple preparation should be performed in clean cabinets
to avoid contamination with airborne IAL [123].

» Concentrated standards should be prepared and stored
in a different room from the sample [107].

 Impurities in reagents (buffer solutions and complexing
and masking agents) can be removed by pre-extraction
with hexane [116, 117, 119, 123)].

 Derivatization reagents are another possible source of
problems. Purification of Grignard reagentsis very dif-
ficult because of their low stability. PrMgCl isnormally
preferred to BuMgCl and PeMgCl for quantification of
organolead compounds by GC-MIP-AED because it
causes less baseline disturbance [120].

If Grignard derivatization is used, Pb** must be masked
before extraction of organolead compounds because oth-
erwise it will react with the Grignard reagent, giving not
only the main product (e.g. Pr,Pb, if PrMgCl is used) but
also minor compounds such as MePrsPb and EtPr;Pb,
which are formed by transalkylation reactions [80]. For
the alkylborate derivatization reagents NaBEt,, NaBPr,,
and Bu,NBBu,, which also react quantitatively with both
IAL and inorganic lead [111, 112, 121], we know of no re-

ports of transalkylation reactions; Pb?* is, nevertheless,
usually masked with EDTA to reduce consumption of bo-
rate [110, 114]. The presence of EDTA does not affect the
derivatization of AL because only inorganic lead forms
stable chelates [113].

Solid-phase procedures can be used as an alternative to
liquidHiquid extraction for the quantification of lead
species in water samples [47, 115, 125]; adsorbents con-
taining dithizone or dithiocarbamate groups are usually
used. Purge-and-trap and SPME are also alternatives that
can be used after in-situ derivatization with borate
reagents [74, 111, 112, 121, 126, 127]; both techniques re-
quire smaller volumes of sample than LLE (Table 6) and
airborne contamination is also avoided, because samples
are processed in closed vessels, contamination problems
arising from derivatization reagents cannot, however, be
circumvented by use of these approaches.

Air samples

Determination of IAL and TAL compounds in the atmo-
sphere, in which they are found at levels below 1 ng m=3,
requires the concentration of large volumes of air. Filters,
solid adsorbents such as Tenax, Porapak Q, and Amber-
lites, water-filled gas bubblers, and cryogenic traps have
all been used to extract organolead compounds from at-
mospheric aerosol and gas phases [108, 109, 128, 129].
Because of the possibility of decomposition of TAL com-
pounds in the presence of ozone, a layer of ferrous sul-
phate is normally placed before to the trap [129].

Solid samples

In addition to water and air, organolead compounds have
been found in soil, sediments, road dust, grass, and tree
leaves. Wet atmospheric deposition, direct contamination
(in the vicinity of emission sources) and absorption from
contaminated waters through plant roots are the mecha-
nisms responsible for the presence of alkyllead speciesin
these samples. The excellent sensitivity and selectivity of
GC-MIP-AED for lead compounds enables quantifica-
tion of levels in these samples without any need for high
concentration factors or extensive clean-up procedures.
Because organolead species are |abile, however, care must
be taken to extract them without maodifying their chemical
structure.

The extraction of lead compounds from sediments and
particulate matter can be performed under mild conditions
by use of organic solvents in the presence of complexing
agents [107, 130], supercritical CO, modified with
methanol [131], buffer solutions of pH 4, or direct disso-
[ution in water containing NaCl [121]. Most of these pro-
cedures give satisfactory yields for Me;Pb* and Et;Pb*,
but not for dialkyllead species. Validation of the extrac-
tion procedure is, moreover, only possible for Me;Pb*, for
which there is a road dust reference material (BCR 605,
containing 7.9+1.2 ug kg of MesPh?).



With regard to biological samples, TMAH has been
used as atissue solubilizer for the speciation of lead com-
pounds in grass and tree leaves. The digestion step takes
several hours, and unless performed at low temperature
affords very low yields of dialkyllead compounds, pre-
sumably because of their transformation into inorganic
lead [132]. Enzymatic hydrolysis of biological tissues has
also been used — samples are treated with a mixture of li-
pase and protease at 37 °C for 2448 h [107]. SPME has
been described as a promising technique for the analysis
of Pb?* and organolead compounds in urine and blood —
after precipitation of erythrocytes (from blood), samples
are diluted with water and adjusted to pH 4, after which
lead compounds are derivatized in-situ and adsorbed on to
a 100 pm polydimethylsiloxane-coated fused-silica SPME
fiber [126, 133].

Simultaneous analysis of organometallic compounds
by GC-MIP-AED

Although GC-MIP-AED is not realy a multielemental
technique, it nevertheless enables simultaneous monitor-
ing of several emission lines, corresponding to one or sev-
eral elements, as long as they all fal within the spectral
region covered by the photodiode-array spectrophotome-
ter, which has a breadth of ca. 40 nm. Volatile lead, mer-
cury and tin compounds can therefore be analyzed in a
single chromatographic run by using the emission lines at
261.418, 253.652, and 270.651 nm, and because similar
sample preparation procedures are used for organometal-
lic compounds of these three elements (especially for wa-
ter samples), their simultaneous determination by GC—
MIP-AED is possible. It should, nevertheless, be empha-
sized that the multielemental detection modeis less sensi-
tive than the individual determination of each group of
compounds. The first reason for this is that the 261 nm
lead line is less sensitive than the 406 nm line. Secondly,
and more importantly, optimum make-up flows are differ-
ent for mercury, tin, and lead (ca. 50, 250, and 300 mL
mint, respectively) [36]. Tin and lead compounds interact
with the walls of the plasma discharge tube, making high
flows desirable to minimize this interaction; for mercury
species, for which no such interaction has been described,
high flows simply increase dilution and so reduce sensi-
tivity. There are similar differences among optimum hy-
drogen pressures, which are higher for tin and lead than
for mercury [36].

Despite these problems, applications of GC-MIP-
AED to simultaneous determination of Hg, Sn, and Pb
species have been described in the literature. Ceulemans
et al. [71] found that methyl species of mercury, lead, and
tin can be derivatized and purged from water samples un-
der similar conditions (ethylation with NaBEt, at pH 5,
purge time 10 min), and proceeded to perform simultane-
ous quantification of tin, lead, and mercury methy! deriv-
atives in water samples by use of a cryogenic purge-and-
trap device. The MIP-AED working conditions (helium
make-up flow and hydrogen pressure) were those previ-
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ously found to be optimum for tin, and detection limits
lower than 1 ng L~ of metal were achieved for all com-
pounds with a sample intake of 10 mL. Schubert et al.
[70] have described the use of NaBEt, and NaBPr, then
liquidiquid extraction with hexane, for the simultaneous
determination of organotin (butyl and phenyl compounds)
and organolead (Et;Pb* and Me;Pb*) in water samples,
the two groups of compounds were analyzed at 270.651
and 261.418 nm, and the 247.857 nm carbon line was also
monitored to obtain information about possible interfer-
ences from organic compounds. Finally, Minganti et al.
[36] have shown that lead, tin, and mercury speciation in
water and biological tissues is possible after extraction
and simultaneous derivatization with n-pentylmagnesium
bromide.

A low-cost GC—MIP-PED system
for rapid species analysis

The first commercial GC-MIP-AED instrument, mar-
keted by Hewlett—Packard in 1989, has enjoyed great suc-
cess in the speciation of volatile compounds. For some
years, an improved version of the same system has also
been available. This hyphenated technique is, however,
gtill beyond the financial means of most environmental
control laboratories, which need cheap, fast, reliable in-
strumentation for daily monitoring of volatile organo-
metallic species included in international lists of priority
pollutants. Accordingly, with the financial support of the
European Union, efforts have been made to develop a
low-cost instrument designed specifically for species
analysis of volatile compounds. The proposed system, the
automated speciation analyser (ASA), is based on a com-
bination of amulticapillary (MC) column (made of a bun-
dle of approximately nine hundred 1 mx40 pm i.d. capil-
laries housed in an isothermal oven) with a helium MIP
and a photoemission detector (PED) [134]. The analytical
performances of each component of this system, as de-
scribed in earlier papers, are described briefly below.
With regard to the separation step, the potential of MC
columns for speciation analysis has been demonstrated by
Lobinski et a. [135]. Theoretically, the efficiency of such
columns is a function of the internal diameter of each sin-
gle capillary, and sample capacity is determined by the
number of capillaries. For the MC column described
above maximum efficiency was achieved at flow rates be-
tween 50 and 150 mL min-%, so the use MC columns with
a length of only one meter (rendering a large number of
theoretical plates per unit length), in combination with
high carrier gas flows, produced fast chromatographic
separations. The use of an isothermally operated MC col-
umn with the Hewlett—Packard MIP AES detector en-
abled quantification of tin, lead, and mercury species in
less than 1 min with detection limits equal to or better
than those achieved with a conventional 30 mx0.32 mm
i.d. capillary column [136, 137]. Volatile organometallic
species are introduced at the head of the MC column as a
narrow band using a split injector or a custom-devel oped
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cryogenic purge-and-trap injector [138, 139]. These pro-
cedures have been validated by analysis of reference ma-
terials (sediments, biological tissues, urine, and petrol)
with certified levels of tin, lead, and mercury compounds.
Other papers have reported the possibility of using iso-
thermal columns as short as 522 cm combined with
ICP-MS for analysis of mercury and tin species [140,
141].

When the chromatographic separation stage had been
simplified and accelerated, attention was focused on the
selection of an inexpensive but reliable detector. The
choice made was an MIP—-PED. The helium MIP device
consists basically of a surfactron cavity, a rectangular
wave-guide in which waves can propagate only in the
transverse electronic mode (whereas the Hewlett—Packard
MIP-AED system uses a Beenakker TM; cavity), and a
ceramic discharge tube needing no cooling [142]. Dis-
crimination between plasma radiation and emission by an
analyte element is achieved by use of an oscillating nar-
row-band interference filter followed by a photomultiplier
tube [143]. This MIP-PED assemblage is much cheaper
than the polychromator and photodiode-array spectrome-
ter used in the commercial MIP-AED system. In combi-
nation with conventional GC columns the MIP-PED sys-
tem had already been used for quantification of mercury
compounds [144]. In combination with MC columns, it
has achieved absolute detection limits of 34 pg Hg in the
determination of MeHg* and Hg?* in reference materia
TORT-2 [134]. Further applications and the commercial
success of this low cost, dedicated, speciation system de-
pends on many factors, among them the development of a
range of interference filters for such elements as tin, lead,
and selenium which offer adequate flexibility, in particu-
lar with regard to maximum transmission wavelength and
bandwidth [134].

Conclusions

For quantification of volatile Hg, Sn, and Pb species in
environmental samples the performance of GC-MIP-
AED is currently unmatched, and only for water samples
is pre-concentration of the analytes necessary before
quantification. Nowadays, only GC-HCP-MS gives simi-
lar or better detection limits than GC-MIP-AED in the
speciation of these three elements.

The ASA, a low-cost instrument designed for daily
monitoring of organometallic Hg, Sn, and Pb species in
control laboratories, and based on combination of a multi-
capillary column with a photoemission detector, has
achieved performance similar to that of the commercial
GC-MIP-AED system for Hg, but has yet to be validated
for Sn and Pb by use of certified reference materia's cor-
responding to environmental samples.

The precision and accuracy of species-selective analy-
sis, especialy for phenyltin and organolead species, is
limited by degradation problems and the formation of ar-
tifacts during sample preparation. The easiest way to
overcome these problems is to use isotope-labeled stan-

dards and MS detection. We regard this as the main ad-
vantage of GC-ICP-MS over GC-MIP-AED and other
atomic emission detection systems for quantification of
mercury, tin, and lead species.
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