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Directly-coupled Chromatography - Analytical Atomic Spectroscopy for

trace metal speciation

Stephen John Hill

Abstract

The form of trace metals, so called “speciation", is of wvital
importance in many fields, e.g., toxicology and environmental
monitoring. A promising analytical approach to speciation studies is
the coupling of chromatography, for species separation, to the
selectivity and sensitivity of atomic spectroscopy for detection. The
suitability of such couplings are discussed and the applications of
both gas and liquid chromatography reviewed.

The success of coupled gas chromatography (GC) = flame atomic
absorption spectroscopy (FARS) is demonstrated for the unequivocal
identification of petrol residues in forensic applications. The
advantages and disadvantages of this technique are discussed with
reference to both sufficiently volatile and non-volatile compounds.

The advantages of high performance ligquid chromatography (HPLC) for
many studies are discussed. As coupled HPLC-ETA-AAS (electrothermal
atomisation - atomic absorption spectroscopy) suffers from non-
continuous detection, coupling is difficult and chromatography
constrained. In contrast, a simple HPLC-FAAS coupling utilising pulse
nebulisation and a modified atom cell was developed which produced
continuous chromatograms in real time. Application of this system to
determining tributyltin (TBT+) compounds in seawater yielded a
detection limit of 200 ng ml™',

A directly coupled system utilising continuous flow hydride generation
is described, and for species with non-volatile hydrides, on-line uv
photolysis was incorporated. The effects of various parameters on
analytical performance are discussed, and applications to real samples
given. Detection limits for TBT" were improved 100 fold.

A novel sample transport interface using rotating platinum wire
spirals controlled by a microprocessor, utilised the attractive
features of flame atomisers but sample introduction via the nebuliser
was avoided. Applications are reported using both minibore HPLC for
alkyllead speciation and fast protein liguid chromatography for
speciating zinc in human serum.

Applications of the above techniques for determining organometallic
species of Pb, As, Sn, Cu, Zn and Cd are described and possible future
work discussed.
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CHAPTER 1

INTRODUCTION

1.1 The need for trace metal speciation

It is now generally recognised that the physico-chemical form and
occurrence of trace metals is a primary factor in controlling their
behaviour and fate in the environment. Until fairly recently most
environmental research on trace metals was based on an assessment of
total metal concentrations. However it has become increasingly
evident that the environmental impact of particular metal species may
be more important in such studies. The molecular characterisation, or
speciation, of a varjety of organometallic subétances in environmental
media have thus received increasing attention (1-2), particularly in
view of demonstrations of Fheir biogenic formation (2-4) and

widespread commercial use (1,5,6).

Today research studies extend beyond elucidating the formation,
pathways, toxicity and fate of organcmetallics in the environ‘ment to
incorporate many other fields including clinical, industrial and
forensic applications. With this growing awareness however, new
techniques have had to be developed@ which could not only distinguish
between the various species present, but also detect them at very low
levels {tyically pg or ng per millilitre), in highly polar solvents,
such as biotic fluids or natural waters. The problem for the analyst
is further complicated by the striking range of chemical types that
exist, including comparatively labile neutral molecules such as
trimethylarsine, Mejas and in contrast, involatile solvated species

such as AL(OQH)4~ (7). In addition, the various species present in a




sample are not necessarily in equilibrium with each other, and even if
they are, any procedure applied to the sample may disturb the
equilibria and hence the speciation, although if the equilibrium
changes are slow and the separation rapid, the disturbance may be
minimal. The act of filtering samples may also affect the equilibria
by changing the concentrations of dissolved 0, and CO, and by removing
adsorbents in the form of particulate matter. Recognition of the
great importance of determining individual species has however led to
the development of various techniques for the direct analysis of such
metal containing compounds which overcome many of the above problems,
and have successfully provided the methodology for many trace metal

speciation studies.

l.2 Biocaccumulation, toxicology and transport mechanisms

Although there is now evidence that organometallic compounds are
formed in the environment, for example mercury methylation (8), some
organometallic products are applied directly to the environment as
biocides, in anti-fouling paints or in petrol. Others reach the
environment indirectly such as leaching from organotin-based PVC
stabilizers. The necessity of considering the direct toxicity of
these compounds in fairly obvious, although the toxicity of possible
metabolites at points other than that of initial applicatioh must also
be considered, since often organic derivatives are of greater toxicity
than their parent inorganic metals or ions. The need for speciation
studies which help elucidate our understanding of cycling and
transport mechanisms in the environment are also widely recognised in
studies of toxicity of metals on aquatic organisms. The continucus
formation of certain organometallic compounds, via environmental

methylation (biomethylation), even at low levels, may result in food




chain effects leading to much higher concentrations in food used by
man. Probably the best known incident of this nature occurred at
Minamata Bay in Japan; Originally inorganic mercury was released in
effluent from a chemical factory using mercuric sulphate catalysts in
acetaldehyde production. However after assimilation by fish and
shellfish the comparatively non-toxic inorganic mercury was converted
to methyl mercury. As a result of this 115 people were killed and

many more left paralysed for life.

Although many elements are essential to life, often there exists a
fairly narrow "concentration window™ between the essential and toxic
levels (9). Variation in the speciation of trace metals however can
dramatically affect their bioavailability or toxicity. Chromium
clearly demonstrates this effect - Chromium (III) being essential for
life, whereas chromium (VI) is highly toxic. Most of the usable
chromium is reported to be provided by the group of chromium amino
acid complexes, sometimes known as the glucose tolerance factor (9,
10), and the only assimilable form of cobalt is cobalamin (Vitamin
812). Other elements showing this toxicological effect are arsenic,
arsenic (III) being much more toxic than As (V) or its methyl
derivatives, and in contrast the alkyl compounds of mercury and lead

which are more toxic than the inorganic forms and especially dangerous

due to their lipid solubility (1ll).

The toxicity of a'particular dissclved metal species towards aquatic
organisms is probably related to its ability to react with a
biological membrane (l1l2). The ability of a metal ion to cross the
membrane and react with cell components depends on the direct lipid-

solubility of the metal species (usually only unchanged organometallic




species), or the extent and rate of reaction of the metal ion with a
membrane transport. Metal-protein interactions leading to carrier-
mediated transport of the metal across the membrane, will, for
bivalent ions, be thermodynamically favoured when the metal is in the
simplest chemical form e.g Cu(820)42+, cuclt or cu(oH)¥ (12). For
tervalent and trivalent ions such as Fe (III), however, the most
bicavailable form may be an organic complex, because hydrolysis and
polymerization could‘render the free ion inactive (13). In some
cases, kinetics rather than thermodynamics may dictate the
biologically=-active chemical species. The toxic form of aluminium
appears to be Al(OH),*, which has been shown to be the kinetically-
favoured species in the reaction between aluminium (III) and a
hydroxyazo compound (14). In general, the reaction of metal ions with
biological membranes is a particularly complex process and cannot be

explained by simple diffusion models (15).

Most fresh waters have a pH which is in the critical range for the
adsorption of heavy metals onto particles, a change of as little as
1l pH unit can cause the difference between complete adsorption or
desorption (16). There is little doubt that for many heavy metals a
major fraction of the dissolved metal in fresh waters exists as
species adsorbed on colloidal humic acid and colloidal particles of
iron oxide coated with humic acid (17). Even at low pH it has been
shown that for river water containing little dissolved organic matter,
over 50% of copper present was associated with celloidal organic
matter (18). In fresh water with a high organic content, molecular
complexes of heavy metals with fulvic and tannic acids may also be
formed (19). 1In the fresh water/sea water mixing zone of estuaries,

the precipitation of high molecular-weight humic substances and




hydrous oxides of iron and manganese result in the transfer of much of
the dissolved heavy metals from the river water to the estuarine
sediment (20,21). The river water is thus effectively a scavenger of
trace heavy metals. A fraction of the most stable precipitated forms
will stay in solution as colloidal particles and be transported to the
oceans, along with their load of adsorbed heavy metals. The most
stable colloids are likely to be iron and manganese oxides and clay
particles, coated with humic materials. These colloids will then
carry an important part of the measured concentration of dissolved
copper, lead, cadmium and zinc in seawaéer {22). Most computer models
of speciation in sea water have used silica as a model adsorbent (23).
Silica is not however nearly as powerful an adsorbent as a particle
coated with humic acid, nor does it have the same adsorption capacity
(24)}. The formaticon of simple, molecular organic complexes of
bivalent heavy metals in sea water is unlikely because of competition

by chloride, magnesium and iron (III).

1.3 Analytical approaches to metal speciation

Although the importance of the determination of the chemical
speciation of trace elements has been recognised, advances have been
slow due to the lack of suitable speciation techniques. Various
chemical methods have been used including sequential extraction
techniques, using differing strengths of acids and oxidising or
reducing agents to leach the various forms of the element into
solution. Ion-exchange and solvent extraction have also been employed
principally to separate organically bound forms from aquecus solution.
More recently various biochemical systems have also been reported, for
example enzyme solubilization which exploits the selective nature of

biological systems.




In many early attempts at metal speciation however two analytical
techniques predominated: anodic stripping voltame try (ASV) and
ultrafiltration. The first technique divides the metal species into
two categories: electroactive (aquo ions and "labile"” complexes) and
electroinactive (organic complexes and colloidal species).
Ultrafiltration and dialysis techniques divide the metal species into
different sized fractions, where the species that pass through the
smallest pore size are generally taken to be free metal ions or small

complexes (25).

The most popular of these two techniques is ASV, where proponents
claim that the method can be used for speciation studies since some
forms (e.g. certain organic complexes) are not reducible at the
mercury drop whereas other forms are. By changing solution conditions
and measuring changes in peak potential and peak current, one should
{(theoretically) be able to make inferences about metal speciation = in
a manner similar to the way one obtains information on complex
formation from conventional polarography, except at much lower
concentrations. Brezonik (26) gives an example of this where
complexation of metals with weak organic acids such as EDTA and amino
acids is pH dependent, and the strength of complexation increases with
pH. Since most known organic complex.formers in natural waters are
weak acid salts, the inference is generally made that metal-organic
interactions occur in situ under neutral or alkaline conditions but
under acidic pH (pH < 3) conditions the metals exist as the free
hydrated species. Most metal-organic complexes are thought to be non-
reducible at the mercury electrode and hence not measureable by ASV.
The difference in peak current under ambient (neutral) conditions and

under acidic (pH <3) conditions has then been interpreted (27) as




representative of the amount of metal icn complexed by organic species
or more generally as representative of the metal present in "non-

labile" complexes of some undetermined nature (27).

There are however at least two circumstances under which the above
theory would be invaliad. Firstly in the presence of an organic
substance that forms metal complexes more strongly under acidic
conditions than at neutral or alkaline pH (e.g. chelating acid salts
such as amino acids), or forms complexes independent of pH {(at least
within a broad pH range). Secondly in the presence of surface active
substances in solution that ¢oat the mercury electrode and prevent
metal ion deposition or metal oxidation. If sorption effects are pH
dependent, which seems likély for surface active substances occuring
in natural waters, interpretation of ASV results in terms of metal

speciation will be in error.

Recently a new voltammetric technique cathodic stripping voltammetry
(CSV) has been reported (28) based on the apparent adsorptive
behaviour of metal complexes with certain organic complexing ligands.
The degree of adsorption is directly related to the dissolved metal
concentration and is measured by reduction of the metal complex
adsorbed on to the HMDE. The sensitivity of this technique is
reported to be superior to that of ASV as the metal is collected in a
monomolecular layer on the electrode. A reduction efficiency of 100%
is therefore obtained, and the detection limits claimed are typically
of the order of 10~10 M after two minutes collection. A further
advantage of this method for speciation studies is that elements that
have a reduction potential within the stability constraints of water

can be determined voltammetrically, without the necessity (for ASV) of




reduction to the metallic state; The method has been called CSV
because of the cathodic direction of the current, but it has also been

called adsorption voltammetry (29).

One of the main problems with techniques such as ASV, solvent
extraction, ultrafiltration and dialysis is that they will cause some
metal to dissociate from metal complexes or colloidal particles as a
result of the electrical potential across the electrode-solution
interface in ASV (30) or the concentration gradient across ﬁhe
membrane=solution interface in ultrafiltration and dialysis (31).
Under these circumstances, it is pointless to specify that these
techniques should apply only at the natural pH of the sample, since
the original solution equlibria will be disturbed by the procedure,
whatever the analytical pH (32). With CSV this restraint would not
apply since collection at the electrode is the result of adsorption of
a negligibly small fraction of the surface active metal-organic
complexes, at a potential more  positive than the reduction potential
of the complex. Thus no dissociation of the natural organic complexes
can take place during the measurement. However this technique of
ligand competition has only been applied to copper and zinc at the

present time.

Clearly a more promising analytical approach to speciation studies
which overcomes the above problems and which is equally suitable for
ionic and ‘molecular species, including organo-metallics incorporated
into large biomolecules, is the direct coupling of the capabilities of
chromatography, principally gas chromatography (GC) and high
performance liquid chromatography (HPLC) for species separation, to

the selectivity and sensitivity of atomic spectroscopy for detection -




so called coupled or hybrid techniques:

1.4 The advantage of coupled systems

The essential simplicity of atomic-absorption spectroscopy (AAS) has
led to its adoption as the technique of choice for environmental
trace-metal monitoring. However, unless preceeded by time consuming
sample pre-treatment atomic-spectrochemical technigques do not yield
any information as to the species in which the metals are bound.
Chromatography, particularly gas chromatography (GC) and high-
performance liquid chromatography (HPLC) on the other hand, offer
excellent separation of different species, but often the
identification of the important organometallic moieties is difficult
to achieve unambiguously when working with complex samples. Hence,
recently there has been a growth in hybrid chroematographic-atomic
spectroscopic instrumentation for tfaqe metal speciation. The use of
such specific detection allows less than optimum chromatographic
separatign to be tolerated with consequent saving in time for sample
clean-up and analysis. If two species co-elute and only one contains
the metal of interest, the use of metal-specific detection means that
only the metal containing species is detected. Thus complete
chromatographic separation is not required, only separation of the

species containing the metal of interest being necessary.

The choice of which analytical technique to couple is influenced by a
consideration of likely sample types, simplicity of coupling and other
practical considerations such as economy of operation. Several
successful coupled GC-FAAS (33) and coupled inductively coupled plasma
{ICP) AES (34) systems have been developed and applied to a variety of

practical analytical problems. However, although coupled GC-atomic



spectroscopy has the advantage that the sample supplied to the
detector is in a gaseous form, allowing direct delivery to a flame, or
plasma, thus avoiding the inefficiency associated with nebulisation,
gas chromatography is limited to volatile species whilst the majority
of interesting trace metal speciation problems concern involatile

species.

Liquid chromatography is the separation technique of choice for a much
wider range of species. The aim of this work was therefore to develop
sensitive methodologies and instrumental coupling to allow trace metal
speciation in a range of samples by directly coupled high-performance
liquid chromatography=-analytical atomic spectrescopy. Emphasis has
been placed upon the use of a continuous detector, which parallels the
work done with GC-AAS (34) in which apprepriate optimisation of a flame
cell led to a continuous detector with superior powers of detection to
electrothermal atomisers. The practical Problems associated with
earlier systems which provided an interim solution in the absence of a
sensitive conventional flame AAS coupling, by collecting the HPLC
effluent in an auto-sampler, and then making discrete injections of

the sample into an electrothermal atomiser, have been overcome.
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CHAPTER 2

COUPLED GAS CHROMATOGRAPHY-ATOMIC SPECTROSCOPY

2.1 Separation by gas chromatography

Gas chromatography is basically a separation technique for volatile
materials, which achieves separation by utilising the differences in
partition coefficient of the materials to be separated, the partition
being between gas and ligquid or gas and solid. If the stationary
phase is a solid, we speak of gas=-solid chromatography (GSC), and if
the stationary phase is a liquid, gas=liquid chromatography, (GLC).
In the latter of these two techniques the liquid is spread as a thin
film over an inert solid and the basis for the separation is the
partitioning of the sample in and out of this liquid film. The wide
range of liquid phases with usable temperatures up to approximately
400 °C make GLC the most versatile and selective form of gas

chromatography, and consequently the form used in this work.

The theory of separation by gas chromatography has been extensively
reviewed in a number of publications (35 - 37). However, a brief

overview of the main principles involved ‘is given below.

The resolution of chromatographic peaks is related to two factors:
column efficiency, and solvent efficiency. Column efficiency is
concerned with peak broadening of an initially compact band as it
passes through the column. It can be measured by the number of
theoretical plates, N, which may easily be measured from a
chromatogram. N is given by 16 (x/y)z, where "y" is the length of the

baseline cut by the two tangents, and “x" is the distance from

11



injection to peak maximum (including the dead-volume).

Injection

y

éigure 1 Calculation of theoretical plates

Many factors affect column efficiency and most of these have been
evaluated by their effect on N, or the height equivalent to a
theoretical plate, HETP. This is related to N by:

HEPT = L/N
where L is the length of the chromatographic column, usually in
centimetres. HEPT calculation allows comparisons between columns of

different lengths and is the preferred measure of column efficiency.

The Rate Theory of Van Deemter (38) and its extension by Glueckauf(39)
and other workers help account for the slope of elution curves from
chromatographic columns. Three principle contributions to band
broadening are: (a) the multipath effect or eddy diffusion,
{b) molecular diffusion, and (c) resistance to mass transfer. From
these a basic equation can be derived (38) for the height equivalent
to a theoretical plate in a gaé-liquid column:

HEPT = A + B/u + C . u
where A, B and C are the terms given above, and u the linear gas

velocity (or flow rate) through the chromatcgraphic column.

Solvent efficiency, or relative retention (a) results from the solute-

solvent interaction and determines the relative position of solute

12



bands on a chromatogram; It is expressed as the ratio of peak maxima
(adjusted retention times), and determined by the respective
distribution coefficients of the solutes in the solvent at a given

temperature..

Solvent Efficiency

Xz retantion Volume (Uncorrected)
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Figure 2 Calculation of solvent efficiency

There are four interaction forces which can aid in the GC separation:
(i) orientation or Keesom forces, (ii) induced dipole, or Debye
forces, (iii) dispersion, London or non-polar forces, and (iv)
specific interaction forces resulting from chemical bonding, and
complex formation between solute and solvents (40). These forces of
interaction determine the solubility and thereby the separation
achieved. Their combined effects are expressed by the partition

coefficient k, where

k = amount of solute per unit volume of liquid phase
amount of solute unit volume of gas phase

The value of k is high when most of a substance is retained in the
liquid phase. This means that the substance moves slowly down the
column because only a small fraction will be in the carrier gas at any
given time. Transport is negligible in the liquid phase, and only

that fraction in the gas phase is carried through the column. Thus,
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separation between two compounds is possible, if their partition
coefficients are dissimilar. The greater the difference in their k
values, the fewer the plates or the shorter the column length that is

required to achieve a separation.

2.2 Available detectors for metallic species

For the determination of metal species by GC, the ideal detector
should be sensitive, and may also benefit if it is specific for the
analyte metal. In general, electron capture, flame ionization and
thermal conductivity detectors do not offer the required sensitivity
and selectivity for metal speciation applications. The combination of
GC and mass spectrometry provides high sensitivity and selectivity but
the systeﬁs are complex, high in cost and require highly skilled
éperators. Flame photometric detectors are specific only for several
elements and provide rather poor sensitivity. Emission detectors
based on microwave excitation have been described (41) and are
commercially available. Overall, the requirement for specificity and
sensitivity are well met by the use of atomic spectroscopy for

selective GC detection.

2.2.1 Choice of spectroscopic technique as detector

There are a number of advantages in using atomic spectroscopy in
conjunction with gas chromatography. These include the ability to
speciate various metals, the ability to withstand less than optimal GC
conditions, i.e. only the species containing the metal of interest
need be separated, and importantly, increased sensitivity to metals
compared with conventional GC detectors. Each of the atomic
spectrosocpic detectors available has its own advantages and

disadvantages, although all have the attributes listed above.

14



Flame atomic absorption sepctroscopy (FAAS) has the advantage of
simplicity and well understood mode of operation. The instrumentation
is relatively inexpensive and readily available in most laboratories.
Flame atomic absorption is also ﬁoted for its excellent selectivity.
Absorption technigues do however suffer from short linear ranges,
normally 1 - 2 orders of magnitude. The detection limits reported for
flame systems are also inferior to those achieved using electrothermal
atomisation (ETA-AAS) although such instrumentation is more expensive,
and is not designed to take a continuous sample stream. Atomic¢
fluorescence spectroscopic detectors offer an improvement in detection
limits and an extended working range compared to AAS, although the

detectors are not so readily available.

The alternative to the above techniques is the use of plasma emission.
These techniques have extensive linear working ranges, although do not
give such low detection limits particularly when coﬁpared to ETA-AAS.
Although the excitation cells, being comprised of flowing gas streams,
are well suited for interfacing with a Gc; such instrumentation is

expensive beth in capital outlay and running costs.

From the above considerations, it was decided to centre most
development around interfaces for FAAS, both for GC couplings and HPLC
couplings in later chapters. However, applications of all the various
atomic spectroscopic detectors are outlined in Section 2.3 and
particular detail to the theory and applications of coupled ETA-AAS

systems given in Chapter 4.
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2.3 Review of existing directly coupled gas chromatography-atomic

spectroscopy techniques, and their applications

There are many applications in the literature for the various coupled
gas chromatography - atomic spectroscopy techniques outlined above.
The review below details many of these with particular emphasis to the

design of the interface used in each case.

2.3.1 Coupled gas chromatography - microwave induced plasma

The microwave induced plasma, MIP, has two basic characteristics which
may be utilised when coupling to GC. The low gas temperature of the
MIP allows small amounts of sample, compatible with that of gas
chromatograph solutes, to be introduced without extinguishing the
plasma. In addition, sample introduction is easily facilitated since
the carrier gas and plasma gas are the same. These advantages have
made coupled GC-MIP a popular technique and many applications have

been reported - Table l.

The first use of the MIP as an element selective detector for organic
compounds was reported by McCormack et al. in 1965 (41). The effluent
from a gas chromatograph was connected directly to the silica tube
containing the plasma discharge. Both the more sensitive tapered
cavity and coaxial cavity for larger samples were used. Two plasma
types were utilised: low pressure helium and atmospheric argon, the
latter being favoured due to the complexity of the associated vacuum
systems required with low pressure helium plasmas. Later Buche and
Lisk used the atmospheric argon plasma to deﬁermine pesticides in
various samples by selective detection of phosphorus (42) and iodine
(43). Using a low pressure argon plasma the same authors lowered the

detection limit by a further order of magnitude (44). The more
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energetic reduced pressure helium plasma has been used for the
determination of halogens, phosphérus and sulphur using atomic lines
(45,47). Moye (46) found that using a tapered rectangular cavity with
a mixed argon/helium carrier, a lower background emission for
chlorine, iodine and phosphorus detection in pesticide residues could
be obtained. Dagnall et al. (48,49) used a quarter wave radial cavity
with low pressure argon or helium plasmas for the determination of
sulphur in various compounds. It was found that the most sensitive
and specific emission wavelength was not the same for all the
compounds examined. In addition thioglycolic acid was found to be
very difficult to fragment (48) although a platinum wire in the base
of the detector was found to catalyse the fragmentation process (49).
Bache and Lisk (53) were the first to use the low pressure helium
plasma for detection of organomercury compounds after extracting the
compounds from salmon using the established procedures of West&d
(51,52). A potential use of the MIP detector for obtaining inter-
element ratio has been reported by Dagnall et al. (55), using two
monochromators, one set at a carbon line and the other set to monitor
a heteroatom. Other workers (61,77,83) have also used the MIP
detector to determine inter-element ratios in an attempt to estimate
empirical formulae. The commercially available MPD850 (Applied
Chromatography Systems) low pressure helium plasma system has also
been used in this role (76,77). However Dingjan and De Jong (100)
found it was necessary to use a reference compound if accurate ratio
formulae were to be pbtained. An oscillating slit mechanism for the
determination of hydrogen isotope ratios has been used by Schwarz et
al. (82), but the poor signal to noise ratios obtained gave poor

precisions.
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The passage of organic compounds through the plasma however may result
in the formation of carbon deposits on the walls of the quartz
capillary, absorbing part of the radiation and increasing background
emission {41). This can be prevented by either initiating the plasma
after the solvent has passed through the detector (42), or by adding
traces of a scavenging gas. The gas may be either nitrogen (61),
oxygen (61,62) or air (41) added to the plasma gas; however as a

result the spectral background is considerably increased.

The MIP has proved popular as a detector for various metal chelates
(58,60,62,69), and also as a detector for various hydride forming
elements (68,75,87,88). Talami and Bostick (68) determined
alkylarsenical acid compounds in pesticides by generating their
hydrides prior to GC~MIP analysis. The separation and sequential
detection of As, Ge, Se, Sn and Sb hydrides has also been demonstrated
us;ng a mixed argon/helium plasma (78,87,88). Little difference in
detection levels have been found using various cavities for microwave
plasmas by Mulligan et al. (85), although the Beenakker TM010 cavity
was found to be the easiest to operate. This method was used to
determine the above hydride forming elements in whole blood and

enriched flour (87) and NBS orchard leaves (87,88).

Coupled GC-MIP has also been used for the detection of various metals
in volatile organometallic compounds. Lead has been determined as the
tetraalkyl species (79,80), in petrol (104,106}, in the atmosphere
{80), and as trialkylleadchloride in water samples (101). Mercury as
the diphenyl (79), dimethyl and diethyl derivatives (98) have been
detected using the TMg g+ cavity. Quimby et al. (79) used the same

cavity to determine manganese as the methylcyclopentadienyltricarbonyl
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derivative in petrol and as a silicon specific detector for
tetravinylsilane. The coupling of capillary columns with the TMg4q
cavity has also been demonstrated with great success for metal
specific detection of volatile organometallics (90,101,104). In a
study of the pyrolysis of carborane silicone polymers (102) the group
at Amhefst found that doping of the plasma gas with hydrogen inhibited
oxide or silicate formation by promoting borohydride formation, which
increased the populations ¢f atomic boron rather than iconic states.
Hanie et al. (94) have also used capillary columns for the
determination of halides in pesticides using a helium pla;ma and a

surfatron cavity (93).

Recent developments of coupled GC-MIP systems have largely been based
on the development of software for both systems control and data
handling. One such system described by Eckhoff et al. (107) uses a
polychromator/microcomputer system to simultaneously monitor four
atomic emission wavelengths throughout an entire chromatographic run.
The same system has also beeﬂ used by Hass and Caruso (114) as an
element specific detector for the gas chromatography of halogenated
compounds. Delaney ané Warren (102) have used a minicomputer to
modify the interface described by Estes et al. (101), so that in
addition to controlling the switching valves it also controls the
monochromator wavelength setting and acquires the analytical data the

MFD and FID monitor.

Finally a number of authors (107,109,114) have postulated the use of
" GC-MIP for determining interelement ratios (and possibly empirical
formulas) by measuring the systems response to several elements. The

need for careful control over the experimental conditions has been
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stressed since it is necessary to gquantify the response obtained for

.
.

each element indivi.duallir and to ensure the response is independent of
chemical form. The imprecision between injections is also cited as a
major problem in determining interelement ratios. However it has been
suggested (109) that the use of capillary gas chromatographic columns,
computerised data acquisition and peak area measurements may improve
the precision and accuracy attained. A recent publication by Hass and
Caruso (114) has now reported the determination of C/Cl ratios with

<1% error in their study of dioxins and other halogenated compounds.

The above and other work in coupled GC-MIP systems are summarized in

Table 1.
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Table 1

Detector

Tapered and co-axial
cavities used, the
foroer core sensitive,
the latter accepted
larger sacples. 10 c=.
i.d. discharge tube at

lowv pressure.

AtDOS. pregsure Ar
1l =t i.d. quartz
digcharga tube in a

tapered cavity

As in ref. 42

As in ref. 42 except
reduced preasure Ar

plasma.

Coupled Gas Chromatography = Microwvave Ioduced Plasma Optical Emission Spectroscopy

Chromatography

2' glass 'U’ column,
S e i.d4. 5% SE 10O
on 80/100 Chromo-
sorb W

T = 160-200

Ar = 20-115 ol/oin

used.

See ref. 42

See ref. 42

Matrix

Solutions of sicple
and hetercatozm
containing organic

cocpounds.

Organephosphorus
insecticide residues
in pure forn,

agricultural + food

sanples.

Iodinated herbicide

residues and neta-
bolites in wheat, oats

and soil.

Diazinon in grapes:

see ref. 42

21

At low pressure He was
the preferred carrier
gas. At atoos.
pressure Ar was used
since it gave a satable
discharge. DOynamic
range 4 orders of
oagnituda. Detection
limits ranged between
2 x 1076 o 2 x 1077

g/sec

Diazinon Dinethoate,
Ethion Parathion and
Ronnal deternined.
Detection limits
ranged between 1.4 to

9.2 pg s~

Datection of Ionynil
and metabolites
Recoveries from 66-
1083 achieved.
Detection limit

a x 107109 I, 57t

See ref. 42 achieved
increased sensitivity
with low pressure

discharge. Detection
limic 6 x 10773 g 87!

of P

Blement

{wavelength/

388.3 na

516.86
251.6

BE

ct
278.8 n

Br
238.5 m

206.2 n2

257.5 n

P
253.565 n=

206.2 na
I band

P
253,565 oo

Reference

d1

42

4]

44




Detectar

Reduced pressure
heliua plasaa using
tapered cavity. 5-10

=2. Hg pressure.

Ar/He (15 + 85) amixed
plasma, tapered cavitcy
as longer life-times
and less background

eaiseion obtained.

Reduced pressure

heliun plasoa

1/4 X radial line
cavity, Ar or He low
press. {13-40 mbar)

plasoca.

See ref. 48

Chromatography

6' glass coluz=n 10%
DC-200 on 80/100 nesh
Gas Chrom Q,
Isotheroal ac various

Te * 1309C to 210°¢.

4' x L/8" i.d. glass,
54 SE 30 on Gas Chren.
Q

Tc = 180°C,

T = 215%

Flow rate = 27 ol
win~t.

é6' x L/8" i.d. glasas,
18% DC-200 on 100/120
@ash Gas Chreom. Q.
2.7323 x 6.5 e, L.d.
Cu tubing packed with
dinonyl phchalate

1.0 ul injections.

0.6 o2 x 6 == £.4. Cu
tubing packed with
either Porapack P or

Q.

Matrix

Organic cocpounds and

pesticides

Pesticide residues of
various P, Cl and [

containing compounds.

Phenol substituted
insecticides in

agricultural saocples.

S compounds CS3
thiophane,
chioglycolic acid,

DMSO, SOp.

S coopounds CSp-
thiophene, dimethyl-
sulphide and

thioglycolic acid.

22

Commenta

Detection linics
ranged between
9 x 10712 o

6 x 10711y 57!

Detection lioits
ranged between 0.07 ng

o 11.5 ng

Monitored atcaic 5 and

Cl lines.

Thioglycollie and
difficult o fragment.
Detection limit 0.2 ng
for C5p at C = 5

bandhead.

Used Pt wire in base
of detector to
catalyse fragmentation
Detection

process.

limit low ng range.’

Hlement

Br
478.55

Cl
479.45

1
533.82

P
253,57

545.38

253.57
Ccl
221.00

206.20

cl
479.45%

545.38

S

S - 190.0 nn

3 = 191.5 nn

Cwg - 257.6 no

Cy - 516
cocpon to
all

compounds

S
c

Monitored

C=5 bandhead

at 257.6

and atoaic C

line at

247.9 ao

[y

s

nno

nn

no

Reference

16

a7

49



Detector

Low presgure (5-10 T)
He plasna. See

ref. 44.

Reduced pressure He
plasma in a tapered

cavity cf. ref. 45.

Atmospheric Ar plasma,
20 emx 2 o= i.d,
quartz tube surrounded

by 1/4 ) cavity.

Chromatography

See ref. 44.

2* x 5/32° i.d. glass
colu=n, 60/80 mesh
Chro=osorbk 101

T " 100°¢

T, = 130%

He = 80 cnl/ain.

6' x 5/32" i.d. glass
coluan, 20% OV17 and
oVl (il w/w) on 80/
100 mesh, Gas Chrom Q
Ty = 208°C,

T. = 152°%C.

30 and 70 a» x 6 ==
1.d. packed with

Porapak S.

Matrix Cocments
S, halogen and ¥

containing pesticide

residues in a wvide

range of food

productsa.

MezHg west88 extraction
procedura, (51, 52)
for MeHgCl in

salmon. Linear range:

0.1-100 ng for MgHyCl.

Mechyloercury dicyan-
diamide, Phenylmercuric
acecate, cethyloercury

dithizonate, MeHgCl in

saloon.

Range of C, 0, K and
halogen containing

coapounds.

23

Severali cavities
exaoined, 3/4 A
preferred because it
produced a long (ca.

8 ca) stable discharge
with little local
overheating.

Detection limics 10 -

20 pg. a=t.

Blement Reference

Br
178.55 na

cl
479.45 na
$33.82 n=o

253.57 am

545.38 oo 50

Hg
253.7 am

53

c
Monitored,
atomic C
line at
247.9 no, C3
bandhead at
516.5 nz and
Cy/CN
bandhead at

385-9 no. 54



See ref. 54

Ar plasma. Essentially

the same as Ref. 4l.

Low pressure He plasoca
using MPD B850 systen,
02 and Njp used as
scavengers to prevent

< build up.

Chrosatography Matrix
0.7 o x 1/8~ stainless
steel, Chromosord 10l.

coapounds .

10" x 1/74° i.d.

He2H9

stainless steel

column, 20% Carbowax

20 4 on Chrooogorb P

60/80 cesh.

Ar = 48 @) ain”!

Te = 75%

Various organic

coapounds.

24

Range of C, S, and

halogen containing

Use of 2
zonochrooators - 1 set
to atamic € line,
other set to hetero-
ataa line. By
=onitoring eaission
from boch obtain
tnter-elesent ratios.
Detection lipits
ranged between
.04 ng e~! to
4.5 ng s~
Found selectivity for
Hg over various
organic compounds,
always > 103.

Detection limit 0.3 ng

Datection limits
range between
0.03 ng s~ o

3.0 ng st

Elcmen

247.9

206.2

182.90

253.5
Ccl

259 na

band
Br

292 n=
band

Hg
253.7

247.8

486.1

+656.2

177.2

746.9

685.6

cl
479.4

Br

4a70.5

516.1

545.4

t

no

nm

na

na

nm

na

n=

na

nm

an

no

oo

Raeference

55

56

57



betoctar

Similar systeo to Ref.
54, except 1/4 )
Evenson cavity 70W
forvard power Ar
plasoa, igniced after

elution of solvent.

1/4 ) Evenscn cavity
used, reduced pressure
tloT).

He plasma generated
inabemxB mi.d

quartz ctube.

Ar plagsna generated in
4 quartz capilllary
l.6 cm i.d. x 25 aa
placed in a capered
rectangular type

cavity.

Chrooatography Matrix

2 colu=ns, both 0.6 o acac and tfa chelates
x 4.8 == 1.4.,
1. Universal B coated sc, V.
with 108 Apiezon L.

2. 0.5% Apiezon L on

glags beads (0.2 ==

diac.}. Both

conditioned fer 16

hrs at 200°C.

lecmor2eaaxlaem Co, COj, SO, Hp in

i.d. Cu tubing packed air.
with either Poropak Q

or 5A colecular siaove

T, = 125°%C

50wl injections

Stainless steel tubing Metal acac chelates

72 ca x 4 o= i.4., dissolved in
0.5v SE~-30 on glass chloroform.
baads 60/80 mesh.

T, = 160%

Ty = 200-210°C

Ar = 150 @’ min”'.

25

¢ Al, Cr, Cu, Ga, Ve,

Cocaenta

M1P responded both
non-specifically to C
or specifically to the
netal of interest.
Detection linits in
the range 2 x 10712 :o

2 x 1o~ g -1,

Gas nixtures were
prepared by injecting
known amounts of pure
gas into an air filled
flagk ficted with a
seprug.

Detection limits
ranged from 20 ppo to

S0 ppno

A CN band was observed
for all complexes
probably due to Hy
impuricy in the Ar.
Failed to
chronatograph acac
chelates of Cu (I1I).
Fe (I11) and V(IV). 2
orders of magnitude
for Be and Cr. 1 crdez
for Al.

Detection limits
ranged between 0.01 ng

and 100 ng.

Element

Al
396.2 n=

Cr
357.9 no

324.7 na

247.9 nn

N
337.1 =
{Hy bandhead)

S
190.0 nm

Al
196.2 n=

Be
234.9 nm

Cr
425.4 no

Aeference

58

59

60



Reduced pressure He

plasna, 0.1-1%. 0O OF

Ny added as scavenger.

Reduced pressure He
plasma doped with 1%
0y, 1/4 A Bvensen

cavity.

Tapered cavity systeo
essentially the sane
as Ref. 4l. Ar plasma,

35W forwvard power

Chromatography

Jox 2.5ca i.d., 108
Apiezon L on 60/80
oesh DCMS treated
Chrooosorb W. Effluent
split 1l:1 to FID and

MIP.

'U' cube ceolunns
packed with Chromosorb
W-{P with 3% OV-101

loading.

4' x 0.5 o= i.4. glase
column packed with 4%
SE-30 on 10/60 mesh

Chrocosorb GHP.

Matrix

Wide range of organic

solutions.

Chelates Cr{tfa)gy-
Ccriacac)y.

Crihfaly.

Se cpds in

environmental sacples,
looked at varioug NBS
materials, with good

agrecment.

26

Coomenta

Multi-nonzetallic
elezent detection used
to calculate

eapirical foroulas of
organic coopounds.
Linear range: 4 orders
of nagnituds for F.
Detection limits in

the range 0.03 ng 8~'

to 3.0 ng s-1.

Use of MPD as a
specific detector for
Cr; and as a non-
apecific detector, by
monitoring the atamic
C lire. Detection
limits ranged between
1.5 x 107" o

8.0 x 10-1C gs~! of

Cr.

Se(IV) cooplexed with
PD to form the
volatile piaselenol
cosplex followed by
toluene extraction.
Detection limit 40 pg
Se 0.1 ugl™! for
water camples and 15

ppb for solid samples.

Elcment Roference

247.8 ma

486.1 mm

656.2 no

685.6 no

cl
479.4 am

BIr

470.5 r=a

516.1 na

545.4 ™

746.9 nn

777.2 o 61

cr
357.87 na

62

Se
204. -]

63



Detector

Ar plasoa (see Ref.
23) armospheric

pressure.

Reduced pressure 1 -

10 T, He plasxa.

Atoospheric pressure
Ar plasoa, 30W forward

power, see 63.

Sece 63.

Chromatography

3' column, &\ FFAP on
80/100 =esh Gas Chroo
R. Ar = 990 cad atn~l.
Te 150°C

Ty = 200°€C.

3* colunn, L\ FFAP on
80/100 mesh carbon
baads.

Ar = 95 cad min~!

T * 135°%

T; = 200%

2' column, Chrocosorb
i01

He = 80 c=3 min~!

Te * 1159

Q,
Ty = 135%C.

3* column, 4% FFAP on
807100 mesh. Gas
Chroa Q.

Az = 110-120 cod
ain™'.

T, = 220-230°%

T, = 235-2609C.

6' ecolumn, S5V Carbowax
20 M on 80/100 wmesh
Chreonosorb 101

T, = 175%

Tp = 180°C

Ar = 100 co? min~t.

Matrix

MeHgX in benzene
extracts of biological

sacples, and air.

cusﬂqx in water and

air.

(CHy)3Hg in water and

air.

Ag and Sb in

environmental samples.

Alkylkargonic acids in
pesticide and
environzmental sacples,

MMA and DMA.

27

Comenta

X designates Cl, Br, !
or OH since all eluted
sicultanecusly; see
64, 65 for explanation
of this.

Detection linits range
betwveen 0.5 pg to

t ag g-'.

As(III) and Sb(III)
converted to PhyhsH
and Phy SbH, extracted
into ether, separated

by GC. Detection

limits: 20 pg As, 50 pg

sb.

As cpds converted to
hydrides. Detailed
study of hydride
generation and
trappings of the
evolved arsines-
Linear rvange 0.01 - 20
ppa. Detection limits

20 pg as As in water

ganples.

Element Reference

Hg
253.7 na

66

AS
228.8 no

sb
259.8 n2

67

AS
228.8 nm

682




Datector

174 X Evenson cavity.
Artoospheric pressure.

Ar plasma, 70W forwvard

power.

Low pressure

({150 mbar) He plasma
cavity type 214L.
Interelenent
selectivicty ioproved
by use of wavelength

oodulation.

Atsospheric pressure
Ar plasma in quartz
capillary 1.6 om i.d.
x 25 ¢m.

Tapered rectangular

cavaity, S0W forward

power.

See 63, 66 Ar plasna,
5-18T pres. 184

forwvard power.

Chroaatography

0.9 o reflon colu=n 3
=3 i.d. 10% SE20 on
70/80 mesh Gas Chroa
2.

Te = 180-190

Ty v 200

Ar = 30-150 ol ein~l.

Column - 4; = x 3 oo
i.d. glass, 0.5% SE}0
on 60/80 mesh glass
beads.

T. = 140°%.

<
y = 180%.

Ar = BO cm? min~'.

3' x 5 tm. i.d. glass,
6% FFAP on B80/100
mesh.

Gas Chroa Q.

T, = 180-190°C

Ty * 200°C

Ar = 130-150 ca? ain”!

natrix

Huzan blood gerun.

organic compounds

Hg(Me)Cl.

Trace levels of Cu and

Al in 2Zn metal.

MeHqgCl in water

samples.

28

tow teap. ashing
followed by chelation
with H{tfa) to foro
Cri{tfa)y which is
extracted into
benzene. Linear range
1 - 10 pg Cr.
Detection limit 9 =

10-13 g-

Deronsctrated that at
low pressures
fragmentation occurs
via collisions with
atoaic He whereas at
high pressures the
collisions are with
He,. Linear range
0.02~0.5 ng.

Detection limit 5 x

10-14 q.

Cu and Al extracted as
tfa chelates in CCl,-

Linear up to 60 ng Cu,
100 ng Al. Detection

limitas: 0.5 ng Al,

1 ng Cu.

MegHgCl extracted as
quaternary acine
adducts.

Detection limit 1 =
2.5 ng 17! for wacer

samples.

Blement Reference
Cr
3157.9 no
69
Hg
253.65 nn
10
Cu
324.8 nn
Al
396.2 no
kAl
Hg
253.7 no
72




Detector

Artz=ospheric pressure,

He plasma using ™j1p

cavity.

Low pressure {3- 5T),
Ar plasna: sec 63 and

66.

Low pressure {S0T) He
plasma, observation 8-
9 m downstrean froo
centra of discharge,
75w forward power.
0.258% v/v 0y 28
scavenger or 0.4% v/v
Nj. 1/4 )\ Evenson
cavity Dodel 214L and
174 X coaxial cavicy

oodel 217L.

Chromatography

Used exponential
diluter zo dezonstrate
the applicability of

MIP for GC detection.

Glags column, 6' x 1.5
cmm, 4% OV-10l1 on
Chrooosorb G (HP)
80/100 nesh.

Ar = B0 ol min~t.

Constant sacple
introduction for

optimisation studies.

Matrix

Gas pixtures

Mixture of n-paraffins
and THS- derivatives

of carboxylic acids.

Various organic

compounds.

29

Denonstrates
advantages of
atoogpheric pressure
He plasma and
discusses excitation
cechaniss. 3-4 orders
of nagnitude linear
ranges. Detection
lipitas ranged between
2 x 1071 o

2 x 107% ot 17}

Dual FID/MPD {5:1
split) to demonstrate
specificity of
response to TMS
Linear

derivatives.

range 0.5-150 ng.

Optimized plasma
conditions for: gas
flow rates observation
positien, microwave
pover, and gas
prespure with the 217L
cavity up to l0% of
power reflected, with
217L only 1%
reflecred. J1-¢
decades except for H
where a non-linear
response is found.
Detection limit

0.01 ng s~ to

0.5 ng s~t.

Element Refereance
C
193.1 o0
247.9 o=
h: |
486.1 an
cl
479.5 na
481.0 o
Br
470.5 =
478.5 no
I
516.1 nn
206.2 na
]
545.4 na 73
Si
251.6 mm
74
Br
470.47 oo
C
247.86 nn
cl
479.45 nm
F
6685.6 na
H
486.13 nm
1
516.12 n=
N
746.66 na
o]
777.19 na
H
545.39 nn
75




Detector

See ref. 57. Reduced

pressure He plasna.

See ref. 57. Reduced

pressure He plasma.

-

Mixed Ar/He plasma,
110w forward power OW

reflected.

Chromatography

None given

Polypenco nylaflow
presgure tubing 4.7
e i.d., }', 3', and
6' lengths. Packed
with Chraoosorb 102

60/80 mesh.

Matrix

Various organic

coapounds.

Trace S in HMeOH,
yellow P in PCly
specific detection of

vinylidene and PCB's.

Hydrides generated
from solutions of As,

Ge, Sb, Sc and Sn.

30

Cocments

Signals for four

elepents are oonitored

sicultanecusly added
by a SYNC signal,
stored for latter
cooputer analysis,
resulting in
interelecent ratios:
oain concern i3 in
dara acquisition and

processing.

Using MPD 850 to
obtain accurate
empirical formulae,
obtain detection

limita cooparable to

oanufacturers' claios.

Hydride trapped in
lig. Ny then
chronatographed.
Elenents deternined
scquentially. Linear
over 2 orders of

magnitude.

Blement

247.8 oo

486.1 no

656.2 no

771.2 na

746.92 mo

685.6 no

cL

479.4 no

Br

470.5 no

516.1 na

545.4 no

247.8 nn

486.1 na

656.2 n2

777.2 o

685.6 no

Cl

479.4 no

Br

470.5 na

$16.1 no

25).6 mm

545.4 nm

Ge

303.9 nn

‘Ag

193.7 an

Se

196.0 no

Sn

317.5 mm

Sb

259.8 nm

Reference

76

27

78



Detector

Awoospheric He plasza,
TMypg Cavity, 75-80W,
forward power, axial

viewlng

3/4 XA cylindrical
cavity, 125@ forward
power Ar plasoa,
background correction
by wavelength

modulation.

Low pressure (5T) He
and Ar plasmas tapared
rectanguliar cavity,
100w forward power.
d.3% 0, added to

plasma gas.

Chramatography

3 x 1/8°, 58 OV 17 on
100/120 cesh
Chrooosarb 750 He = 70
ca? ain'.

3* x l/8°, In OV-1 on
100/120 =zesh.

Varaport 30 He =

50 @3 ain=!

6' x 1/8%, 6% Carbowax
204 on 100/120 mesh
Chrooosorb P1 He =

50 w3 min®!’

6' x 1/8" 2.5% Dexsil
300 on 100/120 mesh
Chrormosorb 750 He = S0

em? min-t.

1.8 @ x 3.1 =@, 3% OQV-
1 on 80/100 mesh
Chromosorb W.

3 ain™!

Ar = 22 o
T, = 80%

o =]
T 1307C.

Stainless steel, 3 o x

Jem i.d., IV WS/w
Cexail 300 on 80/100
cesh Chrooosorb W{AW)
68 x3eni.d

Sgualane on B0/1G0

cesh Chromosorb W{AW).

Matrix Cocments

Diphenyl cercury. A design for heating
the interface between
GC and plagaa
utilising nichrane
TBP resistance wire

coupled to a variance

Tetravinylsilane given. Detection
limits ranged between
9.49 pg s~ ! to

MMT 63 pg s-1,

TEL 2-5 dioechylthio-

phene. Halobenzenes.

Tetraalkyllead Samples cold trapped

coacpounds in the on SES50 on Chromosorb

atoosphere. P at -80°C. Renoved
by freaze drying and
concentrated in
organic solvent.
Detection limits range
between & pg and 40
Pg-
H in organic cpds. He plasma twice as
sensitive as Ar plasaa
due to higher enerqgy
and therefore core
coaplete
fragoentation.

Detection liamit Lo~}

g s”t.

31

Elecaent

Hg
253.7 ma

253.6 n=

St
251.6 no

257.6 an

b
283.3 na

545.4 n3

cl
481.0 na

Br
470.5 an

685.6 na

206.2 an

Pb
405.78 no

H
656.28 no

Reference

79

1]



See ref. 81

Reduced pressure He

plasaa. See ref. 57.

See ref. 57.

Beenakker, 3/4 A

Evansen, 1/4 )
Broida, 3/4 )

cavitles were compared
with He/Ar or Ar

plasmas 100W forvard

power.

Beenakker T™p)g cavity
viawed axially He

plasma.

Chramatography Matrix

See retf. 81 H isotope ratios in
organic cpds in water

sazples.

PCBS in seal blubber,
cleaning fluids in

water.

Brological tissues,

coal tars, pesticides.

2.5 x 4.7 cm. Packed Standard solutions

with Chromosorb 102,
Served only to reduce
rate of sanmple
through-put to give

stable plasma.

10° x 1/8" i.d., Haloforms in drinking

stainless stoel Tenax water.

G.C.

32

Cocments

OSM neagures
alrernatively 'H and
24 enissions of
hydrocarbons najor
disadvantage is high

S/N racios .

Applications of MPDE50
in analysis and also
eapirical formula
determinations.
Detection limit in the

S0 pg ™!

range.
Briaf resuné of the
possible uses of the

MPD850 systeo.

Seni-autcmated hydride
generation from stock

golutioncontaining As,
Ge, Sb, Sn. Beenakker
cavity proved easiest

to operate.

Detection limit 1 ppb

at 3 o level for all

cavities.

Compared MIP with
HECD. Fund MIP was
preferable since 1t
gave uniforo oolar
vesponse and also gave

salective detection.

Detection limit 1 ppb.

c,

F,

L,

Element Reference
4

656.28 nm

2y
656.10 n3

82

H, P, H,
Cl, Br.

P, Se,

As, Hg, Pb.

cl,

83

Br, I,

P, Hg.

84

As

234.984 no

303.906 na

sb
259.806 nn

sn
317.502 na

a5

Ccl
481.0 nn

ar

470.5 na

206.2 no

B




Detectar

Mixed Ar {400 al
21n~') and Ee (300 =?
@in~') plasaa, 110 W
for forward power.

Evenson 1/4 ) cavity.

See ref. 87.

See ref. 81.

He plasoa, TMg,g

cavity viewed axially.

Chramatography

3' x 4.7 = i.d.
Polypenco Nylaflow
tubing packed with
Chrocogorbh 102 60/B0
nesh

To = 23 3%

See ref. 87.

See ref. B81.

12.5 a fused silica
WCOT, 5P2L00,
capillary celumn 0.2
cn i.d.,

T, = 80-116°C ac 4%

nin~' to 170° 0.1 pl

injections. Celuon

passed to within 5 o=

of plasma.

Matrix

whole blood enriched

flour MBS orchard

leaves {SRM 1571).

HBS orchard leaves;

hydride generation.

H emission froo

erganic compounds.

Toluene solutions of
volatile organo-
_metallic capounds .
(CpV(CO)‘], MMT,
{cpyFel, (Cpyhil,
[CpColNOl(COlzl

({CHy)5CpCoi{cO);) .

33

Commento

Hydridegs trapped on
1iq. Nz cooled
condensation tube
packed with glass
hellces prior to
separatian on GC
column.

Detection limits
ranged between ) ng

and 40 ng.

Eleoents except Ge
decarained both
sequentially and
simulcanecusly. Thae
former giving lower
detection limits.
Petection limits range
between 20 ng and

600 ng.

Characterisation of
emisaton from atomic H
in MIP accounts for
non-linearity

obgerved.

The lov volume of GC2
coluzn t(approx. 80 ul)
is ideally cocpatible
with MIP. Specificity
of detection aids
ident1fication of the
unregolved {Cpadi) and
fCpCr(x0)(CO);)

conaplexes.

Element

193.7 n=

303.9 na

Se
196.0 n

Sb
259.8 na

sn
317.5 o

sinultaneous
AS
235.0 no

Se
196.0 na

Sb
259.8 na
{2° order)
Sn
317.5 =
(2° order)
(for

sequential
seo ref. 87)

656.28 no

247.9 nn

cr
267.7 oo

Co
240.7 nnm

Hi
231.6 na

257.6 nn

Reference

87

as

89

20



He plasma T, .4 cavity
viewed axially.

Be = 450 cwd min~t.

He atoogpheric plasma,

using TMgyp cavity,

85-90W forward power.

He plasma in a

surfatron cavicy (see

ref. 33}
See refs. 79 and B6.
See ref. 96.

Chromatography Matrix

ov-225% scor, 100 o x Friedel-Crafte

0.25 c= i.d. catalysed alkyl group
He = 4 cmi/min. redistribution
T " 210% reaction of aethyl-
T, = 40°C then ethyl-n=propyl-n-butyl
&% ain~? silane.

Tyn = 2509

PBB and related

Glass, 1.5 02 x 4 =@

i.d. 2% Qv-101 on compounds .
80/100 mesh Chrocosorb

wHP .

Te = 228°C.

He = 60 cm?d min~t.

30 o capillary coluzn Pesticides.
coated with Qv-101

ne:hyl gilicone

He = 5.9 ol ain”!

T " 275%°C.

Te = 250 for

pesticides.

Soe refa. 79 and 86. Agqueous chlorination

products of humic and

fulvic substances.

See ref., 96. Selaniun
biomethylation

products froo soil and

sawage.

34

Co=ments Element Reference
35 redistribyution si
251.6 nn
products are forced,
due to requirement to
vent the solvent the
low M# products which
elute with cthe solvent
are not recorded. 91
Mot as sensitive as Br
478.55 na
the ECD but offers
elezent selectivity.
Datection limit 1 ng.
92
The surfatron He c
247.8 no
plasca gives alightly
i cl
higher detection 479.5 na
481.0 no
limits than those
Br
obtained with other 470.5 om
cavities. Detection I
206.2 n
limit 0.5 to 20 ng- 95
In addition to cl
479.5 nm
trihalomethanes
significant number of
chlorinated phenolic
cpds wore found. 95
(CHy)35e, (CH3y) 8e;. Se
and (CH,),-Se0; found.
Deotection linits 20 pg
for {CHy};-Se. 97



Detector

™qy9 cavity, He
plasma, BO0W forward
power O, as scavenger-

He = 40-70 a=d ain™',

™g 10 cavity He plasoa

1/4 X Evenson low
pressure (40 T).

™g g atoespheric
pressure. Ar and He
plascas. The latter

viewed axially.

Chroaatography Ratrix

15.2 o x 0.508 =™ Hydrocarbons,
i.d., SCOT column (CHy)Bg, (C3Hsg)HY-
packed with finely

ground diatocaceous

earth on silica

suppert ccated with o-

bis (o-phenoxyphenoxy)

benzene and Apiezon L,

He » 0.5-8 c@? min”.

To = 90°C.

Organic coopounds;

elemental analysis.

n-hydrocarbons C4-Cy-

35

Cocaents Blement
F1D proved 50X oore Cc
193.1 and
sensitive than MIP for 247.9 no
€ (at 193.1 aon) Both Hg
254.) no
had the sane
sensitivity for
(CyHg ) -Hig. The MIP
wag 2X as sensitive as
FID for {CHy)pHg using
Hg aspecific detection.
Detection linmits
3.8 x 10-12 g s~ ana
9.1 x lo~12 g s -1,
Linear ranges of 3 <
193.1 no
orders of magnitude 247.9 nm
for all elements. H
486.1% no
Decoction limits range
cl
betwoen 479.5 no
481.0 n
2 x 107! go1 17!
Br
to 8 x 1079 o1 171, 470.5 no
487.5 nn
I
516.1 no
206.2 no
S
545.4 nm
With the aid of a c
247.86 nm
reference compound it
H
is possible to 656.28 no
determine ratio Cy
576.52 no
formulae, hewever
CH
results are inadeguate 431.42 no

for unknown compounds.

Detection limits:

™p10
He Ar
¢ 0.67 0.2

H 0.13 4.7
1/4 A Evenson
He Ar
C 0.44 0.35
H 0.16 0.36

in ng a1

Reference

98

99



Dorector

Atoospheric pressure

fie plasaa in a ™pyp
cavity. Background
correction by gquartz

refractor plate.

TMgyp cavity.
Atzospheric pressure,

He plasma, viewed

axially.

T™g10 cavity.
Atoospheric pressure;

He plagma, 75W forward

power; He = B0 cad

min~l.

Atmospheric pressure,

He plasma, TMyg

cavity. Sece ref. 101.

Chromatography

SP-2100 WCOT fused
gilica column 12.5 o x
200 ua i.d., and 30 o
x 350 a i.d. ov-101L

SCOT glass colu=n.

12.50 x 0.2 == i.d.
SP2100 fused silica
WCOT capillary column.
Te = 609 - 104°%C at
1°¢ min™! 0.1 ul
injections 100:1

split. For boration

studies.

Glass 1 =2 x 3 tm i.d.
colunns packed with
either: 3V OV17 on
80/100 =esh Shimarate
W, 10% Carbowax 6000
on 30/60 =mesh
Shimarate TPA, or
Poropak Q, 80/100
oesh.

Ty = 190%

- -
Tin 190°C.

12.% o SP2100 fused
silica capillary
column.

100:1 split racio.
T = 40°9C-100°C at
59C nin~' 0.01 u1

sacple.

Matrix

Trialkyllead chlorides
in spiked tap water

sanples.

Detectien of volatile
B compounds from the
pyrolysis of Dexsil
series carborane
silicone polymer, and
form boration of diols
with n-butylboronic

acid.

Various organic

compounds.

Terraalkyllead

compounds in pezrol.

36

Cormentsa

Gag swWitches interface

illustrated which
prevents the solvent
extinguishing the
plasma linear froa 10
ppb to 10 ppo.
Detection limits 10 -

30 ppb.

Ha doping of the
plasma inhibits
formation of oxides of
silicates, promotes
boron hydride
formation and the
populaticn of B
atomic, rather than

ionic, states.

Relative sensitivities
for C a;d H in
different coapounds
were not the space.
Aceribuced to
incomplete
fragmentation in low
power plasma used.
Detection limits

1.8 pg 8~ to

39.0 pg a~t.

Demonstrates
advantages of element
specific detection by
cocparison of Pb and C

responsas.

Element Reference

P
405.8 no

247.9 na

101

247.77 no

102

H
656.279 no

<
193.091 nm

F
685.602 nn

cl
479.454 nm

Br
470.4856 no
I

206.238 no

S
$45.388 n» 103

Pb
283.3 na

247.86




Detector

Atnospheric pressure,
He plasma, TwWglg
75W forward

cavicy.

power, 12W reflected.

Atmospheric pressure.
He plasoa, TWg)g

cavity. Sea ref. 101.

Beanakker TMgip
cavity, Ho as the
support gas. 50 W
forward and 0-} W
reflected power.
Modified Jarrell=-Ash

66000 polychramator.

Atpospheric pressure
microwave sustained
heliun plasma with
Beenakker TMy4q
reganant cavity.
Efflyent split by 3-
way valve with 20%

going to FID.

Chromatography

1 @ x 3 ss i.d. glass
column, 15 DC-200 on
80/100 cesh Uniport B
and 3% OV-17 on 80/100
mesh Uniport HP,

He = 80 ml oin~!

12.5 o x 200 un i.d.,
SP2100 fused silica

WCOT. Tercinazed
within 1-5 on of

cavity wall.

6* stainless steel
coluan (1/8" o.d. x
2 o i.d.) packed with

10% Apiezon L on

80/100 mesh Chromosorb

PAW at 110 °c.

3* silinised qlass
column (1/4" o0.d. x

4 om L.d.) packed with
2% OV 101 on BO/lDO
Chronogorb HP at

270 °c.

2' x 1/8° stainless
steel column packed
with Porapak QS,
80/100 mesh, using 1
ml gas injeccions.
Bentone 34/DC-550

nixed phase on

Chrooagorb W-HP.

Matrix

P in urine.

Redistribytion
reactions for Ge, Sn
and Pb alkyls. Pb

alkyls in gasolines.

Chlorinated pesticides

and brominated flace

retardants.

Applicaction to a

number of halomoethane
and monochlorobiphenyl

ecparaticns.

37

Cocents

F extracted with TCMS
and converted to TMFS
in toluene. Linear
over 4 orders of
Dezeczion

oagnizude.

limit 7.5 pg s™'.

Hy doping of He
enables plasoa to
withgtand 1-2 ng s~!
throughputs of Pb, Ge
or Sn. Linear over }
orders of magnicude.
Detection Lipits

ranged between 0.71 pg

to 6.1 pg

The polychromatogr/
microcomputer system
developed to
simultaneously monitor
four emission
wavelengths.

Derection limits at
nancgran level witch
precision in order of

5% RSD.

Notes on design,
optimisation and
utilisation of
interface.

Detection linmits:

20 pg Cl
8.8 pg P
2.5 pg Fe
10 pg Br
134.0 pg §

Elemant Reference

665.6 no

105

Ge
265.1 nm

Sn
284.0 n3

Pb
283.3 na

106

c
247.9 no

cl
479.5 nom

BR
470.5 nm

107

cl
481.0 n=
479.5 no

14
213.6 no

Fe
259.94 nn

8r
478.6 no

S

213.6 nm
545.5 na

108




Copper Beenakker
cavicy, 2450 MHjy
oicrovave generator
and McPherson nodel
270 scanning ULV/vis
zanochronator.
Interface similar to

Ref. 101.

Systen as described in
ref. 92. Minor nodifi-
cation by ingerting a
stainless steel tube
fron the colucn into
the plagma contalincent
tube in hope of

reducing dead volune.

Reduced pressure He
plasma in parallel
with either an PID or
ECD.

Plasma viewed
cransversely by a
nulzichannel spoctro-

oster.

Chraaatography

6' x 0.125" column
packed with OV-17 on
Chrozosorb WHP.
Carrier gas He at
29 =l min~t.
Column teop. 85 °C
1140 9C for

derivations).

Details not given.

Two capillary colunns
of 30 o x 0.25 onm i.d.
and 1.0 v fllo
cthickness 05-5.

Tenp. progracoe 70 oc
- 300 % ac 10 °¢C

-1

ain with a helium

carrier at 1 al min”',

Matrix

Technique used in
coabinacion with
chenical
derivitization of
selected conpounds in
cooplex samples e.g.
trichloroacezy!l
derivatives of

aliphatic anines.

Application to
halogenated codpounds

e.g. Cilex BC-26.

Characterisation of
fluorine containing
petabolites in blood

plasma.

38

Cocmnonts

Hicrocoaputer used Lo
switch valves, can
also be used to
control oenochronazor

Javelength settings

and acquire analytical

data.

Modification
undesirable in
quantitative studies
since results in
degradaticn of
detection limits.
Paper recommends
interface in ref. 86.
Most of paper
concerned with
hardware and seftwvare
developoent for
control, data

acquisition etrc.

Inlet splicter to

divide effluent between

the two coluans.
Interaction with
fluorine species with
qunréz tubing gives

rise to peak tailing.

Elcment

247.9 n

cl
479.5 na

Br
470.5 no

Ccl
479.45 nz

Br
478.55 nnm

F

685.6 nno

C

495.7 nm

Reference

109

110

1



Detector

Spectrospan IIIB
Multi-Elenent
Analyser equipped with
a threa-electrode DCP-
Spectrojer III and
cultielenent cassette.
Wavelength scan
achieved using
Spectracecrics DBC-1)
Series UV

systen.

monitor at 280 nmo.

Atnospheric pregsure
plasma utillzing a
beenakker type TMg)lg
cavity. Low
resolution scanning
aonochromator with
appreximacely Q.1 no

resolution.

System similar to ref.
107 with the
internally tuned
resonant cavity
counted on the GO

oven.

Chraatography

Gel fileration = 2.6 x
100 ca coluan packed
with Sephacryl S5-300.
5 o1 saaple applied to

caluan.

Capillary coluan - 11
o x 0.25 eaa i.d. SE30
fused silica. He at
1 ol oin~'. Teop
progranmme at 4 °¢
oin~l afrer firsc 6
ains.

Pyrolysis using Model

100 Pyroprobe Unit.

3* x 1/4* coluon
packed with 2% OV 101l.
Flow rate 25 ol/nin.

Coluon temp. 300 °C.

Matrix

Speciation of protein-
bound Cu, Pe, and Zn
in serus and
intravenous infusion

fluids.

Pyrolysis preoducts of

novel linear

silarylene-siloxanes.

Dicxins and other

halogenated compounds.
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Cocments

Gel Eilcration
separation requires
several hours,
therefore spectroneter
recalibrated avery
hour.

Detection limits:

Cu 3.2 ug L7}

Fo 3.9 ug L™

Zn 9.3 ug 1!

The interface allowved
venting of coluan
effluent coataining
large quantities of
solvents which would
disrupt heliuo
discharge, while

passing labile species

without loss.

The H line wag
ponitored with a red-
sensitive
photooultiplier. Data
manipulation as ref.
107, but modified to

store chromatographic

data.

Eleaent

Cu
323.7 o

Zn
213.8 nn

Fe
373.4 nno

253.6 no

247.6 no

247.9 nn

BR
470.5 nm

cl
479.5 no

656.3 nm

Refereoce

112

113

114




2.3.2 Coupled gas chromatography - inductively coupled plasma

The high capital cost of ICP instrumentation together with the high
running costs have resulted in its use mainly as a multi-element
excitation source for routine analysis. Consequently use of the ICP
as a detector for GC has been limited. However, it does offer the
advantage of withstanding organic solvents more readily than the MIP
due to the higher gas temperature; and so may po;sibly be further

utilised in this role in the future.

The first couplings of GC~ICP were made by Windsor and Denton (115-
117) in Arizona, and Sommer and Ohls (118,119) in Dortmund. The
former group showed the capability of ICP OES for the elemental
analysis of organic compounds {115) using an all-argon plasma. This
capability was then utilised in a GC-ICP coupling (116) for
simultaneous multi;elemental analysis of organic and organometallic
compounds. A natural extensiocn of this work was the derivation cof
empirical formula. Windsor and Denton (117) used carbon, hydrogen and
halogen ratios to find the empirical formula of various organic
compounds; however, while the technique provided the ability to
analyse for a large number of elemental constituents, suitable lines
for oxygen and nitrogen were not found. Sommer and Chls (118) used
both all-argon and the nitrogen cooled plasmas for the determination
of tetraalkyllead compounds in various petrols by monitoring the lead
emission. The same authors (119) determined nickel and zinc as
diethyldithiocarbamates, using a nitrogen cooled plasma. Fry et al.
(121) investigated a large number of fluorine atom lines for selective
detection of various fluorine=-containing organic compounds, using off-
liﬁe correction to remove interference from the solvent emission.

Brown et al. (120) monitored near infra-red oxygen emissions to enable
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oxygen-specific detection. The determination of volatile hydrides of
arsenic, germanium and antimony by GC-ICP, using a sequential slew-
scanning monechromator (122) demonstrates how the use of
chromatography enables rapid multi-element analysis using a
monochromator. Table 2 lists applications of GC-ICP which have

appeared to date.
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Table 2

Detector

All Ar plasce
obgervations cade 9 o
above leoad coil.
Conputer coatrolled
daca acquisition

115.

aystema. See ref.

All Ar plasma. See
refs 115, 116.
Power = 0.8 kW
Coolant = 12 1 min~}
Plasna = 0.5 1 @in~!
1

Sacple = 0.9 1 @in”™

Makeup = 0.9°

Uses both high power

Ar/tN; and low power

Ar/Ar plasnmas.

Ar/Ar plasaa 1.75 XW
forward power.

Used elongacted torch,
observation zone

5.5 = above load

coil.

Coupled Gas Chromatography - Inductively Coupled Plasaa Optical Emission Spectroscopy

Chromatography

6" x 1/8" packed with
8y Carbowax 1540 on
80/100 cesh fire-

brick.

See ref. 116.

SP1000.
Te = 140°C (Si)
T, = 150°% (Pb)

Ny = 30 @ min=l.

10% Carbowax 20M on
Chrooogorb P 80/100
cesh.

Ar = 25 co? min”!
T. = 100°%

- o,
Ti, = 100°%.

Matrix

Elemental analysis of
various organic

coapounds .

Halogen containing

hydrocarbons.

Looked at lead in

petrols using standard
addicicn also TML/TEL
ratio and C background

at 220.35 na.

Monitored near IR
oxygen enissions for
various gascsg and

organic liquids.
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Used single and culti-
channel oono-
chromators. Using the
latter conitored C and
H channels for TMT,
toluene and p-xylene.
Detection linits range
botween 0.8 ng - 1 og
depending on the

elenent.

Elemental ration
determinations for
each peak typically
200 elemental ratio
deterninations wvere
achieved to yield an

average figure.

Studied effect of
varylng various plasma
gas flows on signal
and background levels.

Detection limit 650 ng

Rlement
{wavelength/ Raference
om)

Br
700.57 na
247.86 na

cl
725.67 =
£34.67 na

656.28 nn

206.16 na

si
251.61 po

Fe
371.99 an

¢b
217,00 oo

sn
284.00 no 116

cl

117

S1
212.4 nm
288B.1 nm

Pb
220.35 nn

118
119

o
777,134 no
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Detector

All Ar plasza

All Ar plasma with
slew scanning
sonochrooator. 1 KW
forvard power.
Observation 15 o

above load coil.

Chromatography

6' x 1/8" packed with
Anine 200

1. = 105%

1

Ar = 25 cn? min”

sacpling loop used.

3.5 x 3 =3 i.d.
Chrooosorb 102 at

ambient temperatyre.

Matrix

Separation of
benzenetrifluoride and

o-fluorotoluene.

#ydrides generated,
cold trapped and
passed through column

into plasma.
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Coznento

F/C selectivity of 1.0
ac 685.602 n> without
background correctien.
By using "off line®
correcction solvent

peak disappears.

Sequentially eluting
hydrides oonitored.
Linear over 2-3 orders
of magnitude.
Detection linmits

4 ng Ge

50 ng As and Sb

Elemont Reference

F
Considered

i yg 56
lines in
the reyion
3150 to

895 na 121

303.9 no
As
278.0 n=
317.5 nz

Sb
287.8 o



2.3.3 Coupled gas chromatography - direct current plasma

The DCP is essentially a direct current arc struck between two or more
electrodes and stabilized by a flow of inert gas. There are few
reported couplings of GC with DCP OES, although the group at Amherst
have been particularly active (91,104,123,124). They found it
possible to use argon, helium or nitrogen as a carrier gas (124),
although in certain spectral regions interference from cyanogen bands
can occur with nitrogen. The use of a sheathing gas, heated to
prevent sample condensation around the injector nozzle, was found to
increase sensitivity (123,124). This coupled technique has been used
as an element-selective detector for: manganese as the
cyclopentadienyltricarbonyl derivative (123); copper, chromiunm,
nickel, palladium and zinc chelates (124); iron in ferrocene (126),
and various group IV metals in an interesting study of Friedel-Crafts
catalysed alkyl group redistribution reactions (921). Treybig and
Ellebracht (127) utilised a vacuum ultra-viclet plasma spectrometer
for sulphur-specific detection which compared favourably with MIP
detection and has the advantage that sclvent venting is not required.

Applications of GC-DCP are summarised in Table 3.
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Table 3

Prototype spectraspan
111 dc plasma eckelle

spectroceter.

See reaf. 12). Details
of heated interface
design given. Dual
detection with FLD
used sheathing gas
heated to 230°¢C to
prevent condensation

of eluents.

Tin = 230°%

Coupled Gas Chromatography - Direct Current Plasna Optical Fmigsion Spectroscopy

Chromatography Matrix

6" x 1/8" L.d. MMT in gasoline,

stainless steel 2% standards in iso-

Dexstl 300 GC on octane. Eytantrene as

100/120 mesh internal standard.
Chrozosarb 7%0. 1l:1
split with FID.

T ™ 1309C

T; = 160%

Tin = 170

He = 25 ¢md mia”l.

6' x 1/B° i.d., I Critfa)y

Dexsil 300 on 100/120
assh Chromosorb 750.

T. = 170°¢

c

He = 60 emd ain”!

Te =~ 220°%C Culen)(tfa),

6' x 1/8" i.d. 2.5% Cu(pn(tfaiy}
Dexsil 300 GC Ni pn{tfa);

T, = 230°% . Pd pn(tfa),

T, = 280°% Zn (drecly

6' x 1/8" i.d. 3.2% CpCr(HO)(CD)z
Dexsil 300 GC on benzenechrociun
100/120 mesh tricarbonyl.

Chrooogorb 750 Cigr Cy2¢ C14. and Qg

Te = 190% hydrocarbons.
6' x 1/8° i.4d

108 SE-30 on 60/80
negh Gas Chroo. S.

T, = 170%.
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Elcment
Cocaenta {Wavelength/
om)
Only sacple Mn
aodification reguired
wag addition of the
internal standard.
3 ain analysis tice.
Upper limit of linear
range was 340 ng.
Detection limit ) ng
Sheathing gas around Cu
323.7 no
the lssuing g.c.

Ni
effluent prevented 341.7 na
excessive diffusion as Pd

340.4 no
the sample travelled
into the plasma froo (o
247.8 nm
the interface tubing.

Cr
Linear from 2 - 150 ng 267.7 nm
for Cr. [

237.8 oo

Detection limits
ranged betwecen
0.28 pg s~' to

320 pg 9”1

Reference




Detector

Por spectrooeter and
interface. gee ref. 125.
Except used 3

electrode jer racther
cthan a 2 electrode

one. Ar flow rates:
Sheathing =

1.42 - 1.65 1 ain”!
Cathode = 2.0 ! min~!
Anode = 1.3 1 min™!
Curzrent = 7 A

Voltage = 40 60 V

See refs. 91 and 124.

Vacuua UV spectrometer
with spactrametrics dc

plasma.

Chroaatography

6' x 1/8° stainless
sceel, 5% OV-10l on
100/120 cesh
Chrooosorb 7590.
He = 40 @ pin~!

T = from 80°C to & or
8% min"?

T = 210%

Tin = 220°

Nickel tubing 1 o x
1/8%, 3v av-201 on
100/120 cesh ultrabond
20 M.

He = 40 cm3 ain”!

T. = from 809C at 8°¢C

min™!
T; = 210°%

0O,
Tin = 2207C

100° x 0.03° i.d.
stainless steel PLOT
ov-101

Te = 170%c.

122 cn x 2 = 1.d.,
Poropak super Q.

183 ecm x 2 & 1.d., 3%
Qv-101 on Chrocosorb W

HP, 80-100 mesh.

ty » 80 cn? min”t.

Matrix

Friedel-Crafce
catalysed alkyl group
redistribution

teactions.

Ferrocene and halo-

derivatives.

CSy. Thiophene }-
mechylthiophene.
hexanethiol
benzenethiol
oethylsulphoxide.
Detection Limit

0.3 ng 5 s”'.
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Cooments

Redistribution
reactions of the
following pairs:

APr Sn*Et Pb
EtySn+"Bu,Ge
fprSieNauige
“BuyGerEt Pb
VngSi+sEtySn
Vnysi+"BusGe studied.
Formation of PbrRjCl
and SaR;Cl by
reactions with AlCl,

studied.

Paper contains aany

other organcnetallic
separations, however
the detector used ls

the PID.

Element

Si
251.6 @

Ge
265%.1 n2

Sn
286.3 na

Pb
168.3 n=

Pb
368.3 n

Sn
286.1 na

Fe
372.0 nn

180.7 nm

Reference

126

127
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2.3.4 Coupled gas chromatography - atomic fluorescence spectroscopy

Van Loon (205) was the first to suggest the possiblé use cf non-
dispersive AFS as a detector for chromatography, noting its multi-
element capability, ability for low level detection and simplicity of
usage. Although this latter point is debatable, the most likely
reason for the dearth of published work using GC-AFS is probably the
lack of sufficiently intense, stable and simple light sources. To
date only line sources have been utilised in chromatographic
applications, Van Loon's group in Toronto having published the only
GC-AFS work (157). A nitrogen separated circular air/acetylene flame
was used with an inert gas shielded electrothermally heated gquartz
tube and a modified graphite cup atomiser. In the lead specific
detection of tetraalkyilead compounds flame AFS proved a factor of
three more sensitive than FAAS; however, no increase in detectability
was found using AFS over RAS when the graphite cup or gquartz tube
atomisers were used. The availability of a commerical AFS instrument
should increase the usage of the technique since the advantages of
multi-element analysis and sensitive detection make AFS an excellent

method for the determination of metals.
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Table 4 Coupled Gan Chromatography - Atoaic Fluorescence Spectroscopy

Datector Chroaatography matrix Commenta (Hafr::nq:h/ Refarence
om)
Circular N3 shielded See Table 4 ref. 109. Tetraalkyllead FAFS } x oore b
circular Air/CyHa coapounds . sensitive than FAAS,
flaoe. however,
Electrothernal AFS was
Electrothermally nmo better than
heated quartz tube electrothermal AAS.
furnace.
Graphite cup furnace
at loeo°c. 109
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2.3.5 Coupled gas chromatography - atomic absorption spectroscopy

Coupled GC-AAS can be split into flame (FAAS) and electrothermal (ETA)
atomisation systems - Table 5. Flame atomisation offers the
advantages of continuous operation, simplicity and low cost
instrumentation. Although it would appear that-the low nebulisation
efficiency of about 10% for solutions, would be a disadvantage
compared with ETA where the whole sample is atomised, this is
unimportant in coupled GC-AAS since the analyte is in the gas phase
prior to entry into the atom cell. However FAAS does suffer the
disadvantage of higher detection limits due to the shorter atomic
residence times in the flame. 1In addition to the increased
sensitivity, it is also claimed that ETA is safer and lends itself to

the possibility of unattended operation.

The simplest way of interfacing a gas chromatograph with an atomic
absorption spectrometer is to pass the column effluent wvia an
interface tube into the nebulisation chamber, to be swept by oxidant
and fuel gases into the flame. The first reported GC=-FAAS coupling by
Kolb et al. (128) used this method to determine tetraalkyllead
compounds in petrol with an air/acetylene flame. This interfacing
method has been utilised by various authors (129,136,140} Morrow et
al. (129) used the nitrous oxide/acetylene flame for the silicon
specific detection of silylated alcohols and an air/acetylene flame
for atomic emission detection of the same species. A similar coupling
was used to determine lead in petrol (136,140,153), and in the
atmosphere (140). Hahn et al. (162) used such an arrangement to
determine As, Ge, Se and Sn, after hydride generation, using a

hydrogen diffusion flame. Coker {(125) realised that dilution of the

sample and excessive peak broadening caused by passage through the
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nebulisation chamber could be avoided, and so passed the
chromatographic effluent into a manifold just below the burner slot,
thus achieving lower detection limits for tetraalkyllead compounds in
petrol than with previous couplings. Wolf (146,152) used a similar
coupling to specifically determine chromium in standard orchard leaves
after chelation with trifluoroacetylacetone, as did Chan (167) when
investigating tetraalkyllead ratios in petrols from varying sovrges.
The work of Ward (34) has emphasised that in order to enable true
trace level determinations by GC-FAAS, the residence times of atoms in
the flame must be increased. This was achieved using a ceramic tube
suspended over a flame in various configurations (33,206). 1In the
most successful arrangement, described by Ebdon et al. (33), the
effluent from the gas chromatograph was taken to a 'T' piece where a
flow of hydrogen is introduced to enable a small hydrogen diffusion
flame to burn at the end of the interface tube. The atoms produced in
the hydrogen flame are then swept into the ceramic tube. This
approach has given detection limits of 17 pg feor lead in
tetramethyllead and tetraethyllead, 80 and 95 pg for mercury as MejHg
and Et,Hg respectively, and 0.12 ng for selenium in organoselenium
compounds. The system has now been adopted for routine use in a
number of laboratories (33,175,177), particularly for the speciation

of alkyllead compounds.

The electrothermal devices used in coupled GC=-AAS, fall into three
main categories:

(i) home made electrothermally heated quartz or ceramic tubes;

(ii) commercial graphite furnaces;

(iii) commercial cold vapour mercury analysers.
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This latter atom cell has been used for mercury specific detection of
organomercurials in various samples. Hey (130) passed the effluent
from the chromatograph into a continuous wet chemical reduction cell,
the reduced Hg(0) being swept into the cold vapour absorption cell of
a commercial system ( MAS 50, Coleman Instruments). Other authors
{132-135) used a flame ionisation detector flame to atomise the
ocrganomercury species which were then passed into the same cell.
Dressman (132) used this method to speciate dialkylmercury compounds
in spiked river waters. Blair et al. (135) also used this method in a
study of mercury transformations in aquatic environments. Gonzalez
and Ross (131) used a quartz combustion furnace prior to the detector
to determine methyl=- and ethyl- mercury chlorides in fish tissues, and
found better selectivity towards mercury than that exhibited by

electron capture detectors towards the organomercury chloride.

The use of an electrothermally heated silica tube as an atom cell for
coupled GC-AAS was pioneered by Chau et al. (138). The furnace,
heated to around 1000 ©°C with a through flow of air and hydrogen, was
used with a selenium specific detector for the separation of
dimethyldiselenium and dimethylselenium (138). Chan, with a number of
¢o-workers, then used this coupled technique for numerous
environmental applications (138,139,142,168,169). This group also
developed the technique for metal specific detection of organolead in
the atmosphere (140,141), the aquatic environment (155,159) and for
methylation studies of lead {139,203), tin (168) arsenic, mercury and
selenium (169). Thompson (171) utilised a similar atom cell to study
methylation pathways in coastal sediments, whilst Brueggemeyer‘and
Caruso (172) used the same system for the determination of inorganic

lead in aquatic samples after methylation of the extracted
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dithiocarbamate 1lead complex: Van Loon and Radziuk (143-145)
developed a silica 'T' tube for coupled GC-AAS. This low cost
arrangement had the chromatographic column contaired in the long arm
of the 'T', the effluent then passed into the cross piece atomiser
purged with flows of hydrogen and nitrogen. The system was used as a
metal specific detector for organoselenium compounds (143) and in the

study of organoselenium transpiration by Astragalus racemosus

(144,145). Bye and Paus (154) used an electrothermally heated quartz
furnace to atomise organomercurial compounds prior to their detection
in an unheated silica cuvette. 1In a comprehensibe study of various
tétraalkyl, methyl- and ethyl=-tin chlorides (165) Burns et al. used an
electrothermally heated quartz tube as atomiser. They found that
detection limits could be lowered substantially if the hydrides were
generated prior to atomisation. In a comparison of various atom cells
for coupled GC-AAS by Radziuk et al. (157) the graphite furnace proved
the most sensitive for lead, and gave a factor of £fifty increase in

response when compured to the early simple Kolb type flame coupling.

The first gas chromatograph coupling to a commercial graphite furnace
was rather crudely achieved by Segar {137). The end of a tungsten
transfer line was passed through an enlarged hole in the graphite tube
so that the effluent impinged on the hot tube wall. Parris et al.
(150) considered the effect of using pyrolytically coated, alumina
lined and standard graphite tubes at various atomisation temperatures
with and without hydrogen (10%)} added to the chromatographic effluent.-
The best detection levels were achieved for As, Se and Sn, using
standard graphite tubes with hydrogen added to the effluent flow and

an atomisation temperature of 1800 °c. Robinson et al. (151) passed

the chromatographic effluent through a graphite electrode into the
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optical path of a home made atomiser which was kept at 2000 °cC
throughout the chromatographic run. This atomiser was used for lead
specific detection of tetraalkyllead compounds in petrol (151) and in
a study of the degradation cof TEL in sea water (158). Bye and Paus
{154) found graphite furnace atomisation was 100-fold more sensitive
than flame atomisation for the determination of TML in petrol. The
determination of tetraalkyllead compounds in various matrices has
again been well researched; for example, Cruz et al. (204} in £fish,
water, sediment and vegetation samples. The group in Antwerp
developed the most sensitive GC=GFAAS coupling for tetraalkyllead
compounds (163) and used it to determine these compounds in petrecl
(163,166), the atmosphere (164,166) and in a preliminary study of
their degradation in river water (166). Determination of another
"anti-knock" petrol additive, methyl-cyclopentadienylmenganese
tricarbonyl, in the atmosphere, was achieved by Coe et al. (160) down
to levels of 0.05 ng m=3, Winefordner and co-workers (174) have
demonstrated a novel method of avoiding matrix interference by
selective volatilisation using coupled high temperature (ca. 2093 K)
GC=-AAS. They used a molybdenum column/atomiser for the separation of
sodium, copper, manganese and magnesium ions with excellent
correlation of analytical signals for each metal in pure and mixed
solution. This work opens a new area of application for GC-AAS, since
prior to this only elements which form volatile hydrides or chelates
in inorganic matrices could be separated. The technique thus offers a
possible methoed for separating interfering concomitants from the

analyte prior to atomic spectroscopic analysis.
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Detector

Flaca AAS, GC effluent
passed via a heated
tube into the

nebulisation chamber.

FPlace AAS, N30/CaHy

FAES air/CpHp flaze.
Coupling was through
the nebulisation

chaober.

Using cold vapour

analyser.

A5 ref. 130.

Table §

Chramatography

2ax2c=3i.d., 0%
Apiezoa M on’
Chrooosorb R.

1

N3 ™ 40 ol ain”

(=]
T, = 150°.

6' x 0.25° i.d. steel
column, 20% SE30 on

30/60 mesh chrooosorb
W. He = 100 m} aia”',

O,
T, « 130%.

Glass 6' x 0.25"
column, 5% HIEFF-2AP
on Chrooosorb WHP,
80/100 mesh.

¥y = 120 al ain”!

Ty = 200%

Te = 170°%

= o,
Tin 200%C.

Matrix

Pb alkxylsa in petrol,

T™L and TEL

Siylated pyridine
solutions of n-

alcohols &y - C5.

Organomercury

cozpounds.

Alkyl mercury
compounds in fish
tissue

MeHgCl and EtHgCl.
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Coupled Gas Chramatography - Atomic Abgorption Spectroscopy

First paper to
describe GC-AAS

coupling for elezent

specific detection.

Linear range 50-700

pPE.

Interface tube,
stainless steel
(0.0345° i.4.) heacted
in excess of T.-

AAS 4-20 ug

AES 3-100 ug

Linear range.

Detection limits

ARS 0.11 ug AES 0.72 ug

Passed GC effluent
into a continuous wet
chemical reduction
veasel; Hg then
flushed into cold
vapour cell. Linear
up to 186 yg.

Detection liait 50 nag

GC effluant passed
into a quartz tube
combustion furnace
{780°C) prior to
passing into the cold
vapour cell. Linear
up to 45 ng.
Detection limit - 2.5
x 107'Y g of MeHgCL

gives 1% absorption.

Rlement
(Wavelength/ Reference
nm)
Pb
217.0 n»
128
Si
251.6 nm
129
Hg
253.7 nm
130
Hg
253.7 nm
131



See ref. 130.

see ref. 130

See ref. 130,

See ref., 130,

Air/acetylene flace.

Graphite furnace xept
atr 27009C with

background correction.

Chromatography
6' x 2 == i.d. glass
colu=n, 5% DC-200 = 3%
QFL on 80/100 cesh
Chronosorb Q,

Te = 769C held 2 ain
then 209¢ 2in~! to

180°¢.

See ref. 132

See ref. 132.

6' x 0.125" glass
column, 5% SP2100 + 3%
S5P2401 on B80/100 mesh
Supelcon AW-DCMS.

Ny = 20 ol ain”’.

T, = 60°C hold 2 min
then 329C min~! to

180%%.

3o x ) oan Teflon
tube.

N, = 30 al min”

T, = 110%.

6* x 5/16" i.d. on
glags column, 4% SE-30
+ 6% QV210 on Gas
Chrea Q.

Ar = 50 ol min~!
T, = 1509

2.8 ul injections.

Matrix

Dialkyl cercury
ceopounds in spiked

river waters.

Dialkyl mercury
conpounds ,
MeyHg, EryHg.

nPrzﬂg, nBqug.

Dialkyl mercury

compounds.

Mercury coapounds
involved in
transgformations of

aicroorganisos, in

" soils and sedizents.

Pb alkyls in gagoline

samples.

Pb alkyls in gasoline.

55

The efflusnt was
passed through the PID
to cocbust the oercury
coopounds prior to
entry into the cold
vapour analyser.
Detection limir 0.} ng
See ref. 84. Linear
fron 0.05 ng to

100 ng.

Detection limit

0.02 ng for Hezug.

See ref. 84. Linear
from 0.05 to 100 ng
for MeyHg and EtyHg.

Detection limit

0.02 ng for Hezﬂg.

Study of methylation
pathwvays in

alcroorganisms.

Effluent passed (rom
GC into spray chanmber.
Linear

$ <o burner.

from 0.2 to 40 ug.

10 co W ctransfer line
connected into an
enlarged heole in
graphite tube.
Detection limit 10 ng

Pb.

Element Reference
Hg
253.7 n=
132
Hg
253.7 ao
133
Hg
253.7 n=
134
Hg
253.7 o=
135
Pb
217.0 no
136
Pb
217.0 no
137




Detector

Electrothermally
heated silica tube
(60 m x 7 =2 i.d.,
T = 1000°C) Furnace
qases:

air = 120 ol oin”!

B, = 120 01 ain”'.

Alr/Cyl, flane.

AAS using an electro-
chermally heated
silica furnace. Sece

ref. 138.

Air/Cyiiy flame. All-
glass lining for
nebuligation chambar
used to praevent

absorption of organc-

lead on chamber walls.

Chramatography

1.8 a0 x 6 cx glasgs
coluzn, 3V OV-1 on
Chromosorb w 80/100
Qesh.

Te
thea 159C min~! o

120%

Ty = 2259C.

3' x 3/16" i.d. steel

column, 10% Carbowax

204 on 100/120 mesh
Porasil C.
Hy = 120 ok oin”}
T = 130%
Home oade column

heating systen.

S ul injeccions.

See ref. 138.

i.8 m x & o glass
column, 3% QV-1 on
80/100 Chronosorb W.
Hy = 65 al ain”~'.

Te = 40°C for 2 min

1

then 59 € oin™' to

90%c.

= 309C hold 2 amin

Matrix

Me,se and MesSep in

synthetic air samples.

Pb alkyls in gagoline.

TML from methylation

of Meypb® salts.

Tetraalkyllead
ceoapounds in the
atmosphere and

gasolines.

56

Conments

Air sa=zples trapped at
-80°C on 3% OV-1 on
Chroowsgorb @ and
desorbed into the GC
at 80°C. Tho trap
being heated in a
comaercial ‘toaster’.
Linear up to SO ng.

Dotection limit 0.1 ng

Se

The effluenc fron the
GC passes into a
canifold just below
the burner slot which
evenly distributes

the effluent along the
flame. Linear up to
200 ppm for TML and
1000 ppm for TE!L.

Detection limit 0.2

ppo.

Reported that MeyPb®
salts were readily
converted to TML by
microorganisns in lake
water or nutrient.

oediun.

The air sarple was
trapped (see ref. 90);
passed through
nebulisation chamber
into flame.

Detection limit B0 ng.

Elesent

Se
196.0 na

Pb
283.3 nn

Pb

Pb
217.0 nm

Reference

138

127

139

140




Electrothernally

heazed silica tube.

See ref. 138.

Electrothermally

heated silica tube.

See ref. 118.

"T* Furnace atomiser
(900-1000%;
dicensions, 100 oo x
20 cm i.d.) flows into
atomiser.

H; = 1 1 min”l,
¥y = 6 1 ain”'.

Quartz 'T' furnace,

Chromatoqraphy

Colu=n (see ref. 92}.
¥, = 70 al ain”?

T, = 50%°C for 2 nin

c
then 15°C ain”! to
150°c

T = 150°c.

1.8 a x 6 o=, 3% OV-1
on Chrocmosorb W 80/100
mesh.

Lead gee 92.
Seleniun

Ny = 70 &t min~!

Tg = 409C for 2 min
then 15°C min~! up to
1209 .

Ty = 225%

Arsenic l0% OV=-1 on
chromeoserb W.
N, = 30 ol nin™
T, = 25°C = T

Tin ™ 100°%c
Mercury 5% DEGS on
Chromosorb W

¥y = 80 @l ain”?
Te = 145°¢

T; = 150°%

Ty, = 156%
Cadajum

§, = 70 ol ain”!
T, = 70%

<9
Ty = Ty, = 80°%

122 o x 3 o= i.d. Al
tube, 20%
polymetaphenylether on
60/80 mesh Chromosrob
w.

Ny = 23 al ain”
T, = 82°%

Ty = 180°C

Matrix

Tetraalkyllead
coapounds in the

atoosphere.

Organomatallic
compounds in liquid or
gaseous sacples. For
gaseous sazple
trapping method see

ref. 138.

Dialkylseleniun

coopounds

57

For sanple trap and

chronacographic

interface see ref. 1J8.

Linear up to 200 ng.
Detection limit

0.1 ng.

Cozpounds detertined
were: tetraalkylleads
oethylseleniuns
oethylarsines,
alkyloercury
chlorides, and
dimethylcadmjun.
Detection limits

0.1 ng for each

elezent.

The homenade
chromatographic systea
was contained in the
quartz 'T’

arrangement.

Element

Pb
217.0 n=

Hg
253.6 na

Pb
217.0 n=

cd
228.5 no

As
193.7 na

Se
196.0 no

Se
196.0 no

Reference

141



Detector

gee ref. 143.

Flaoe, with
chronatographic

effluent being

delivereddirectly ro

the burner cavity.

Electrozhermally

heated silica furnace,

seea ref. 118, eor
directly coupled
through the

nebulisation chamber

to an air/CyH, flanme,

see ref. 140.

Hy diffusion flane
burning in quartz
cuvette.

Hy = 250 =1 min”l.

Alr = 150 al =ia~'.

Chromatography

Sea raf. 143.

2' x 3 = i.d. Teflon
tubing, 108 SE30 on
Chromosorb WHP 80/100
cesh,

T, = 180°%C

Ny = 65.nl oin™}

20 ul injection.

See raf. 141.

6 o stainless steel
column, 16.5% DC-550
on 80/100 mesh
Chroooeorb W AW OMCS:

He = 80 ml min~!.

Matrix

Organoselenium
cocpounds transpired

by Astragalus

racesogus.

Inorganic Cr in :BS

SRM 1571 Orchard

leaves as Cricfal,y

chelaces.

Tetraalkyllead
coopounds in petrol

and air sacpleg.

Reducible AB species

in natural waters.

58

The transpired
coapounds were trapped
on DC-550 on
Chrocosordb & in a dry
ice bath and dasorbed
at 175°C into the
chronatographic
coluan.

Detection Limits
HQZSe = 10 ng

Me;S5ep = Zo_ng

Ety50; = 20 ng

After a H50420;
digestion, Cr chelated
with Hrfa (0.1 ol)
extracted with hexane
(0.5 m}) prior o
injection. Linear
from 0.5 ppm to 5 ppa
Cr.

Detection limit

1l ng

For atoospheric
sampling see ref. 138.
Linear up to 200 ng
for furnace.

Detection limit 0.1 ng

for furnace systed.

The hydrides of the As
coopounds isolated by
cold trapping, passed
down a column and into
a furnace. Linear up
to 50 ng.

Decection limir 0.05

ng for AsHy.

Elcment

Se

196.0 na

Pb
217.0 n

As
193.7 nn

Raference

144, 145

136

147

148



See ref. 132.

Graphite furnace with
pyrolytic or alumina
lining or standard
graphite tubes, at
various temperatures
with and wvithout Ar/H,
(90 + 10) flow

(20 al ain™%).

Graphite furnace
2000°C. The furnace
kept at this
temperature throughout

chraomateographic run.

Air/CoHy flame; see

ref. 146.

Chramatography

80 cm x 6 &a i.d.
glass colucm, 190%

Carbowax 20M on

Chromosordh & AW. S to

100 ¢l injections;

o, o
T; = 200°C T = 60
for HegHgs 200°C for
MeHQC1
Ny 15 el min~! for
HeZHQ-
Ny = 200 ol ain”! for

MeHgCl.

6" x 1/8" i.d. glass
column, 5% $P2100 and
3% 5P2401 on BO/1l00
cesh Supelcon AWDMCS
T, = 40%

Ar = 30 ol min”!

Ti, " l00%C.

Teflon column, 8*' x
1/8", 20% TCP on
Chronosorb W,
Ar = 30 ol min”!
T, = 100%

T, = 125%

s )
Ti, = 100°C.

18® x 3 = i.d. PTFE
tubing, 5% SE-30 on
Chromosorb P AWDMCS,
80/100 nesh.

¥y = 120 ol min”!

T. = 160%.

Ty = 150%.

Matrix

Me,Hg, MeHgCl.

Meyha, MosSn and Ma,Se
in Hy. To stimulate

an atmaphare over a

lake systeo.

Tetraalkyllead
compounds in gasoline

and the atmosphere.

inorganic Cr in NBS
SRM 1571 orchard
leaves and SRM 1569
brewers yeast as
chelates, also Co, Fe

and Cu chelates.

59

Carancnts

Detection limit 10 ppb

Hg.

Best detection levels
achieved using
standard graphite
tubes with an Ar/d,
flow at 1800°C.

Linear up to 320 ng As,
313 ng Se, 363 ng Sn.
Detection linits

between 5 and 12 ng.

TEL undetecteed in all
10 air samples.
Detection limit

0.1 ng.

The chelates
determined were:
co(fod)y Fe(fod),y
Fe(tfa)y Culefhd)y.
Linear frem 0.5 to
8.0 ug. Dotection

linits ranged between

1.0 ng to 500 ng.

Element

Hg
253.7 na

As

Se

Sn

?b
283.3 nn

Reference

149

150

151

152



Detector

Both a flanme,
air/CyHp. the effluent
introduced through the
nebuliser, and &
graphitae furnace at

1300°.

Hg compounds atocaised
in electrically heated
quartz furnace at

620%.

Electrothermally
heated silica tube.
See refs. 138 and

141,

Graphite furnace

atomisation at 1700°C.

Chramatography

20% SE-52 on
Chrooosorb #,
Ar = 90 al aia~!
T = Ty = 125%

T, = 130%.

10% SP 2300 on
Chrooogord W.

My = 90 ol oin”'.
T, * 1459

O,
Ty = 2009C

See ref. 138.

150 @ x 6 = i.d.,

glass colucn, 3% OV-

101 on Chromosorb W,

80/100 mesh.

T;, = 80°%

To = 90°C chen 40°%C

win”! o 200%.
Or isothermal at

150%.

Mmatrix

Tetraalkyllead
coopounds in gasoline

sacples.

Alkyloercury compounds

in figh.

Tetraalkylliead
compounds in water,

sedirzent and fish.

Tetraalkyllead

coapound in air.

60

The furnace technique
was 100X and 75X core
sengitive than the
flamoe coupling for TML
and TEL regpectively.
Detection limits
Place:

T™L = 17 ng

TEL = 81 ng

Furnace:

™L = 0.12 ng

TEL = 1.1 ng.

A rapid omechod for
quantitative
extraction of
organocercury
compounds from fish
given. Linear up to

120 ng. Detection

limit 3.5 ng.

Extraction procedures
for three sanple types
given. Detection
limits water (200 =l1)
= 0.5 ug 17!,
Sediment (5 g) = 0.01

ug g~% Pish (2 g} =

0.025 ug g~ '.

The Pb compounds froo
70 ! air samples were
crapped at -729¢ on
the chrozatographic
packing.

Dotection limit

49 pg Pb.

Element Reference
Pb
283.3 @
153
Hg
254.0 na
154
Pb
217.0 n=
155
Pb
283.3 mm
156



Varicus aton cells)
air/C,H, flaze; flane
and electrothermally
heated quartz tubes,
graphite cup and

furnaces.

Graphite furnace
atonisation (see ref.

151) at 1500°cC.

Electrothermally

heated silica furnace;

gee rof. 138.

Electrothermally

heated silica tube

furnace; see refs. 155

and 141.

Graphite furnace

atoniser.

Chromatography

150 ca x 6 c= i.d.
glass column, IV OV-
101 on Chre=mwsorb W,
80/100 mash

Ny = 140 ol oin”!

T = 509C then 40°C

ain~! up to 200°C.

18" x 1/8" i.d4. Teflon
columm, 20% Ucon Non-
Polar on Chrooosorb P.
Ar = 60 ml atn~l.

Te = 140%

T " 150%¢

Tin = 140°%.

See ref. 138.

Soe refas, 155 and 141.

2. o x & = i.d., 3N
Qv-101 on Chromosorb
WHP, 80/100 mesh.

T, = 115%

T = 150°%

Tin = 150°C

Ny, = 80 ol min”'.

Matrix

Tetraalkyllead

caapounds .

TEL in sea wager.

TL in aethylation of
Pb (II) salce In

aqueous solution.

Tetraalkyllaad
compounds in fish.
sedicent vegetation

and water samples.

MMT in air samples. -

61

Corments

If T, > 300°€C
deceaposition of lead
coapounds occurred and
interference froo
reccbilization by the
solvent resulted.
Detection limit 30 pg

with HGA2100 furnace.

Soce TEL migrates to
surface and
evaporatea. The
aajority forms the
soluble EtyPbCl.
Evidence of further
degradation was found.
Derection limit

I ng at=1.

Found a cheaical
methylation pathway
for converting Pb(1l}
saits into amethyl

dorivatives.

Samples were analyaed
for total Pb, volatile
Pb tatraalkyllead and

hexane extractable Pb.

The air samples were
collacred (see ref.
108) at 70 al ain™}
for 8 hours.
Detection limit

0.05 ng o3,

Blemont Reference
Pb
183.3 na
157
Pb
283.3 n»
158
Pb
203
Pb
283.3 no
159
Mn
279.5 am
160



Datector

Graphite furnace

atomisacien.

P diffugion flace,
sanples introduced

through nebuliser.

Graphite furnace
atomisation at 2000°C.
External gas flow of

0.9 1 min~t.

Chromatography Macrix

saze as ref. 159. Deternination of
total, hexane
extractable volatile
and tetraalkyllead in
fish, water sedicont
and vegetation

See ref.

sacples.

159.

3' x 4.7 = 1.4, Determination of As,

Polypenco Nylaflow Ge, Se and Sn after

tubing, Chrooosorb hydride generation and

lo2, cold trapping of

T = 23%. hydrides.

Glass column 180 & x TML and TEL in petrol.

2 o i.d., 3% OV-101

on Gaschroa Q, 100/120

oesh

Ar = 30 al min™}

Te * 50°C the 209

min~! up ro 150°

O,
T, = 200°%.

62

manual lamp change and

Corments Blement Reference

Coupling of b
283.3 n=

chromatograph transfer

line to the furnace

wap via friction

fitted Ta connector

(157).

Detection limits 2 ppb

hexane extractable,

0.5-1.5 ppb volacile,

and 0.5 ppb

tetraalkyllead. 161

Chromatographic As
193.7 na
geparation allowed
Ge
265.2 n=
monochrooator change Se
196.0 n=

between peaks. The

Sn
224.6 am

overlap of SeHy; and Sy
required their
soparate detection.
Detection limits

rangod betweean 60 ng

and 260 ng. 162

Coupling wvia Pb
283.3 no

lomx 0.5 om i.d.

glags tube. Linear up

to S0 ng.

Detection limits

40 pg TML

90 pg TEL

163



Detector

Graphite furnace
atcoisation; see ref.

115,

Electrothernmally

heaced quartz tuba.

Graphite furnace
atooisacion) sae ref.

115.

Alr/CyH, flame;
effluent from
chrooatograph
introduced just below

buraer slot.

Chramatography

Saze as ref. 161,
sanples desorbed from
short glags column of
chroaatographic
naterial at 909C into

chromatograph.

2 mx 6rcm i.d. glaes
column, 3% SE}0 on
Chromosorb GAW DMCS.
For R = Me

T, = 120°%

¥, = 16 ol ain™!

Por R = ET

Te ™ 180°¢

t, = 50 al atn”'.

Same asg ref. 16]3.

10' x 1/8% steel
column, 20% Carbowax
20M on Chrooosorb P
N, = 120 ol min~!
T. = 120°%

Ty = 140°%

Tin = 110%

2 ul injected.

Matrix

Tetraalkyllead
cocpounds in air
sanpled for 1 nr at

6 1 min~',

Tacraalkyltin and

alkyltinchlorides

(R,8nCly-n} R = Me and

Et.

Tetraalkyllead
campounds in air
(cf. 116}, petrol
(cf 1153), river and

rain water.

Tetraalkyllead
compounds in petrol
from a variety of

sources.

63

Pb compounds sampled
onto glass beads at

-130°C. Then

transferred to a short

coluan of
chromatographic
packing ac -1969C.
Detection linits
™L = 0.1 ng a™?

TEL = 0.3 ag o~}

Qwing to column
rearrangezents all
four methyltin
coapounds cannot be
exaninsd. Passed
colucn effluent
directly to atcaiser
and also generated
hydrides prior to
atooisation. Linear
up to 400 ng.
Detection limits

1.0 ng for Me,Sn

2.0 pg for Me,sn if

hydride is atoailsed.

Degradation of TML and

TEL in river wacer
investigated.
Detaction limits
™L = 0.2 yg 17}

TEL = 0.5 ug 17\,

Interface line was

4' = 0.02" i.d.
stainless steel.
Linear up to 400 ng
for TML up to 1400 ng

for TEL.

Eleoent Reference
Pb
283.3 ™
164
Sn
286.3 mo
165
Pb
283.3 no
166
Pb
217.0 no
167



Detector

Electrothernally
heated gilica furnace
(see refs 118 and
141} at 850°%

3y = 150 al ain™'.

Blectrothernally
heated silica furnacs;

see refs. 138 and 141).

Graphite furnace
atomisation; see refs.

163 and 1l64).

Electrothermally
heated silica rube,

see ref. 118.

Chromatography

4* glass column 20%
ovV-3) on Chrecosorb W,
B80/100 oesah.

N, = 80 ol ain*!

Tc = 30°C for ) min
then 20°9¢ ain~! up to
110°c.

T, = 85°%

0,
Tin = 65°C.

for chromatographic
conditions see refs.

140, 141 and 142.

See refa. 163 and 164.

180 c@ x 6.4 em, 3%
ovV-1 on chronosorg HP
80/100 mesh.

3y = 25 ol min®!
T. = 70%

Ty = 156°C.

Matrix

Methyltin coopounds
ga=pled frem cthe
headspace above
gedicent sacples in a
oethylating

environment.

Methylated deorivacives

of As, Hg, Pb and Se.

Tetraalkyllead
compounds in the
atmosphere. Samples
taken froo rural,

urban and gasoline

station environs.

Tetraalkyllead
ccapounds formed in
gtudy of methylacion
pathways in coastal

sedicents.

64

Cocments

Headspace sacpling
[see ref. 138).
Experinents indicated
Sni{ll} was methylated
by CH3I but Sn(1V) was
not.

Detection liamit

0.1 ng Sn.

Study of the effect of
PH on methylacion in
the aquatic
environoent.

Datection limits

0.1 ng of each

eleoent.

Elevared levels of
tetraalkyllead
conpoundg were (ound
around gasoline
stations and in areas
with heavy traffic.
Linear up to 50 ng.
Detection limits

40 pg TML

90 pg TEL.

Reported that
bioconversion of
Pb(II) to TML unlikaly
in marine

environoents.

Element

sn
224.6

193.7

Hg
252.6

Pb
217.0

Se
196.0

Pb
283.3

Pb
217.3

2=}

no

no

no

na

no

s

Reference

168

169

170

17



Detector

Blectrothernally
heated quartz tube

{ecf. 141) at 980°C.

Electrothermally
heated quartz tube

{see ref. 141},

Flame and a flane

heated ceramic tube.

Mo furnace surrounded

by an alunmina slaeve,

1

heated at 25¢ X 3™ zo

2473 K.

Chromatography

8 cax 3.2 c;mai.d.
stainless steel
colu=n, Porapak Q
80/100 cesh. TML was
trapped on coluzn and
flushed off with N3

(150 al ain~') by

placing the column in

& toaster (cf. 141) at

T = 2359.

1.8 2 x 6 o glass

coluen, 3% OV-1 on
Chronoserb W, 80/100
cesh.

By = 65 ol ain”’

T = 180°%

T, = 90°C then 20°C

ain~! up to 190°C

Ty, = 165°C.

1.5 2 x 4 o= glass

colunn, 5% Carbowax

20M on Chromosorb 790,

80/100 oesh,
To = Tp = Tjp = 159-

1759%.

247 == x 1.22 o= i.d.

Mo column with a wall

thickness of 0.8 ca.

Carrier gas of either:

Ar at 44.7:2.1ul s~
or Ar + H, at

35 1= 0.8yl s~V and
13.5 = 0.4 ut 8™}
respectively.

T = 2093 K.

Matrix

Deternination of
inorganic Pb in
aqueous sanples ag
terramethyl derivative
formned by cethylation
of the extracted
dithiocarbanate

cocplex.

Organotin coopounds,

Me,Sn=-Bug.p in water.

Tetraalkyllead

coopounds.

Na, Cu, Mn, Mg in

inorganic salts.

65

Compents

Methylation was

affected by methyl

lithiuz and enly a 50%

conversion was
achieved. Linear up
to 200 ng.

Detection limit 5 ng.

Tin coopounds wvere
extracted with a 9.1%
tropolone in benzene
solution from spiked
water samples.
up to 3} ng.
Detection limit

0.1 ng.

Various atoo celle

developed, and sinmplex

aptimised.
Detection limit 17 pg

Pb for oost scnsitive

atoa celi.

Ar (3.8 1 ain"') and

Hy (1.2 1 min~!) uged

to provide an air free

arcosphere around

tube.

Linear

Element Reference
Pb
283.3 oo
172
Sn
224.6 n=
173
Pb
283.) ma
33
Na
Cu
Mn
Mg
174



Modified foro of flame
AAS pysten uged in
ref. 3) to enable the
use of Perkin Eloer
burners requiring high

gas flow rates.

Silica furnace
consisting of an
electrically heated
quartz T-tube encased
in a shaped firebrick.
Asgecnly mountedin an
aluainium cardle
positioned within the
optical bean of the

spectrometer.

Flana AAS systex based

on ref. 33.

Chramatography Matrix

1.5a x 6 e= o.d. x Ionic alkyllead
2 =3 i.d. coluan coopounds in water.
packed with los ov-101

on Chrooosorb W
(80/100 =esh). Teop.
prograzzme 50-250 °C at

10 °¢ ain~?t,

1.0 m x 6 oo glass Alkyllead compounds in

column packed with 10% environnental sanoples.
ov-101 on 80/100 mesh

Supelcoport He flow

rate 35 ol min 1”0,

Tenp. progracme up to

250 ©c.

l1lox6cmo.d. x 2 =3 Tetraalkyllead

i.d. glass column coapounds in air.
containing 3% ov-101
on Gaschroo Q (100/120

mesh).

66

Problea of saczple
introductioa into the
aton cell overcoae
using cocmercially
available cpen silica
call nornally eaployed
with the P.E. MH5-10
nercury/hydride
systea. Detection

limits ag 11,

Purnaca operating
conditions - 900 °c
and hydrogen makeup
gas at 50 ml ain~l.
Detection limits of
abour 10 pg, with
clainms of possible
ioprovement by
inproving the
chromatographic

efficiency.

Samples ccllected
using cryogenic
trapping at -196 °C

then flash-heating.

Element

Pb
283.) m»

b

Pb

Reference

175

176

127



2.3.6 Summary

Historically, the MIP has proved the most popular excitation source
coupled with gas chromatography. This is probably a reflection of the
MIP's ability to monitor certain non-metallic elements in addition to
metals, and particular mention should be made of the ability of the
helium MIP to monitor halogens. The only commercially available GC-
MIP system unfortunately uses a low pressure plasma and thus has the
attendant problems of vacuum lines and gas transfer from atmospheric
pressure in the chromatograph to low pressure in the detector. The
availability of the Beenakker TMg10 cavity, which allows an
atmospheric He plasma to be sustained may yield a more satisfactory

GC-MIP coupling.

All the plasma emission detectors offer a multi-element facility and
long linear ranges which make them attractive as GC detectors.
Unfortunately the ICP, and to a lesser extent the DCP, involve high
capital investment and high operating costs, so that coupling of these
detectors to GC may not prove cost effective for all but the largest

laboratories.

Atomic absorption detectors, whilst having relatively short working
ranges, offer adequate sensitivity for trace metal speciation work.
It is often quoted that flame atomisers do not offer such low
detection limits as electrothermal atomisation. however, flame
atomisers have been shown to give superior detection limits if the
atom cell is carefully optimised. 1In addition, flame systems offer
simplicity of design and have the advantage that the instrumentation
is readily available in the majority of laboratories concerned with

the analysis of metals. Directly coupled GC-FAAS techniques are now
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used routinely in a number of laboratories.
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CHAPTER 3

THE EVALUATION OF DIRECTLY COUPLED GAS CHROMATOGRAPHY-FLAME ATOMIC

ABSORPTION SPECTROSCOPY

It can be seen from the review in Chapter 2 that a number of different
interface designs have been published for directly coupled GC-atomic
spectroscopy. This chapter evaluates the most successful of these
couplings, utilising flame atomic absorption spectroscopy, for two
very different applications. The first case describes the use of
directly coupled GC-FAAS for the determination of alkyllead compounds.
Although this particular application has been described in the
literature, it has been extended here to form the basis of a forensic
study looking at petrol residues on hand swabs. The second case
described is the determination of tributyltin compounds in seawaterx.
This application demonstrates the limitations of coupled GC-FAAS
techniques for speciation studies involving compoungs with

unfavourable gas-solution partition coefficients.

3.1 Use of flame atomic absorption spectroscopy

The use and characteristics of flames used for absorption spectroscopy
have been widely reported (178~180). Premixed flames are in the most
common usage since they offer high temperature with relatively low
background emission, have well documented chemical composition and are
easily reproduced (181). For many elements the air/acetylene flame
produces sufficient atomisation to enable good sensitivity with
freedom from inter-element interferences. It is not just the enthalpy
of the flame which decides the degree of atomisation but also the

flame chemistry. This is demonstrated by the fact that the elements,
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Bi, Cu, Cr, Ga, Sn and Sr, are atomised substantially more in the hot
reducing nitrous oxide/acetylene flame and the cool hydrogen/air flame
than in either the hot nitrous oxide/hydrogen flame or the cooler

air/acetylene flame (182).

The theory of atomic abscrption spectroscopy is detailed widely in the
literature (183-185). Briefly, atomic absorption follows an
exponential relationship between the intensity of transmitted light,
I, and absorption path length, 1, similar to Lambert's law in
molecular spectroscopy

I = I, exp(=ky 1)
where I, is the intensity of the incident light and k, is the
absorption coefficient at the frequency Y. For quantitative
spectrosocpy the absorbance, A, is defined by:

A = log(I,/I)
thus we obtain the linear relationship:

A=k, 1l loge

= 0.4343 k,, 1.

It is possible to demonstrate (183) from classical dispersion theory
that in practical terms kv is proportional to the number of atoms per
cubic metre in the flame, i.e. absorbance is proportional to analyte

concentration.

Atomic absorption corresponds to transitions from low to higher energy
levels, hence the degree of absorption will be dependent on the low
level population. The proportion cof excited to ground state atoms in
a population at a given temperature can be considered with the aid of

the well known Boltzmann relation:
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N (Ep =~ Ep)
_m=h exp -_Eu
Nn gn kT

where N is the number of atoms in an energy state En or Ep, g is the
statistical weight for a particular state and k is the Beoltzmann
constant. The population of the ground state is generally much
greater than that of higher energy levels and as a result absorption
is greatest for transitions from the ground state. (i.e. resonance

lines)

Since the width of atomic lines is typically'about 0.002 nm, the
amount of radiation isolated by a conventional monochromator is not
significantly reduced by the narrow absorption signal if a continuum
source is used. The considerable contribution made by Walsh (186) to
atomic absorption spectroscopy was to use a line source. Since
absorption and emission lines have the same wavelength the narrowness
of the absorption line is a positive advantage. Thus overlap of an
absorption line of one element with an emission line of another is
negligible and, hence, only resolution from other lines in the lamp,
e.g. filler gas lines, is required. This 'lock and key' mechanism is

responsible for the greater selectivity of AAS over AES.

3.1.1 The coupled gas chromatography - flame atomic absorption
spectroscopy system

The coupled GC-FAAS system used in the following applicatiohs is based

on the technique described by Ebdon et al. (33). 1In essence the

technique employs a conventional gas chromatograph which is coupled to

a conventional atomic absorption spectrometer by a readily demountable

interface. Effluent from the chromatograph is led via a heated glass-

lined metal~-tube to a small 'T' piece. Here an auxillary flow of
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hydrogen is introduced to produce a miniature hydrogen diffusicn flame
which burns at the end of the interface tube and atomises the
effluent. The atoms are immediately swept into a ceramic tube
suspended above and heated by a conventional air/acetylene flame see
Plate 1 and Figure 3. Using this arrangement the air/acetylene flame
serves the dual purpose of keeping the ceramic tube hot and thus
preventing condensation in the tube, and keeping the hydrogen flame
alight. It does not however serve to atomise the sample. The axis of
the tube is aligned in the light path of the spectrometer and the

resultant atomic absorption signals monitored.

Since organometallic species can be selectively and specifically
detected-using this technique, the system was evalauted for two very
different applications = (i) the identification of lead alkyl
compounds extracted from hand swabs of individuals with previous
contact with petrol (Section 3.2) and (ii) the determination.of

organotin species in seawater (Section 3.3)

3.2 Application to the determination of tetraalkyllead compounds

on hands after contact with petrol

Additives to petrol can be classified into two major categories.
Possibly the most important of these are the tetraalkyl compounds of
lead which are added to petrol to improve its octane rating. The
actual mixtures used vary widely depending on the individual batch of
crude oil and the requirements of the refined product. The tetraalkyl
leads are usually adjusted to give an even octane rating across the
petrol beiling range, although the maximum level permitted by
legislation varies from country to country. Of the five

tetraalkyllead compounds, tetramethylliead (TML), ethyltrimethyllead
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(ETML), dimethyldiethyllead (DEDML), triethyldimethyllead (MTEL), and
tetraethyllead (TEL), only TML and TEL are usually found in British
petrols. Since these compounds are virtually unique te petrol, their
presence can be utilised for the unequivocal determination of petrol
residues. The application described here is for the determination of
petrol residues collected on hand swabs. Obviously such an
application has direct forensic applications, although a suitable
analytical techniqﬁe capable of measuring the lead alkyl distribution
in petrol is also of value in helping to identify spillages and
leakages, predicting petrol properties by composgsitional analysis,
calculating their effect on sensitivity (difference between the motor
and research octane ratings), and quality contrel in blending (125).
The second group of additives, the so=-called 'scavengeré' -
organohalides which act as engine cleanexrs by preventing the build up

of Pbo, deposits are not of interest in this investigation.

Until the introduetion of coupled GC-AAS techniques the satisfactory
determination of individual lead alkyls was a lengthy process. The
one standard method that exists (IP 188/66) works on separating the
sample into two fractions by distillation after dilution with a

xylene-toluene mixture (187). The distillate which distils below
133 °c, contains the tetramethyl lead and the residue contains the

tetraethyl lead.

Coupled GC-AAS involves no lengthy preparation prior to analysis, and
has in addition many other advantages, such as increased sensitivity,
specificity for lead, complete resolution of TML and TEL, speed of

analysis and freedom from interferences.
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3.2.1 Experimental

Instrumentation

Atomic absorption spectrometer (SP9, Pye Unicam, Cambridge) fi;ted
with background correction and lead hollow cathode lamp. The 283.3 nm
lead line was used. Gas chromatograph (series 104, Pye Unicam,
Cambridge) fitted with glass column packed with 5% carbowax 20 M on
chromosorb 750 (80-100 mesh), column temperature 160°C. The interface
0.76 mm i.d. glass lined tubing (Phase Separatioh, Queens Ferry,

Clwyd), was resistance heated.

Method

Before beginning work on the detection of tetraalkyllead compounds in
the hand swab extracts, a number of preliminary experiments were made
to investigate a range of possible solvents and the efficiency of the

extraction technique.

Choice of solvent

Four solvents were selected and used to extract standard solutions of
1 and 2 ppm TML/TEL solutions (1 ml) from defatted cotton wool swabs.
The solvents used were: 1., isooctane; 3. hexane;

2. pentane; 4. chloroform.

Extractions were made using 2 x 5 ml of solvent and then rotary
evaporated down to 0.5 ml before injection into the instrumentation.
Each extraction was repeated three times and the results obtained

compared with those of standard injections.

Extraction efficiency

The solvent selected as offering the best recovery of TML/TEL was used
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for all further work. However to determine the least amount of
solvent required to extract the maximum amount of lead, five different
extraction methods were used.

A. 5 ml + 5 ml extraction ~ 1 ppm TML/TEL spike

B. 5 ml + 3 ml extraction 1 ppm TML/TEL spike

C. 3 ml+ 2 ml +2 ml extraction = 1 ppm TML/TEL spike

D. 3 ml + 2 ml extraction 1 ppm TML/TEL spike
E. 2 ml + 2 ml + 2 ml extraction = 1 ppm TML/TEL spike
Again each method wag repeated three times and the efficiency of each

extraction calculated by comparison with a 3 ppm standard injection.

Hand swabs
Before beginning the work on petrol a series of tests were made to
invesigate the possibility of interference due to the solvent removing
other compounds from the hands. The solvents used were:

a. isooctane; b. pentane; c. acetone.
Each swab was prepared by taking a wad of defatted cotton wool (1 cm>)

moistened with solvent and extracting from the palm of the hand.

The technique was further developed by spiking the hands with 1 ml of
TML/TEL solution (10 ppm). Initially swabs were taken 10 minutes
after application but this period was extended to several hours in

later analysis.

Finally the hands were spiked with two star petrol allowing periods of
up to seven hours before extraction. During these experiments
investigations were also made to examine the effects of hand washing
on the detection levels. Quantification of the results obtained in

these tests were facilitated by the use of CR50 (a catalytically
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reacted equimolar mixture of TML and TEL containing all 5
tetraalkyllead compounds mentioned above supplied by Associated Octel,

Bletchley) as an internal standard.

Since deterioration of the tetraalkyllead compounds after extraction
may also be an important factor - both {(a) on the swabs before solvent
extraction and (b) during storage in the vial before injection into
the GC=-AAS, these factors were examined. A series of swabs were
prepared by extraction 3 hours after spiking the hands with petrol
{1 ml). These were then left in sealed containers for 3 days before
extracting the TEL with solvent for analysis. The results obtained
were then compared with those of a similar experiment in which the
solvent extraction of TEL was made immediately after preparing the
swabs. To examine the effects of storage on the final extracts,
samples were kept for a number of days after the initial analysis and
then reinjected so that the results obtained in both sets of

injections coculd be compared.

3.2.2 Results and discussion

It was found from the investigations on various solvents that maximum
extraction of the tetraalkyllead from the swabs was achieved using iso
octane. Although the extraction efficiency of each solvent was not
quantified rigorously, a comparison cof the areas obtained for similar
injections (1 pl) of each sample was made with that obtained with a
direct injection of TML/TEL standard solution (1 ppm). The results
indicated almost 100% extraction of TEL with isooctane compared to ~
60% extraction for hexane and less for pentane an@ chloroform. The
extraction of TML was found to be lower in all cases possibly due to

its volatility. The second experiment on extraction technique
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suggested that by using a 3 ml + 2 ml + 2 ml extraction instead of the
initial 5 ml + 5 ml extraction, evaporation time could be reduced and
less solvent used, although the extraction efficiency was reduced by
some 18%. Although evaporating the solvent down to 0.5 ml from 7 ml
should increase the concentration this is to some extent affected by
evaporation of the analyte. Using CR50 as an internal standard this
latter technique indicated increases in concentration of 79% for TEL
and 19% for DMDEL. TML however showed a 39% decrease indicating the

greater volatility of the lower molecular weight components.

During the initial studies the hands were not washed in the period
prior to taking the hand swabs. The first attempts to quantify the
TEL after introducing hand washing however, resulted in poor results
compared with those of unwashed samples. This was overcome by further
concentrating the sample using nitrogen blowdown. The total volume of
extract being reduced from 500 to 100 Ul. This refinement allowed
easy definition of the TEL peak (retention time 0.53 minutes) and
reduced baseline noise = Figs 4 and 5. CR50 was again used to
quantify the results and showed increases in concentration of 4l1l% TML,
57% DMDEL and 110% TEL, i;g;,some evaporation losses were obtained but
there was still a net gain in concentration. Thus the complete
extraction procedure gave a concentration factor of 18.5 for TEL

allowing increased sensitivity - Fig. 6.

Investigations of hand extracts using iso-octane, pentane and acetone
as solvents showed little evidence of interference on the AA signal at
283.3 nm. Later tests using 1 ml spikes of TEL/TML solution (10 ppm)
gave good detection for TEL in all samples for up to seven hours (the

longest period examined), and so were followed by more quantitative
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Gas Chromatograms of Six Hour Sample after Bxtraction

Pigure 4

Chromatograms after rotary evporation to 0.5 ml
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Piqure 6
Gas chromatograms showing the concentration of tetraalkyllead

compounds in CR50 during the extraction procedure
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Pigqure 7
Gas chromatograms froam swab extracts taken after filling a car petrol

tank

Solvent

Sample 1

LW S

Solvent

Sample 2
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work using two star petrol. Here again good detection was possible
for periods of up to seven hours, the results indicating between 0.3
and 1.8 ng of TEL in eight samples after six hour period (limit of
detection 17 pg). TML was not detected although this was expected
from earlier work which had indicated TML is lost rapidly by

volatisation or even possibly through the skin.

The deterioration of samples left for a period of 2-3 days before
extraction was not found to be a problem {longer periods may also be
possible). Swabs taken 3 days prior to extraction gave similar levels
of TEL to those with immediate extraction. Samples once extracted
also kept well on storage for up to five days (longer periods may
again be possible but were not investigated). Amounts detected by GC-
AAS in these tests were consistent with those of freshly prepared

extracts.

The final experiment investigated possible contamination of the hands
with tetraalkyllead due to contact with petrol via filling up a car
petrol tank. Swabs taken 2 hours after contact gave no detection of

TEL - Fig. 7.

This study was later extended to include a 'blind test' of swabs -
(spiked with known amounts of petrol) supplied by the Central Research
Establishment Home Office Forensic Science Service. All swabs spiked
with petrol were correctly identified, the levels determined by about
60% of the original spike values which was considered satisfactory
considering the losses due to volatisation and extraction. The
technique thus proved superior to conventional gas chromatographic

analysis with flame ionisation detection which also responds to
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various other hydrocarbons on the hands when used for this particular

forensic application.

3.3 Application to the determination of organctin compounds

During the last ten years there has been an increasing demand for
analytical techniques capable of speciating organotin compounds. More
is now known about the marked differences in toxicity of the various
organotin compounds according to the variation of the organic moiety
in the molecules and this has stressed the importance of speciation
studies. The presence of n-butyltin (188, 189) and methyltin (189-
191) species at concentrations in the ng/1 to ug/1 range have been
reported in a variety of natural waters as well as rain. This is
probably due to the increased use of organotin compounds as
stabilizers for polyvinylchloride, catalysts, and in pesticide
preparations. (192) In addition the recent controversy concerning the
use of tributyltin compounds in antifouling paints, which may lead to
legislation on its use, has stimulated interest in developing new
techniques capable of detecting such species at environmental levels.
A more detailed discussion of the chemistry of organotin compounds and
the particular problems associated with their determination is given
in Chapter 5. This section however evaluates the use of coupled GC-
AAS for the direct determination of organotin compounds, with
particular emphasis on the determination of tributyltin compounds in

sea water.

Several methods have been reported to separate and detect methyltin
species. One technique commonly used is the conversion of such
species to volatile hydrides (see Chapter 5) that are then separated

by their boiling points (188,190,191). In another method used by Chau
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(193) the methylated tin species is first extracted with benzene using
tropolone as the complexing agent, butylated, and finally separated by
GC. In further work, Burns et al.. (194) reported that mono- and
dimethyltin chlorides could not be separated by GC. They also
observed on-column rearrangement of the methyltin species present in a
mixture, and found that monomethyltin trichloride or tetramethyltin
should be absent in order to avoid redistribution. Maguire et al..
{189) determined n=-butyltin species by GC of the volatile n-pentyl
derivatives (Bu, Pey_, Sn) with detection by a modified flame
photometric detector. This technique gave detection limits of about
100 pg with good reproducibility of peak area with multiple
injections. However, it has since been shown that the detector
response is severely diminished by injections of large amounts of (i)
organotin compounds, i.e. more than 100 ng, (ii) tropolone, which is

used in extracting butyltin and sn4*

species from water (195), and
(iii) organic co=-extractives from natural waters and sediments. These
difficulties can usually be avoided though a judicious choice of
concentration of butyltin species to inject for GC, or the use of a
silica gel column to remove tropolone and organic co=extractives from
water and sediment; however the inadvertant "poisoning"” of the flame
photometric detector necessitates a time consuming disassembly of the
detector and removal of a white powder (presumably SnO,) by mechanical
and chemical means from accessible metal and cptical surfaces followed
by repeated injections of chlorofluorocarbons (191,193) at 250°C to

restore the sensitivity of the detector. The whole process has taken

as long as 3 weeks (196).

3.3.1 Determination of tributyltin chloride in seawater

The techniques described above all require some form of sample
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pretreatment prior to analysis. However a more ideal system would
enable direct injection of sample without such lengthy preparation
stages, and so the coupled GC-AAS system previously described (Section
3.1.1) for organolead compounds was evaluated for the direct analysis
of tributyltin chloride (TBTC). A number of different GC packing
materials were examined, Table 6; however it was found that the use of
coupled GC=-AAS was not really compatible with such compounds as
tributyltin chloride due to its low volatility and tendency to be
retained by the column. This tendency to 'plate out' in the column
was also observed in the results obtained.using a microwave plasma
detector coupled to a gas chromatograph (Applied Chromatography
Systems Model 850 Helium Microwave Plasma Detector, Luton England,
coupled to a Pye Unicam Series 104 gas chromatograph, Cambridge,
England). Here it was found that when using Dexsil 300 (3%) on
Chromosorb W HP and monitoring the Cl and Sn channels, detection of
the TBTC was masked by the solvent front when using chloroform to
prepare the samples. Hexane proved more suitable, although the
detection limits obtained were poor, and gave little linearity with
variations in injection size. A double peak was also observed for tin
at higﬁer concentrations indicating redistribution on the column. At
low temperatures the TBTC was totally retained by the column. The
published chemistry of organotin supports these findings and augmented

the idea of changing the technique to coupled HPLC-AAS.

The above work was however utilised forming the basis of a
chromatographic analysis using GC with a flame ionisation detector
(FID) to detect TBTC in local harbour water. The method used a glass
column packed with 3% SE30 on Chromoscrb G (AW.DMCS) for the

separation, and gave evidence of 0.75 ng 1=3 TBTC in the samples
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Table 6 Gas

determination of tributyl tin compounds

Packing material

1. 3% Ov10l on
Chromosorb 750

2. 2.5% XE60 on

Chromosorb G

3. 3% Dexsil 300 on
Chromoscrb G

4. 3% SE-30 on
Chromosorb G

Chromatographic conditions

Isothermal runs tried between
130-170°C Carrier gas - N,
Flow rate varied between 30-60

‘'mi/min 1 yl sample.

Temperature programme 150-250°C
at 10°c/min.

Carrier gas N Flow rate

30 ml/min 1 pyl sample.

Temperature programme 150-300°C
at 10°c/min.

Carrier gas N, Flow rate
30ml/min. Also isothermal

run at 300°C

Isothermal runs at 120°C
Carrier gas N

Flow rate 30 ml/min

1l yl injections

[All columns glass 1.5 m x 3 mm]
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chromatographic columm packings examined for use in the

Remarks

Peaks very broad
with long retentiocn
times (over 1.5
hours at 170°c.)

Good separation from
solvent front in 3-4
mins at 200°C. With
higher temperatures
peaks merge with
solvent front. Severe
peak tailing with
lower temps. Column
very difficult to
condition.

Offered best
resolution of the
columns tried
although columns
tend to be
difficult to
condition leading
to broad peaks and
severe tailing

Good resolution from
solvent front and
good reproducibility
Selected for use
with the GC-F1D
analysis of TBTC

in seawater



taken, although problems were encountered due to fouling of the FID by
tin oxide as recently reported by Maguire and Tkacz (196) and poor
reproducibility from repeat injections. The calibration curve
obtained using this method is shown in Fig. 8. Such a system also
lacks the element specific detection and sensitivy shown to be
possible with coupled chromatographic - AAS techniques for some
species of organotin (193,194), although identification of tributyltin

species have not been reported using these techniques.

3.4 Limitations of coupled gas chromatography - atomic absorption

spectroscopy

Although the use of GC coupled with highly sensitive element specific
detectors has proved effective where thermal stability and favorable
gas-solution partition coefficients exist, often this is not the case.
In many circumstances, the true identity of metal containing
metabolites or anthropogenic materials cannot be reliably inferred,
nor can they be adequately quantified by GC-AAS, owing to their strong
solvation in aqueous, lipid or tissue phases. Several isolation
procedures have been developed in which, usually either by chelation
{197), or reductive cleavage (198,199) of small organometallic
moieties from retentive donor sites, "characteristic" analytes of
sufficient volatility are derived for GC-AAS determination.
Recoveries may be variable, but more importantly in the methods
mentioned, original oxidation states or co-ordination numbers of
metals can be significantly altered. Moreover, evidence exists (2 ,

3, 4) suggesting that for some metals specific biotransformation, will
occur stepwise to produce ionic intermediates. Consequently, future
assessment of the primary fate or kinetically important forms of

certain metals in environmental media require means for their direct
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speciation as trace reactive intermediates, probably occuring in their
most polar (ionic) forms as solvates in liquid samples. Such analysis
is potentially possible using coupled high pressure liquid

chromatography - atomic-absorption spectrometry (HPLC=-AAS).

One of the significant advantages of HPLC over gas chromatography is
that the columns are operated at ambient temperatures, thus permitting
the elution of thermally unstable substances such as biologically
active materials, high molecular weight organic compounds, polymers,
and metal-organic compounds. Another important advantage of HPLC is
the availability of a variety of separation modes such as liquid-
liquid partition, liquid-solid adsorption, reversed-phase partition,
ion exchange, and size exclusion. Another fundamental difference
between the two techniques is that in gas chromatography the mobile
phase is always inert whereas in HPLC the eluent may range from being
relatively inert to being highly selective in effecting column
separations. The interchange of solvents in HPLC therefore often
provides added experimental resolving capabilities which are not
available in gas chromatography. BAlso, recent column technology
advances have made it possible to use very small support particles
{tyically in the 5-10 pym diameter range) for achieving high

efficiencies comparable to gas chromatographic columns.
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CHAPTER 4

COUPLED HIGH PERFORMANCE LIQUID CBROMATOGRAPHY

4.1 Separation of organometallics by high performance liquid

chromatography

The rapid development of efficient high-pressure 1liguid
chromatogrnphic (HPLC) separation techniques over the past decade has
provided a desirable method for application to the speciation of trace
organometallics. The basic theory behind the separations obtained
using this technique has been well documented in the literature (203,
204). The following summary however outlines the key practical

considerations to be borne in mind when using this technique.

The retention of a sample component, or peak, can be expressed in
terms of volume (or time), with respect to a non-retained component.
If the elution volume of the non-retained component is Vg (or time Tg)
and that of the sample component is V,. (or T,), then the capacity

factor (k'), may be expressed as

This value, k', represents the ratio of the amount of a constituent in
the stationary phase to the amount of the constituent in the mobile
phase, thereby quantifying retention. Capacity factor (k') for a given

substance is a complex function of the relative affinities of that
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substance for the stationary and mobile phases and the capacities of
the stationary and mobile phases in the column. Capacities may depend
on a number of characteristics of the column and the stationary phase,
including the fraction of the column volume occupied by the mobile

phase and the surface area of the stationary phase.

The selectivity of a column for two different solutes is given by a.
Selectivity is a physico-chemical factor, and reflects the composition
and nature of both the mobile phase and the stationary phase.

2

'
a =<
k'y
Two components must have differing capacity factors, or retention
times, in order to be separated. Perhaps the most important factor in
determining column performance is its efficiency. Efficiency is the
ability of a chromatographic system to maintain sharp peaks. Sharp
peaks result when there is minimal dilution of sample constituent
zones (bands) as they pass through the column, relative to the time
spent in the column. &An efficient system produces minimal zone
dilution (or band-broadening) and therefore, sharp peaks. Broad peaks
result if there is excessive dilution of sample constituent zones as
they pass through the column. A system which produces broad peaks has
poor efficiency. Efficiency is measured as the number of theoretical
plates (N} of the system (see Section 2.l1). For a given column length
a system which produces sharp peaks {good efficiency) has a large
number of theoretical plates. A system which produces broad, diffuse
peaks (poor efficiency) has a small number of theoretical plates. In
measuring the efficiency of a chromatographic system, it is normally
assumed that the volume of sample injected at the column inlet is a

small fraction of the volume of a constituent peak as measured by the
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detector after passing through the column. In practice, this
condition is usually met. However, it should be remembered that
injecting too large a sample volume will result in broader peaks than
predicted by the number of theoretical plates. Also, in expressing
the efficiency of a chromatographic column, it is usually assumed that
in the system used to measure efficiency of the column, only the
column itself-produces band=-broadening. In fact, this is almost never
true. The injector, system plumbing, and detector always make finite
contributions to the width of a constituent peak. With care, these
extracolumn effects can be minimized so the measured efficiency
approximates the efficiency of the column itself. However, the
meagured number of theoretical plates will always be lower than the
true number of theoretical plates for the column. Extracolumn effects
also have a greater effect on measured theoretical plate numbers for

low k' peaks than for high k' peaks.

Band=broadening in a chromatographic column results from a variety of
causes including: diffusion, non-uniform flow patterns within the
packed adsorbent bed, and limitations in mass transfer rates of
molecules entering and leaving the stationary phase. Assuming that
retention of a substance on a column occurs by a single mechanism, and
that events leading to band-broadening occur randomly, statistical
theory predicts that constituent peaks emerging from the column will
have a symmetrical Gaussian shape. Peaks obtained from high quality
HPIC columns will normally approximate this Gaussian shape, and for

such peaks the number of theoretical plates can be calculated using

the expression
_ 5.54 tp2
W 2

1/2
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where N = number of theoretical plates for the column

retention time

tr

W1s2 = width of peak at half height (in same units as time)
Thus, when comparing columns of the same length N is a measure of the
ability of the column to make sharp peaks since, for any given value
of tgr, a narrower peak will have a smaller wj/p and therefore a higher
calculated value for N, Fig. 9. Efficiency is sometimes expressed as.
thecretical plates per unit length. This is simply the value of N
divided by the length of the column usually expressed per centimetre.
(However care should be taken to express efficiencies in the same way
when comparing different HPLC columns). When theoretical plates per
metre are given, this value must be multiplied by the length of the
column in metres to obtain the number of theoretical plates for the

column.

The resolution of a column R;, is the amount of separation between two
adjacent peaks. It is a function of column efficiency, selectivity,
and capacity factors for the compounds. Expressed as

1/2 k'
1+ k'

R, = (1/4)(a - 1)(N)

where

k' is the average value for the two peaks;

Peaks with Rg values greater than 1.25 are generally well resolved,
while smaller values indicate overlapping peaks. Resolution requires
differences in retention, therefore, if two components have the same
retention, they cannot be separated, no matter what the efficiency of
the column. A more efficient ceoclumn will simply give one very sharp

peak containing two unresolved substances, whereas a less efficient
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Figure 9

Determination of the number of theoretical plates for the columm
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column would give one rather broad peak. However, if two constituents
are only partially resolved on a column with lower efficiency, they
may be completely resolved on a column with higher efficiency
{(assuming there is nec difference in selectivity between the two
columns). Also, where a short column is desired in order to increase
the speed of separations, the highest efficiency short column will
give the best chance of resolving the constituents of interest.
Selectivity is also an important parameter in determining resolution,
and may be easily altered by changing mobile phase constituents or
column packings, since resolution increases linearly with a, but
increases only as the square root of the efficiency. Thus, a solvent
or pH change may be the best way to improve the resolution of peaks

that are only partially separated.

The asymmetry factor, A_, is a measure of peak shape defined in
Fig. 10. For a symmetrical peak, Ag = 1.0. A tailing peak will have
a value of A  greater than 1.0, while a fronting peak will have a
"value less than 1.0. Assymetrical peaks indic;te that the behaviour
of the column is deviating from a set of linear sorption isotherms.
The most frequent cause of this is mixed-mode behaviour of the
adsorbent. Asymmetrical peak shape will decrease the resolving power
of the column since the tail of the peak may interfere and overlap

with other peaks.

Although many publicaticns have now appeared devoted to the particular
application of HPLC to the separation and analysis of organometallic
compounds (205, 206}, until the late 1970's HPLC had been applied
almost exclusively to the separation of organic and biochemically

active compounds. However, since HPLC columns are usually constructed
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of stainless steel, (sometimes lined with PTFE in trace analysis to
overcome problems from leaching), the compounds of interest are
isolated from the atmosphere and light, and can be separated with
degassed, inert mobile phases at ambient temperatures. The use of
HPLC for determining inorganic metal complexes which are often
unstable is therefore obvious, and HPLC has now been shown to be an
effective means for the separation and determination of many different

types of coordination complexes and organometallic compounds (207).

4.2 The need for element specific detectors

In general HPLC offers acceptable recoveries of nanogram amounts of
eluents, provided an appropriately sensitive detector is available.
Many types of detectors have been coupled to HPLC which cffers
prospects for trace detection of metal containing eluents. These
include UV absorption (208), fluorescence (209), electrochemical
(210), chemiluﬂ%scence (211), mass spectrometric (212), flame
ionisation (213), electron capture (214) and electron spin resonance
(215) schemes. However, all suffer somewhat in adequately meeting
several of the criteria cited for the GC element specific detector
case above, and notably, all fail to satisfy the need for unambiguous

element selectivity.

A number of criteria may be used for the characterisation of a good
HPLC detector. Firstly, the noise level governs the detection limit
available with a particular detector. A chromatographic peak can only
be recognised as such if its height is at least twice that of the
highest noise peak. 1In addition to purely electrical sources, air
bubbles and impurities in the ¢lvent may also cause noise. A drift

in the baseline is also undesirable. The primary causes here are slow

97



changes in the ambient temperature, the flow rate, or stripping of the

stationary phase from the column.

In considering the sensitiQity, distinction must be made between the
absolute and the relative sensitivity of a detector. The former is a
function of the instrument design, the measuring technique employed,
and the noise level; the latter depends on the amount of a certain
substance that is just detectable under a definite set of
chromatographic conditions (216). The sensitivity is one of the most
important characteristics of a detector. However, there are other
factors to consider, such as band spreading in the detector,
dependence of the response to external parameters, and the convenience
of servicing. For quantitative analysis, the linearity of the

response plays an important role.

As with the coupled GC-AAS system described in Chapter 3, the use of
atomic spectroscopy for detection in HPLC meets many of the above
criteria, offers element specific detection and reduces the
constraints placed on the chromatography. However interfacing the two
techniques presents a number of problems of sample introduction since
the eluent is not so readily introduced into the atom cell. Various
methods for overcoming these difficulties have been reported and these

are reviewed in the next section.
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4.3 Review of existing techniques for difectlg coupled high

performance liquid chromatography - atomic gpectroscopy and their

applications

While gas chromatography has been coupled with analytical atomic
spectroscopy for trace metal speciation it is limited to volatile and
thermally stable organometallic species or metal chelates. The use of
liquid chromategraphy considerably expands the type of chemical and
physical species which may be studied. The separation of ions, and
involatile high molar mass organometallic species, in addition to
volatilé species, is possible using one or other of the popular LC
configurations. Adsorption, ion-exchange, gel-permeation, normal and
reverse phase chromatography have all been used in conjunction with

atomic spectroscopy.

The coupling of LC with atomic spectroscopy has been reviewed in a
number of publications (217 - 219), and frequently the complication of
atomising large volumes of a liquid mobile phase is noted. Thus the
atom cells used, e.g. flame, furnace or plasma, must be capable of
handling solvent flows, typically 0.1 - 4.0 ml min'1, which may be
aqueous or organic in nature. The following review looks at the
existing techniques for directly coupled HPLC - atomic spectroscopy

and the utilisation of these techniques for various applications.

4.3.1 Review of coupled high performance liquid chromatography -
flame atomic absorption spectroscopy techniques

In addition to offering excellent inter-metal selectivity, flame

atomic absorpticon has the advantage that it readily accepts liquid

samples. Coupled HPLC-FAAS systems also offer on-line, real time

analysis and produce a continuous chromatogram. The various LC-FAAS
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couplings reported in the literature are summarised in Table 7.

Several workers have utilised FAAS in conjunction with simple ion
chromatography. Manahan and Jones (220) noted the potential of FAAS
as a metal specific detector for the determination of
(ethylenedinitrilo) tetraacetic acid (EDTA) and nitrilotriacetic acid
(NTA) chelating agents separated as copper complexes by ion exchange
chromatography. The column eluent was passed into the nebuliser of
the spectrometer in mixed solutions and also in spiked sewage
effluents (221). The same group also expanded the range of amino-
carboxylic acid-copper chelates which could be monitored (222) to
include ethylenebis(oxyethylene-nitrileo) (EBTA) and (1,2~
cyclohexylenedinitrilo) tetraacetic acid (CDTA), and demonstrated that
organic mobile phases, toluene/pyridine, could be used for the
separation of various chromium chelates (223). Pankow and Janauer
(224) alsc employed an ion exchange system to separate and
preconcentrate chromate in natural waters and reported detection

limits as low as 0.1 ppb.

The potential of FAAS as a detector for gel chromatography was first
noted by. Yoza and Chashi (225). In a study to monitor Mg and K in
chloride solutions after separation, they used a 'T' piece with one
end placed in a water reservoir to balance LC and aspiration flow
rates. Later, Yoza et al. (226) coupled a gel chromatography column
directly to a FAAS instrument for the determination of condensed
phosphate anions (diphosphate, triphosphate etc) measured as magnesium

complexes.

A number of other groups (227, 228) have used the separation of
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tetraalkyllead compounds in petrol to demonstrate LC-FAAS couplings

using a H,0-methanol mobile phase. Cassidy et al. (229) used
molecular-sieve and reversed-phase chromatography for the separation
of various organosilicon compounds. The organosilicons were first
preconcentrated on porous polymer columns prior to HPLC separation.
After eluting the adsorbed organosilicons with (MIBK), the HPLC
effluent was fed directly to the nebuliser and intc a nitrous oxide-

acetylene flame. Detection limits reported for the various

organosilicons ranged from 0.5 to 5 ug.

Van Loon et al. (230) used direct coupling of the column eluent to the
nebuliser to monitor copper gminoacid complexes, used in the treatment
of metal poisoning, and also to study zinc aryl and alkyl compounds in
lubricating oils. Kahn and Van Loon (231) used a similar coupling to
preconcentrate and speciate Au and Pt complexes from aqueous

solutions.

Slavin and Schmidt (232) in their LC-FAAS coupling, operated the
nebuliser in a starved mode by using an injection cup (233) for the
determination of amino-acids after metal labelling. The concept of
metal labelling of species to enable determination by atomic
spectroscopy has great potential, however, the low sensitivi'ty of
flame AAS would be problematic for the analysis of amino acids in body
fluids at the level they occur. A flow injection sample manipulator
(FISM) was used by Renoce et al. (234) as an interface between the
chromatograph and spectrometer. This FISM allowed the addition of
matrix modifiers, in this case acidified lanthanum chloride, to the
HPLC eluent prior to introduction to the nebuliser of the

spectrometer.
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In a study of the effect of various mobile phases on nebulisation
efficiency Jones EE.EL'(235) found that with methanecl, ethanol,
chloroform and benzene, 1l00% nebulisation efficiencies could be
achieved at flow rates of 1 ml min~!, whereas for water at the same
flow rate only 32% was nebulised into the flame. The nebuliser in
this case was "starved" of liquid, iﬁa_the column flow rate was less
than the nebuliser aspiration rate, which was adjusted to maximize
sensitivity for the aspiration of standard solutions, as is normal in
AAS. However, starving the burner results in a reduced pressure
region post column; this condition can lead to gas bubble formation
which would be particularly deleteriocus if a flow cell detector is
also operated post column. Yoza and Ohashi (225) preferred to operate
their nebulzier at the same flow rate as the chromatﬁgraphic pump, but
found balancing of the two flow rates to be difficult. Their solution
was to incorporate an additional solvent reservoir at the end of the
column from which any additional solvent required by the nebuliser
could be drawn. This, however led to further sample dilution which is

obviously undesirable for trace analysis.

An alternative to the above approaches would be to operate the
nebuliser at a flow rate less than the column flow rate, i.e. flood
the burner. Since LC flow rates are generally between 0.5 and 3 ml
min'1, a very small aspiration rate would be necessary to encompass
the entire range while still maintaining aspiration. Xoropchak and
Coleman (236) found that operating a nebuliser at slight backpressure
not only negated the use of a post column édiluter to match LC flow

rates with nebuliser uptake rate, but also gave improved signal to

noise ratios with a standard nebuliser arrangement.
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Several of the more recent publications on coupled LC-FAAS have
stressed relatively simple interface systems, and have reported
increased sensitivity by attention to the atom cell. One such
approach has been reported by Haswell et al. (237) in a study of
arsenic speciation in soil pore waters. The arsenic species are first
preconcentrated by control of the mcbile phase and then passed into a
continucus flow hydride generator, the atomisation taking place in a
heated quartz tube. It is this approach of paying particular
attention to the design and optimisation of the atom cell that has

been paramount in the work presented in this thesis.

4.3.2 Review of coupled high performance liquid chromatography -
electrothermal atomisation - atomic ahsorption spectroscopy
techniques

Electrothermal atomisation, mainly using graphite furnaces, offers the

advantage of high sensitivity for a small aliquot of sample, however,

the necessity to dry and ash a sample prior to atomisation makes it

practically impossible to directly couple fhe eluent from a

chromatograph to a furnace. Thus various inﬁirect couplings have been

used to overcome this problem, see Table 7.

Brinckman's group, at the National Bureau of Standards, developed two
such indirect couplings (238). The first utilised a PTFE flow through
cell from which the eluent was periodically sampled and injected into
a graphite furnace, so called pulsed-mode operationﬁ In the second,
termed survey-mode, the eluent was colleted by an aute=-sampler and
each collected fraction analysed by GF=-AAS. These two sampling modes
were demonstrated for the speciation of various S$n, Hg, As and Pb

compounds (238); the detection limits quoted were not evaluated by any
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conventional method and should therefore be treated with care. The
survey-mode of operation was also used for the speciation of
organometallic pelymers and organo-tin and silicates by the same group

(239).

Koizumi et al. (240) used HPLC-Zeeman GFAAS for the speciation of
tetraalkyllead compounds in gasoline. The eluent was sampled every
250 ul whilst the flow was stopped and the sample vaporised in a high
temperature furnace. The interference caused by background absorption
was avoided by using 2eeman effect background correction. Vickrey's
group also used Zeeman effect background correction in their couplings
(241-243). They described an interface device which consisted of a
sampling valve, timing circuit and automatic coanalyte addition, in
this case nickel ions (241) for selenium speciation. This interface
was later microprocessor controlled (243) and 37 pl samples injected
into the furnace from each 100 or 220 pl of eluent. They also used
stream spli?ting of chromatographic peaks (242) prior to atomisation
for the speciation of tetraphenyllead and pulsed mode operation for
the speciation of Cr (III) and Cr (VI) (242), where the eluent was
sampled every 30 or 120 seconds. The coupling was also used for
tetraalkyllead (244) and organo-tin speciation (244). With the
former, the addition of iodine prior to atomisation was found to
enhance both the signal and precision. A similar effect was found by
using zirconium coated cuvettes in the speciation of organo=-tin
compounds (24;); Irgolic's group at the same institution used a
similar automated interface for the speciation of arsenobetaine,
arsenccholine and inorganic arsenic at the micro-gram level (245). 1In
a joint study, Brinckman's and Irgolic's groups (246) demonstrated

various chromatographic separations for the speciation of arsenic
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compounds in soil and water samples. The extremely high background
molecular absorption levels encountered when ion pair reagents, such
as THAN, were used, were reported to require Zeeman effect background

correction, since normal deuterium arc correction proved insufficient.

Workers at the U.S. Department of Agriculture (247,248) utilised a
flow=-through PTFE sampling cup as an interface between a low-capacity
anion exchange column and graphite furnace. They speciated organic
and inorganic reducible forms of arsenic in pesticide residues, and
gave full details of a.clean up procedure for use in the analysis of
soil arsenical residues by the same procedure (248). This flow
through PTFE sampling cup was made commercially available and a data
sheet available on its application to arsenic speciation studies

(249).

Another indirect form of coupling was utilised by Burns and co-workers
(194) and Ricci et al. (251), namely hydride generation prior to
atomisation. In their comprehensive study of organotin compounds, the
former group (194) found a thousand-fold increase in response to tin
by using hydride generation followed by ETA as opposed to coupling the
eluent directly to the nébuliser for flame atomisation. The
speciation of reducible forms of arsenic was achieved by Ricci et al.
(251), using hydride generation prior to atomisation by heated quartz
tube. The use of hydride generation circumvents the problems of low
nebulisation efficiency normally encountered with FAAS, thus enabling

sensitive detection aleng with "real time"™ detection.

Recent reports of coupled LC~graphite furnace systems have either

reported dual detector systems or emphasised the use of micro-
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processors. Fish et al. (252, 253) have used GF-AAS in conjunction
with a rapid-scan UV-visible detector to investigate vanadyl and
nickel compounds in heavy crude petroleum and asphaltenes, although
here the sample was loaded into the furnace in an auto-sampler. The
coupled LC-graphite furnace system used in our laboratories is based
on a previous design (245) although the injector sequence, valve
operation, and activation of pneumatic injector are all microprocessor
controlled. This allowed automatic sampling of the eluent stream
without the need for conventional fractien collection. Such a system
emphasises the complexity of coupling an LC to a graphite furnace
which cannot continually monitor the eluent from the column directly,
in contrast to the simpler but less sengitive flame AAS and hydride

generation AAS and ICP couplings.
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Deteoctor
Flaoe AAS. The columxn
is connected to the
nebuliser and the ven-
turi effect pulle the
eluent through the

colunn.

Flaoe AAS with coluan
connected directly to

nebulisar.

Flans AAS directly
coupled through the
nebulizer by PTFE

tubing (0.023* 1.d.)

Flama AAS gee ref.

225.

Plame AAS, direct
coupling through
nebuliser. Flow

spoller removed from

chamber, ca. B0% of

eluent reaching flame

Table 7

Chramatography

Chelex lon exchange

regin, 100/120 wesh,

packed into a 1 al.

syringe, resin voluze

0.5 ml,

0.1-0.5 ol samples.

Regin washed with 0.1M

CuCl, two generate Cu

fora.

60 e x 1.0 em i.d.
Sephadex G~-15 coluan.
Eluent: 0.1M NaCl or
0.1M NaCl + 0.001M
EDTA.

1 =l sample

volune.

60 cm x 2 o= i.d.
Porasil A column,
Eluent 0.5% (v/v)

pyridine in toluena.

Sample volums = 10 ul.

94.5 mx 1.5 &

Sephadex G-~25 column.
th.muo\.?.mpﬂk (pd 10)
eluent 0.02M, at !.83
al ain~'. column

preoquilibrated with

Ianpu solution.

50 co x 2.6 L.d4. ODS

coelumn. T = 50°C

[
Eluent, 3}:2 v/v Hy0/

MeOH at 1.0 ml ain~?,

at 1200 psi, 1 ul

sample.

matrix

Solutions of EDTA and

NTA) pH 4 = 9.

Detoction of Mg and K

in :an_d\.whr gsolution.

Cr as the Cr{acacly.
Cr{HAP}y and Cr(HFAA),

chelates.

Deternination of
various condensed
phasphates by on
column complexation

with Mg.

Tetraalkyllead

coopounds in petrol.
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Element

(Havelength/ Raference
am)

Chelates strip Cu frea Cu

the coluan vhich is

aonitored by AAS, Cu

eignal then related to

chelate concentration.

Linear up two 50 x 10°%

M EDTA or NTA

220

To balance colusmn flow My
with aspiration ratce, 4
a 'T' piece used with

cthird aro placed in

water reservoir.

Linear froam 107%-1.7 x

1074 u, 225

Adjustoent of oxidant Cr
and fual flows ware

made to accomaodate

the sclvent in the

Detection

flane.

limit of 40 ng. 223

Phosphates elute in Mg
order tetra, tri, di, (285.2 no)
oone, with free

cagnesium eluting last

after 73 ain. W1/2 = 5

@in. Linear up to 20 ug
phosphato as

triphosphate. 226

No background problexs Pb
found, possibly due to

the large and constant

aoount of MeOH in

Linear from

eluent.

0.25 to S0 yg. 227



Datoctor

Plaoe AAS, direct
coupling, c.f. ref.

223 ALI/C?HZ flace.

Flame AAS, direct
coupling through
nebuliser sea ref.

222.

GFAAS, HPLC eluent

passed into a sample

wall then sacpled, 10-

50 ul, into a standard

furnace.
Prograc
pry - 80°¢ 158

Atomige - 2700°C Ss

ory - 100°% Los

Char = 100°C 10s
Atomise - 25009C 1Ss
pry - 80°C 25s

atoaige - 750°C 128

Chromatography

5@ x 2.1 o i.d.
Aninex A-14 resin, 4%
c¢rosg linked with
sSpve, 20«3 un. 0.05M

(NH,},S04 eluent at

2.0 ol ain”?

Identical to ref. 222

250 x 4.6 = colunns

Lichrosorb c'® RP on
10 un silica, Eluenc
MeOH at 0.12 ml min™!
Lichrosorb C; RP L.5

al min~' of MeoH

Lichresorb Cg RP
Eluent {(a} 0.01H
NH,40AC (b) 25 ppn
mercaptoethanol in
MeOH .

Flow a + b (96 + &)
for 25 ain then
gradient, 10% min",
to 100% b at 0.30

@l ain~!,

Matrix

Separation of
Cu, (EGTA), CulNTAO™,
culeoTA)?” and

culcoTa)?-.

Copper chelates of
aoinocarboxylate ions
in spiked sewage

effluents.

Triphenylarsine.

PhySacCl,
PrySncl,
BusSnCl.
MeHqgCl,
EtHgCl,
PhHgCL,
fprigcl,
in 1 « 1 Hp0/-

MeOH .
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pH of sacple affects
foraation of Cu,(EGTA}
but not of other
complexes. Detection
linits/ng Cu of

EGTA = 13.5

NTA = 16.2
BDTA = 29.4

CDTA = 450 in order of

elution.

Assumptions pade as to
datection lioits and
hence feasibility of
method. Detection
lioits/ng Cu

NTA = 10.7

EDTA = 23.6

Coupling operated in
either a pulsed mode,
where the eluent wag
pavsed into a PIFE
flow through cup
periodically sanmpled,
or in a survey code
whare the eluent was
collocted by an
autosampler and each

fraction analysed.

Reference

222

As

(193.3 nm}

238

sn

(253.7 am)

Hg-

(253.7 nm)



Datactor

pry - 25% 20s
Char - 809 l0s

Artonise - 2000°C 10

Flams AAS, coluzn

coupled directly to

anebuliser. Air/CyHy
flaos.
Flama AAS. Use of

column directly
coupled to nebuliser.
Aspiration rate
controls flov of

eluent through column.

GPAAS using 2eeman
background correction.
pry - 1009 25s

Ash - 10007 1s
Atomise - 3000° f3
using HINDJ as co-
analyce and Ar shield
gas (4 1 atn~) 37 41

injections.

Chromatography matrix

Lichrosorb Si~100 PhgPby
10 ©2 silica, eluent -
hexane/CHyCl, (95 + 5)
0.33 @l ain”'.
Partisil-10 scx Separation of Cu EDTA.
cation exchange Cu-trien, Cu-glycene.
colu=n T " 559 Cozplexes
1M KH,NO; at 4.0
ol ain”! as eluent
25 ul sacple size
25 oo ODS=-SILXI Alkyl and aryl 2n

coluzmn. Bluent: 50- addicives in

100% methanol/water lubricating oils
gradient in 10 odn. sanples diluted in
CHyCl,.

Basic¢ anion exchange Pt and Au in aquecus
Dowex 2X-8 coluan solutions.
soaked overnight in IM

HC! followed by Water

rinsing.

Pt and Au coﬁplexes

eluted with NH,OH

(75%)

10 cz Partisil-pPXS-0DS Se specific datection

coluan. Eluent: of MeyNC(SelNH, and

MeOH/H,0 {2 + 1) ax {CgH5CH, 15 Se.

1

0.3 2l min~ ' 20 pl

injecticn.
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Use of UV/Vis
detection enabled only
Cu-trien to be
onitored, with
reduced sensitivicy

compared to AAS.

AA detector shown
superior to UWAVis

detaction

The Pt and Au
solutions {pH &)
passed through the
colusn, the metals
zetained and then
eluted with NH,0H into
nebuligser. Linear
from 2 o 10 pug for Au

and from 35-17S5 ug for

Pt.

Design and operation of
interfacing device
coasiating of saopling
vaive, timing circuit
and coanalyte additien
described. Linear

from 10 to 100 ppb for

a single atomisation.

Element

Pb

{(283.3 no)

2n

{213.9 na)

Au

Pt

S5e

(196 nm}

Reference

238

230

231

241



Datactor Chromatography Matrix Comasnto Blement Raference
Place AAS: see rels 97.5 = 1.5 i.d., Monitoring of Kurrol's Kurrol's salt used as Mg
225, 226 for Sephadex G215 coluzn salt, (KPOy),, 4di-, useful carker for void (285.2 na)
interface. tri-, and ortho- volume of colu=n.
phosphate as Mg Estioation of
cocplexes stability constants
also cade. 254
GPAAS, 8 cm Bio-Rex 70, weak Cu-anino acid The eluent froa the Cu
Dry = 1009C 20s acidic cacion exchange complexes in huban colu=n collected by (324.7 nno)
Char - 700°C 308 resin. serua an autogacpler and
Atomige - 2500°C l0s then automatically
24 cnm, allica gel Naturally occurring injected into furnace.
(100/120 mesh, ASTM Cu-anino acids, Cu-
olil4 - 61T, grade histidine and Cu-
921) Flow rate = 0.40 glutamine froo an
ol min~! acetone/water aqueous mixture.
(60+40), pH 7-8. 255
GFPAAS using Zeeman 500 x 2.5 &3 coluan, Tetraalkyllead 10 uyl sacples froa Pb
effect background Hitachi Gel No. 3010, compounds in petrol. each 250 pl of eluent (283.3 no)
correction. Eluent: MeOH at 0.67 injected into furnace.
al ain”l. 240
GPAAS5 using auto- 300 x 7.8 == column, SEC used for organo- A 508 lnterval exipts Sn
sampler as interface, SDVE copolymer (10 un) cetallic polymers, between injections, (286.) nm}
gee ref. 238 Eluent: THF at 1 cl- oxp-1, OMP-2, OMP-4. thus at L ol oin”
Toe = 2700°C min”' or THP/CHjCH (19 only 2.4% of elyent
+ 1), sacpled.
Lichrosorb Cyg (10 RPC used for organo- Linear up to 20 ng Sn Si
L) 250 x 3.2 en tin and silicates. or Si for a 20 ul (251.6 nn)
coluon, Eluent: injection
ethanol at 0.25
al min~', 219
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Datector

Plans AAS using
standard flace
conditions eluent

passed into nebuliser

GFAAS using Zeenan
effect background
correction. Autocated
intarface which
controls eluent
sampling, coanalyte
addicion,

injection

and furnace operation.

GFAAS with
microprocessor
controlled intaerface,
details of interface
and cocputer control

progran givaen.

Dry - 60°C 208
Ash - 250°C 12

Atomise - 2400°% Ss

GFAAS using Zeeman
effect background
correction.

pry - 60°C 25s

Ash - 500°¢ 128
Atomisation = 2400°%C

Ss

Chromatography

25 x 0.46 cz Partisil-
10 SCX colu=n.

Eluent, NH,NO, at
various oolarity and

pH, 1 to 2 al ain™’,

u - Bondapak (Cyg) RPC
column. Eluent:
Hy0/acetonitrile/acetic
acid and 0.005M

heptane-sulphonic acid

{95/5/6).

Partisil SCX cation
exchange colunmn.
Eluent: 0.1M acetate

buffer (pH 4.3).

Lichrogorb CIB (10 ym)
Eluent: MaOH/Hy0Q
{90/10) ar 0.5

al min~! 20 ul
injection.

25 cm Lichrosphere

(10 um) RPC column.
Eluent:

HBOH/H20

{9¢/10)

Matrix

Use of cetal labelling
to deternine aaino=-
acids, in this case

hisridine as copper

cocplex.

Separation of arseno-
betaine, arsenocheline

and inorganic arsenic.

Separation of Cr(IlI)

and Cr(VI).

Tetraphenyllead

Taetraphenyllcad.
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Hebuliser operated in
starved code by use of
injection cup (see
ref. 233}. 00 yl
drops froo coluzmn into
cup. Detection limit

of 48.5 ng.

Chromatograns
illustracing
separation of arsenic
compounds at 1lug

level given.

Pulsed mode operation,
eluent sampled for
GFAAS only every 30 to

120s.

Total consumption
oode, peax containing
eluent strean is
atored prior to GFAAS
analysis.
Eluent streans
containing lead
compound is stored,
after separation, in
tubing {10' x 0.05 cm)
prior to injection

into furnace.

Blement Reference
Cu
232
AS
245
Cr
Pb
(283.3 nm)
242
Pb
{283.3 an}




Detector

Hicroprocessor

controlled intarface,
sea ref. 242. 37 ul
injection froo each

100 4l or 220 ul

sacple of eluent.

GPAAS, 20 ul
injections every 453.
Dry - 150°C 158

and 200°C S8

Atonige - 2700° 10s
%o background

corraction.

Ho background

correction.

Zeeman effect

background correction.

Chrosatography

25 cm x 3.2 oo 1.d.
Lichrogord SAX (l0um)
column.

Eluent: 0.05M NaH, PO,

at 0.5 al ain”!.

Sane column but with
0.03M acmonjum
acetate/0.045M acetic
acid

Eluent atr 0.25

al min~%

25 cm x 3.2 = i.d.
Altex SCX coluan (10
um) with 0.03754
aconiun acetate/

acetic acid.

Eluent at 0.15
al ain"?

30 cmx 4 om {.d.,
y-Bondapak Cyg RPC (10
ym) column, qul-uecﬂ
(95/5) 0.005M w.r.t.
TBA, at pH 7.3

adjusted with

phosphoric acid.

Matrix

Speciation of DMA, MMA

and arsenilic acid.

Speciation of MMA, DMA

and As{1II).

Speciatlion of As(lIIl)

and As(V)

Speciation of As(ILI)

and As{V)

112

Elemnnt

pectection limit of 480

%]

2431

The HPLC eeparation As
acheoes were ecployed (193.7 nn}
for As speciation work

with geveral soil and

drinking water

Linear fron

sazples.

0.1 wo 10 ng As.

246

246

The use of the ion-
palr reagents THAN or
TBAP requries the
guper ior background '
correction afforded by
the Zeeman effect.
Linear up to 500 ng

AS. 246

rRaference



Datector

Zeeman effect

background correction.

GFAAS, using PTFE flow
through sacpling cup
as incerface 20 yl
injections at 43s
incarvalsa.

ory - 110°% 8s

Char - 1200°% 7s
Atonise - 25009C 8e
208 furnace cooling

period.

GFAAS, see ref. 247

GFAAS using Zeeman
effect background
correction.

ory = 80°C 208

Ash - 370% 108

Atomise - 2300°C Ss

Dry - 80°C 20a
Ash = 400°C l0s

Atomige - 2300°% Ss

Chromatoqgraphy

25 czm x 4.6 = i.4..,
Altex Chrooosorb RP-18
coluzn (10 yal. Hzo/'
MeOH sacurated with
THAN for 23 ain then

MeOH, at 1.0 ml ain~l,

25 cm x ) @ i.d., low
capacity anion
exchange coluzin
(Dionex) gradient
elution froo H,0/MeOH
(80 + 20) o 0.02M

(NH 4 15004 ~MeOH (85 «
15) ac 1.2 al oin”',
§-25 vl injections.
B-12 min equilibratien

time.

HPLC coluzn and
conditions same as

ref. 247.

25 cnm Lichrosorb 0 po
C-18 0DS coluan Eluent
0.5 ot min~' 80:20
MeOH/H, 0 tor 28 oin
followed by a step

gradiant to 100% MeOH.

Sace column, eluent:
MeQH/H,0 (97.5 + 2.5}
isocratic ar 0.1

al mia~l,

Matrix

Speciation of As(ILI).

DMA, MMA and As(V).

Separation of DMA,
MMA, AS(III), and

As({V).

Arsenical residues,
OMA, MMA, As(lIl) and

As(V) in soils.

Tetraalkyllead

cocpounds .

Organotin coopounds.

113

Comoen ts Blement
The colurn packing As
prepared by passing a (193.7 nn)
syspension of a high
capacity strong anion
exchange latex ovar a
cation exchange resin
Linear from 5 te 200
ng As.
Extraction and AS
extensive clean up (193.7 nm)
procedure is given.
Additjon of Iodine Pb
found to enhance
signal and precision.
Increased aignal and Sn
precision found when {224.6 nm)

2r coated graphite

cuvettes were used.

Reference

236

247

244

244



Flaoe AAS using

Ny 0/CaHy . Directly
coupled through
nebuliser or hydride
generation followed by
slectrothernal, quartz

furnace, AAS.

GPAAS, 10-100 ul

injections.

MAS, using au/czuz
flame dirsctly coupled

through nebuliser.

Plame AAS using flow
injection saople
aanipulator (FISM)
interface with fuel

rich air/CyH; flame.

Chroaatography

250 x 3.0 == t.d4., ODS

Spherisarb 554

T. = 23 0.1%,
Eluent:
acetone/pentane () -
2) at 1.0 ol oin”!
for methyletin
compounda;

acetone/pentane (7 =+

3) at 1.2 al ain~' for

ethyl tin coopounds.

35 x 1 ca i.d. colu=n
9 cm AGS0 W-XB

(100/120 cesh) cation
exchange resin, 26 ¢m
AGl-Xx8 (100/120 cesh)

anion exchange resin.

Colusn conditioned with

50 ug of each arsenic

apecies.

300 cm x 3.9 o= i.4d.,

u-Bondapak C.g column,

Eluent: acetonitrile/

water (70 » 30) at 3.0

ol ain='. 20yl

injactiona.

100 == x 7.5 = L.d.
Spheregel TSK 2000SW
(10 yo). Eluent: 130
ol Nacl, 6.8 cmol

NaOH, } c3ol NaN,, 4
=m0l KCl and 10 cmol

TES at 0.4 =l ain”™t,

ph = 7.43 at 37°%.

Matrix

Mathyl and ethyl tin
coopounds both SnRy

and SnRy_pCl,.

AS{IILl), As(V), MMA,
and DMA in argenic
contaminated, sedicent
interscitial water, up

to 2 al injected.

Tetraalkyllead

compounds in petrol.

Study of metal ligand
binding in clinical

saoples.

114

The design of a
ainiacture, continuous
flow hydride
generation syateno
given. Linear up to
50 ug using flace and

up to 100 ng for

hydride generation.

The separated As
species were collected
in fractions froo
which injections were

oade into furnace.

Detection limit 10 ppb

in original sacple.

The relative merics of
UV and AAS detection
discussed with latter
proving oore suitable
for this application.
Linear from 1.1 -~ 11

ug.

FISM interface
decribed enabled
La/HCl to be mixed
with eluent prior to
introduction through
nebuliger.

Linear up

to 3.75 =20l Ca.

Rlement Reference
Sn
(286.3 aa)
250
AB
256
256
?b
(283.3 naa)
228
Ca
(422.7 am)
Mg
(285.2 n»)
248



Detector

AAS using hydride
generation and
eloctro-thercal,

quartz tube,

atomisation T = 800°C.

GFAAS using a fraction
collector as interface
Dry = 100°C 30s

Char - 1360° 30s
Atoaise - 2700°C 10s

20 ul injections.

GFAAS, see refs. 238,

245, 246.

GFAAS using fraction
collector as interface
with omanual

injections.

Chroma tography

3 x 500 == standard
Dionex anion colu=n,
Eluent: 2.6 sl ain”l.
0.0024H NaHCOy/
0.0019M Ha,C04/

0.001n HayBa0y.

0.005M NazBg0q:

25 co x 2.6 @, ODS-HC
Sii-X-1.

Eluent: either
gradient froo 50% MeQH
to 1008 MeOH in 25
ain or 20% MeCH for 10
ain then gradient to

100% in 30 min.

See ref. 247.

Anion exchange resin
Dowex l-X4, 200/400
mesh in acetate form,
115 = x 10 o=,
Eluent: 0.1% acetic
acid 65 min, 5% acetic
acid 130 oin then Im
HCL for &5 min.

Flow

rate = 20 drops oin~!.

Matrix

Speciation of As(V),

MMA, p-APA.

Speciation of As(IIl}

and OMA.

Organophosphorus
cocpounds in

lubricating oil.

Inorganic and eorgano-
arsenic coapounds in
oil shale retort and

process waters.

Separation of DMA, MMA
and As{IIL)/As(V)
AS(III) levels found
separately in soil

polluted with As.

115

Minjiature hydride
genarn:io; systed,

see ref. 257.

1 hour reequilibratien
tioe between eluent
Detection

systeas.

limit of 10 ng al~t,

The chrcaatographic
analysis tice = 25 to
40 ain, whereas GFAAS
analysis tice = 100~
120 min.

Datection limit of 0.)

ag 171,

Cozpounds found were:
arsenite, arsenate,
methylarsonic acid,
phenylarsonic acid,
along with cne

unidentified cozpound.

Extraction procedure
gliven for soils. The
chromatographic
separation does not
speciate As(III) and

AB(V).

Element Reference

As

(193.7 aaz)

P

(213.6 na)

Asg

(193.7 nm)

258

AB

(193.7 no)

259



Datactor

AAS uvsing fraction
collector as

interface.

GFAAS rapid-acan uv-
vis detector connected
o furnace via auto=-

sacpler

GPAAS with micro-
procassor controlled
interface based on
previous degign - see

ref. 245.

Chroaa tography

33 x 1.0 = Sephadex
Gl5 celuzmn. Eluent:
0.2M NaclO, (pH 2) ac
40 @l hro'. 46 x

10 <= sephadex G-10,

eluent 0.1M HC10, at

19 al hrot.

Raverse~phase
HPLC/GFAA ODS C-18
colu=n (Altex 6 co
i.d. x 250 ca lengch)
with guard column
(Wacers 3.2 om i.d. x

40 t= length).

Size exclusien

chronatography using &

series cocbination of
50/100/1000 A
u-sphercgel colunn
{Altex, 8.0 =m i.d. x

300 = length) with

swelled divinylbenzene

as the packing. .
Eicher single colunmn,
Hypersil 5 us QDS,
(250 oo x 5 o= t.d.)
or 5 um 0ODS and one
Hamilton 10 uym PRP 1
(290 o x 5 =2 i.d.)
in geries in a
constant temperature

(28.5°C} enclosure.

Matrix

Separation of
succassive Cr(IIl)
igothiocyanato

with SCN/Cr

cooplexes

ratio of 1 - 6.

Vanadyl and Nickel
coopounds in heavy
crude patroleuns and

agphaltenes

Daternination of
organo-copper speclies

in soil pore waters.

116

Element Reference

Chroniun

260
Spectra froo the Vanadiuno
rapid=scanning {118.4 nm}
detector were stored
by micro computer. Nickel
GPAAS histogracmmic (232.0 nm)
data were recorded by
both strip chart

recorder and digital

integrator

252,
253

Injector consists of a Copper
pneunatic slider

injection valve and a
solenoid-controlled

stainless steel

syringe needle. X,

used to deliver the

saople via sample

loop, through syringe

needle into the

cuvette. Injection
sequence value
operation, and
activation of

solencid concrolled by

micro computer. 261



Detactor

AAS using coatinuous
flow hydrids
generation and heaced
quartz tube

atonisation.

UV detector or atonic=
abgorption
spectrophotomstar
connected directly via
the nebulisger.

Various types of
tubing used for the

interface.

Chroaa tography

Zipax ion-exchange
precolu=n actached in
garies to strong-bage
anion exchange BAX 10
resin (5 ys, 250 x 5
= coluan). Eluent
10 9% sulphuric acid
{flow rate 4.0

ml min-l switched two
0.01lM aconiun
carbonate (flow rate

4.0 21 ain~ by,

Coluem, HS=] C-18 (10
ca x 0.46 em i.d. )
solvent A, MeOH;
golvent B, 0.01lM
Ha3PO, ln water;
gradient, linear froo
0% MeCH to 70% MeOH
for 10 min; and flow

cate, 2 ol ain~t.

P.E. 3 x 3 colu=n (0.3
cn x 4.6 oo i.4.)
packed with octadecyl-
bonded gilica gel (2
pya). Mobile phase
MeoH flow rate 2 ol
ain~'., solute

Mgit0,),.

Matrix

Arsenic speciation in

solil-pore waters.

Detercination of lren

in dlood.

117

Precolu=n acced as a
guard colu=n and
enabled
preconcentration step
to be incorporated in
the analysis.
Arsenate, argenite and
ocononsthylarsonic acid
characterized in soll-

pore water.

Main aim of paper la
an investigation of
peak dispersion in a
coupled LC-AAS systen.
Three types of tubing
exanined: ~
(B8] serpentine tube
of 0.25 m 1i.d.
(i1) etraight tube
1,27 om 1.4,
(iii) polyethylene
tube 0.55 =

i.d.

All tubes 49 cm long.

Syaten used for peak
dispersion

ceasurenents.

Rlement

Argenic

{123.6 np)

iron

{248.3 nn)

Mg

Reference

237

262

262



GFAAS using Zselan
effect background
correction.
Conductivity detector
in serles with
autcoated interface

based on Ref. 245.

Directly coupled flaoe
atooic absorption
utilising pulse
nebulisation ard a
slottad tube atoo

rrap.

Chromatography

Dionex systeo
consisting of 50 x ]}
== anion precoluan
(Dionex 30008), 150 x
3 anion separator
coluzn {Dionex 30589)
and a 250 x 3 = anion
suppressor coluzn
(Dionex 30066), in

series.

Mobile phase 0.0080M

NapCDy at 0.46 al ain*'.

pParcisil-10-5CX (250 x
4,6 == 1.d.) column.

mobile phase of 80:20
meathanol:water in 0.1M

hmd QAC.

Matrix

Distilled water,

synthetlc river water
and Texas river water
gpiked vith selenite

and selenate.

Tributyltin
deternination in

coagtal waters.

118

Dionex oodel 16 ion
chrooatography used.
Detection lioic 20 ng
Sa for each seleniun
cocpound.
Preconcentration froa
a max. of 4 ol of an
anion=rich wvater
samplae extends
dateceion limit to 5

ng Se.

Organotin compounds
quanticatively
extracted from
seavater into
chlorofora and then
into methanol w
facilitate injection
onto the HPLC coluan.
Total analysis within

B minutes.

Blement

Sn

(224.6 nn)

Reference

263

264



4.3.3 Review of coupled high performance liquid chromatography -
atomic fluorescence spectroscopy techniques
The advantages of AFS as a chromatogrumphic detector have been extolled
by Van Loon (265) as a simultaneous multi-element detector with
greater sensitivity than AAS. Such detectors have been utilised a
little more with LC, Table 8, than with GC. Van Loon's own group have
used non-dispersive simultaneous multi-element FAFS for the speciation
of Cr(IIl), Ag(l), Mn{(II) and Mn(VII) in synthetic sea water (266).
Excellent resolution was demonstrated for a mixed solution {10 mg 1-1
of each species, 10 ml injection); however, - the high sensitivity of
AFS was not tested. This group alsc demonstrated the multi-element
capability of coupled LC-FAFS for the speciation of Cu, Ni and Zn
amino=acid and amino-carboxylic acids (267). Unfortunately no mention

of the metal concentrations was made.

Siemer and co-workers {(268) reported the use of continuum source FAFS
in the study of the acetylation reaction of ferrocene by acetic
anhydride. They found it much easier to follow the reaction by Fe
specific detection than by conventional UV detection. Mackey (269) in
a study of the interactions of simple cations, Cu, Fe and 2Zn, with
macroreticular resins used multichannel FAFS but quantified the
results by batch measurements using graphite furnace AAS. The LC-FAFS
system was found to be linear up to 1.0, 1.6 and 0.6 mg 1~ for Cu, Fe
and Zn respectively, deviation from linearity was said to occur at 20

times the detection limit as defined by Larkins (270).
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Table 8

Detector

FAFS using a Hj
shielded circular
air/CyH; flace, eluent
passed directly into

nebuliser.

As above

PAFS using airlczuz
capillary tube burner,
Ar shielded, Xe
continuun lagcp

direct

sources,

coupling to nebuliper.

FAPS| see ref. 266.

Chromatography

106 co x 1 @ colu=mn,
80 cesh Chelex 100
washed with HCL (40
al) and water {40 ml)
at 1 al ain™'.
Eluent:

Ha0 (pH 6) for

4 aoin then 2M HNO 5.

Partisil-10 SCX column
ar 559C. Eluent:
water until first peak
eluted then a § ain
convex gradient to

1008 1M NH, 8D, at 4.0

ml ain~t.

50 e x 2 mm chromosep
S colunn packed with
pellicular 10 um
silica gel. Eluent:
diethylether/methanocl
(40/1) ar 0.5=2.0

al aia”!

6 oo column of XAD-2
Various

resin.

elution systens usaed.

Matrix

Speciatlon of Cr{lIl),
Cr(vVl), Ag(I), Mn(II},
and Mn(VI1) in
standards and

synthetic sea water.

Separation of Cu, Ni,
and Zn EDTA, Trien and

glycine complexes.

Investigation of
acetylation reaction
of ferrocene by acetic

anhydride.

Study of absorption of
trace metals on

Amberlite resins

120

Coupled Liquid Chromatography - Plame Atomic Fluorescence Spectroscopy

Element
Coaments (Wavelength/

=)
In the sea water a Cr
scattering peak, dus Mn
to NaCl, appears well Ag
before Cr(IIL), Mni{Il}
or Ag(l) elutes.
The qglycine and EDTA Cu
conoplexes have almost Ni
identical rerention Zn
timeg, howaver
culrielement AFS gives
excellent resolution.
Progress of reaction Fe
more specifically (283.13
followaed uaing APS and
than normal UV 252.2
datection. am)
Metals are not Cu
descorbed by MeOH but Fe
by methanolic HCIL, Mg
mothanolic XHy and Zn

HazﬂlEDTA-

Linear up to:
legl” cu, 1.6
ag 17! re and 0.6

wg 1~7 2n.

Beference

266

267

268

269



4.3.4 Review of coupled plasma techniques

The relatively low excitatlon temperature of the various atomic
spectroscopic flames limits their usefulness as atom cells for coupled
LC~AES applications. Flames have been used in various configurations
as molecular emission detectors; for example, McGuffin and Novotny
(271) monitored HPO bands for phosphorus selective detection of
various compounds eluting from a microbore LC column. éimilarly Cope
and Townshend (272) have used a phosphorus sensitive MECA detector as

a detector for HPLC.

The low neutral gas temperature of the MIP makes it very sensitive to
large solvent flow-rates. Although several workers have devised
continuous nebulisation systems (273-275) for the plasma, it has
proved singularly unpopular in LC applications. 1In contrast, both the
direct current and inductively coupled plasmas with their ability to
withstand both organic and aqueous solvent flows have found various

applications as LC detectors (276).

Direct Current Plasma

The group at Amherst, Massachusetts, have been one of the main
exponents of coupled LC-DCP OES, Table 9, using both two and three
electrode plasmas (276-279). They found (278) that the standard
nebulisation arrangement was sufficient for eluents used in ion
exchange and reverse phase chromatography but when used in conjunction
with the organic solvents used for adsorpticn chromatography a rapid
build-up of carbon resulted. Thus they designed a novel nebuliser
which had an efficiency of 20 -~ 25% and could be run continuously for

up to ten hours with no carbon deposits forming. The couplings were

used in the speciation of diethyldithiocarbamate ccomplexes of Co, Cu,




Ni (277), Hg and Cr (278). The study of mixed ligand complexes of the
type Cr(HFA),-(TFA)3_p for n =0, 1, 2, 3 (279), was aided by the

metal specific detection afforded by the coupled system.

Koropchak and Coleman {280} used a conventional cross-flow nebuliser
in their LC-DCP coupling. They studied nebulisation parameters to
optimise the plasma detection capabilities when interfaced to a liquid
chromatograph. They demonstrated its capability in the speciation of
three cadmium salts; however, the hope that the DCP could also provide

sensitive specific detection for the halogens was not realised.

The group at the University of Massachusetts (28l1) have also studied
the characteristics of the nebuliser/spray chamber interface. They
again used a cross-flow nebuliser but fitted a modified spray chamber
and located the entire interface directly below the excitation region
with the solvent-analyte spray in the same vertical plane as the
plasma. The performance of this arrangement was investigated using a
range_of agueous and organic solvents and copper hexafluoracetyl

acetonate.

Other recent workers using coupled LC=-DCP have paid more attention to
the chromatography using direct connection of the column to the
nebuliser. Krull et al. (282) have studied the speciation of chromium
in various water, biological and tannery samples, reporting detection
limits of 5 - 10 ppb with at least 3 = 4 orders of magnitude linearity
in the calibration plots. Chromatographic details were given for a

number of coclumns used in the investigations.
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Table 9

Detactor

DCP, using Spectraspan

II1I iostruaent

DCP (Spectraspan [Il)
For reverse phase and
ion exchange
chrosatogrpahy, elusnt
passed directly into
standard nebuliser

systen.

OCP plasma, sace
interface for

hydrocarbon aluents as

ref. 278.

Coupled Liquid Chromatography - Direct Current Plasma optical Emission Spectroscopy

Chromatography

250 x 4 = {.d., B um
Spherisorb SEP.
Eluent: 5:15:80
acetonitrile,
diethylether and
skelly B at 2.2
al min~!. column
washed prior to use

with 0.5% pyridine in

skelly B.

250 oa Partiail QDS
column. Eluent:
Hzollcetronltrtle
(60:30) at 0.65
ol ata~'.

250 om, 10 yo Partisil
10 silica. Elgent: B%
CHyCly in skelly-solve
B.

250 e, 8 pa
Spherisorb, eluent:
5:20:7%
acetonitrile/diethyl-

ecther/skellysolva B.

300 x 4 =™ i.d., 10 yo
Parctisil sllica,
eluent: 6%

acetonitrile in CH,Cl,

1.5 al min~'.

Matrix

Saparatiocn of zetal

diechyldithiocarbanates.

Speciation of:

CulenAh, ). CulenTFAy)
and the Ni analogues.
Cr{HFA)y and various
mixed ligand chelates
formed by reaction of

Cr with TFA and HFA.

Hg{DEDTC)y .,

Cr(DED’l’C)z.

specliation of: mer and
fac isozers of

Co(BAA}; and CotPAM)4-

123

OCP detector in series
with UV detector used
to confira acetal
content of eluted
peaks. Linear froo 5

to 500 ng Co and froo

10 to 500 ng Cu.

tiebulisation of
eluents used for
adsorption
chromatography caused .,
rapid C build up and
thus required a new

design of nebuliser.

. Eluent was directed at

chamber wall in a fine
jet and resulting nist
sWwept into plasna.
Nebulisation
efficiency of 20-25%
was attained with no C
build up over 10 hr
peried. Linear froa
30 to 4000 ng Cu and
froo 60 ng to 2.5 ug

Cr.

Detection limic of 100

ng for Cr.

Element
( wavelength/

om}

Reference

2717

Cu

(324.7

no)

i

(341.5 nm)

Cr

(267.7 nm)

Hg

(253.7 nn)

(267.7

na)

278

cr

(267.7 nm)



De tactor

DCP using crossflow
pabuliser with direct
introduction of

eluent.

DCP (Spectraspan
IIIb). The end of the
analytical column was
attached to the DCP
via a short length of
stainless-steel tubing
connected to a section

of flexible plastic

inlet tubing.

Chromatography

8% CH,Cly in nexane

Concave gradient of 3=

208 CH,Cl; in hexane.

500 e x 5 =x,
Sephadex 10 coluczn.
Eluent: Hy0 at 2.0

al ain~’.

The HPLC separations
of the two Cr ions was
achieved using paired
ion, reversed-phase
conditions, with
either a
tetrabutylacmoniun
counter=ion or a
camphor sulphonate
counter~ion in

golution.

The analytical colu=na

used wore as follows:

1. 5 um, 15 co x 4.6
= i.d. C;g Resolv
column {Watevs).

2. 5 um, 15 cm x 4.6
= i.d., Cyg Altex
column
{Alcox/Beckman).

3. 10 um, 25 ¢m x 4.6
ca i.d., Cyp

coluan (Altex).

Maerix

Mixed ligand cocplexes
of Cz(HFA) -(TFA)y.,
and the mer/fac

isoners of Cr-(TFA);.

As for above only better

peak shape and ghorter

analysis tize achieved.

Separation of Cd;
sulphate, bromide and

acetate.

Speciation of Cri(vl)
and Cr(IlI} in various
water sacples,
biological sa=ples and

tannery sacples.

124

Examination of
nebulisation
paraneters concerned
with coupling

reported.

The order of elution
of the two Cr ions is
completely reversed
going froo gne counter
ion to the other in

the mobile phage.

Det. linits for both
Cr spacies in the
range 5-10 ppb with at
leagt 2=4 orders of
oagnitude linearity in

the callbracion plots.

BElement Reference
279
cd
(228.8B nn)
280
Chreaiun
(425.4 an)
-
282



Detector

On-line detection with
SpectraSpan ILIIB DCP.
Outlet of colux=n
connected directly to
the cross-flow

nebuliser.

SpectraSpan IV three
electrode direct
current argon plasma
equipped with an
echelle grating
spactrometsr, and
ceranic crose~flow
aebuliser fitted with
a PTFE collar to a
modified 10 ol pyrex
round botton flask

spray chapber.

Chroaatography

4. 10un, 25 ca x 4.6
= i.d. Cg colu=n

(Altex)

Separation by gradient
elution HPLC, using
either a Du Pont
Zorbax ODS (4.6 co x
250 z) coluan or a
Hamilton PRP-1 (4.1 =
x 150 =m) coluz=n
previcusly
equilibrated with the
tetraalkylarooniua ion

selected for use.

Silica 5.0 ym column
(250 oo x 4.5 &= i.d.)
Mobile phase 100%

o =1
CHoCly at 1.0 al min

Matrix

Polyphosphate

oligooers.

various aqueous and
organic solvent

systems.

Copper hexa-

fluorcacetyl-

acetonate.

125

Linear oligooers
ranging froao P,
(orthophogsphate) to
Py2 can be cbaserved in
neutralised poly-
phosphate saoples. A
detection linoit of Q.2
ug of P is observed
with the 214.9 no
eaission lipe.
Precision for each of
each of the major
oligomers (P,=p.q) is

in the l-5% RSD range.

Paper based on the
design and
characterisation of a
nebuliser/spray
chamhar interface.
The enctire interface
wags situated in the
SpectraSpan IV so that
tha chicney tip was
15 co below the
plasma excitation
region, placing the
solvent=analyte spray
in the same vertical

plane as the plasma.

Elemant

Phosphorus
(215.9

213.6 nm)

no

Copper

(324.7 nm)

Reference

282

283

281



Inductively Coupled Plasma

The coupling of LC with ICP-OES (Table 10) is normally directly
through standard nebuliser arrangements. Browner and co-workers (284)
considered the effect of nebulisation chamber position using both
Meinhard (285) and fixed cross-flow (286) nebulisers for LC-ICP
couplings. Although they only studied aqueous eluents, they found
peak broadening and distortion occurred when the chamber was placed
inside the ICP gas box, due to extended liquid transport. 1f,
however, the chamber is sited outside the gas box, then a loss in
signal commensurate with aerosol transport over an equivalent distance

occurred.

Fraley et al. (287, 288) built on their experience with hybrid
techniques and compared FAAS and ICP-0ES as HPLC detectors for the
speciation of copper amino-carboxylic acid chelates (287). Both
techniques were found to yield a similar response; however, the multi-
element facility of ICP-OES was demonstrated using a dummy column to
simulate chromatographic conditions. The simultanecus detection of
Ca, Cu, Mg and Zn amino-carboxylic acid chelates with linearity up to
1 ug (288) illustrates another advantage of OES over AAS, i.e. long

linear calibrations.

Gast et al. (289) demonstrated a coupling using a fixed cross-flow
nebuliser for the speciation of carbonyl complexes of Fe and Mo,
various forms of As, dialkyl-mercury compounds, tetraalkyllead
compounds and various ferrocene derivatives. The ICP-CES detecto; was
evaluated by injecting small samples into the nebuliser. They studied

the effect of solvent composition and determined both linear ranges

and detection limits by this method. Morita et al. {290) used direct
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sampling of eluent to the nebuliser for the estimation of Co/P/C

ratios in vitamin By, and also in the simultaneous multi-element
detection of various proteins: Kurosawa et al. (291) used the same

coupling to unequivocally identify the presence of arsenobetaine in

shark liver and muscle.

Hausler and Taylor (292, 293) used ICP-0ES in conjunction with size
exclusion chromatography and evaluated a number of spray chambef
designs. Using toluene as eluent (292) it was foﬁnd that cooling the
chamber to 0°C resulted in better sensitivity being obtained. This
evaluation, along with the determination of detection limits, was
performed in the absence of the chromatographic column. When pyridine
was used as eluent (293), best sensitivity was achieved with the
chamber thermostated at 20°C. Detection limits, found by the same
procedure as above, were slightly worse than those obtained with
toluene. Gardner et al. (294) used ICP-OES in series with UV
detection to monitor the speciation of Ca and Mg in natural water
filtrates. If both detectors gave a response, the tenucus implication
that the metal was organically bound was made. This example
illustrates gne of the main advantage of hybrid chromatographic
techniques, i.e. they provide unambiguous identification of metal.
The most definite conclusion from the chromatographic data obtained
(294) was that a species contained Ca, Mg, or neither, the nature of

the organic moiety remained speculation.

Recent papers on coupled LC-ICP have shown a tendency to move towards
the use of microbore-HPLC. The group at Toyohashi University of
Technology have used micro columns in their studies on various

interface couplings (295-297) utilised for the determination of Cu,
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Zn, Fe and Co in organcmetallic compounds and the analysis of carbon
containing materials such as saccharides. Fassel's group (298) have
also used microbore columns although they have in addition reported
the first departure from using conventional cross-flow, concentric or
Babington=-type pneumatic nebulisers and have developed a
microconcentric nebuliser which is inserted directly into the tip of a
conventional sample introduction tube of an ICP torch. However at the
present time problems with low residence times of the analyte species
in the plasma and possible solvent interaction in the excitation

process have been reported to impair detection limits.
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Table 10

Datector

ICP, eluent froo

colunn passed directly
into nebuliser. All
Ar plasma. For FAAS
work air/CyH; flaze

used.

ICP all~-Ar plasma,
outlet of coluan
connected by capillary
PTFE tubing to

nebuliger of cross~-

flow design.

Coupled Liquid Chromatography - Ioductively Coupled Plasaa Optical Emission Spectroscopy

Chroms tography

Aninex A-14 colu=n

see ref. 222.

25¢ x 4.6 o= t.d.
Zorbax~C8 coluan,
eluent: 70V (v/v)
Eluent: 5 ain. linear
gradient of 50-55%

ecthanol then 5 min.

linear gradient up to
80% EtOH, 1 ol min™'

20 1} injection.

Hypersil (6 unm), 100 x
4.6 em i.d4., eluent:
30% MaOH, 1% {w/w) n-
hexadecyltrimethyl-
amoniun brooide,
0.0BM, pH 5, at 1.2
ol ain®'.

EtOH - 0.05M

Eluent:

NaBr (1:2) pH 3, 1.2

al @in~!

Eluenct: 75% EtoH 1.4
el min~'. 30 ul
injection

magrix

Separation of EDTA and

NTA chelates.

Separaction of iron

carbonyl coaplexes.

Separation of various
aolybdenun carbonyl

conplexes.

Separation of DMA, MMA,

p-APA, As(V),

phenylarsonic acid.

Separation of Hg(Il)
aethyloercury, ethyl-
mercury and propyi-

Qercury.

Tetraalkyllead

compounds in petrol.

129

Rlenent
Cosoents (davelength/ Rnl."u.renca
na)
Coapared with FAAS Cu
detecrtion for Cu (324.7 nn)
chelatas and found
both gave sioilar
response. Alsc used
du=3y colu=n to
siculate
chromatography for
various cetals. 287
ICP was tested as a . Fe
HPLC detactor by (259.949 na)
injecting scall na
sanpleg through an -]
injector into the {281.615 nm)
nebuliger, to evaluate
effect of various
solventa; sensitivity;
linearicty and
detection limits. 289
As
{(276.022 am)
Hg
{253.652 na}
Pb
{283.306 nm)
289



Dotector

All-Ar ICP, eluent

passed directly into

nebulisger.

All~-Ar ICP, eluent
passed directly into

nebuliser.

1CP, all-Ar plasma,
eluent pasged directly
to nebuliser; varius
spray chanber designa
evaluated with and

without cooling teo

0°¢.

Chromatography

250 x 3 = i.d., silica

Gel Si60 (8 un),

eluenc: toluene 1.4

sl ain”?
600 x 2 tm, TSK GEL
3000 S¥ eluent: 0.9%

Nacl, 1.0 @l oin”',

Either: Nagal-
Kucleosil 10-SA cation
or l0=-SB anion
exchange resin.
Eluent: 0.254

phosphate buffer, pH

7.4.

100~A =Scyragel waters
colum at a flow rate
of 1.0 or 0.5 ol min™"
of toluena. Bio-Beads
5X-2 size exclusion
column; Eluent:
toluene at sapa f}ou
rates. 200 pl

injected.

Matrix

Saparation of various

Eerrocene compounds.

Separation of vitamin
Byz-

Separation of various
proteins) ferritin,
catalase, aldolase,

albunin, cytochrone C,

chymotrypainogen A.

Identification of
arsenobetaine in shark
ouscle and liver by
conparison with
standard chromatogram
of arsenobetalne, DMA,
MMA, AB{IIL) and

AslV).

Separation of variucs
Si, Pb, Sn and Ge
orgapometallic
coopounds .
separaction of a 21~
elenent standard,
netal salts of
dialkylbenzene

gulphonates, in an

organic matrix.
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Multi-element
detection used to
calculare Co/P/C
ratio. Sicultaneous
clti-elesent
detection of Cu, Fe,

Mn, P, Zn.

Arsenocbetaine matched,
on both resins, the

main As cozpound found

in the shark tissues.

The various spray
chapbers, and
datection linits were
avaluated without the
chromategraphic coluzn
being used.

Decection levels are
coaparable to those

found for agquecus

solutions.

Bleaant Reference

Fe

(259.94 no)

289

c
(246.7 nn)

Co

{226.6 no)

Cu

(324.9 ana)

Fa

(259.9 nno}

(257.6 nn)

(241.9 nm)

Zn
(213.8 nm)
290

As8

(193.7 nm)

Al, Ag, Ba,

Cd, Cu, Fe,

Mg, Mn, Ni,

Pb, Si, Sn.

Ti,

292



Datactor

Ar ICP, see ref. 292.
Spray chanber

theroostated to 20°C.

Ar ICP, eluent taken
froo UV datector
directly to crossflow
nebuliser. 3J2-elenent
polychromator used for
simultanecus
detection, or
oonochromater for

single channel

operation.

Ar plasma; see ref.

287.

ICP, the eluant from
the column being fed
to a cross-flovw
nebuliger via PTFE
tubing. (0.5 om L.d.

x 300 o long)

Chrocatography

100-A L-Styragel
waters coluzn, eluent:
pyridine at 0.5 or 1.0

@l aia™! or toluene

at sace flow rata.

250 x 1.6 m i.d., AGI
x 4 (< 400 mesh) anion
exchange resin

Eluent: 0.05M (NH,),

S04

600 x 7.5 i.d., TSK
3000 SW size exclusion
colusn, or a 500 x 7.5
=2 {.d., TSK 2000 SWw

coluzn. Eluent: Hy0

at 1.0 or 1.5 ml min~}

Strong cation exchange
resin (UIPX-210 SC
from Toyo Soda Co.
Japan). Step gradient
elution froc 0.2M
NaHaPO4, pH 0.2 to
0.2M HaHPO,4, PH 4.3

coluan temp. t0c.

Matrix

Separation of a 21~
elenent standard (see
ref. 292}, ferrocene
and derivatives,
copper and cobalt
complexes, and
organically bound

metals in solvent

refined coal.

Separation of NTA and
EDTA chelates of Cu.

2n, Ca and Mg.

Speciation of
dissolved Ca and Mg in
natural water

filrrates.

Amino acids.

131

Detection limits in
pyridine, determined
by saoe cethod as 292,
and are qenerally
slightly worgse than
cthose found using

toluene.

The data acquisition
storage and output is
microprocessor

controlled. Linear up

to 1 pg for all

alecentsa.

8y ualng UV detection
as well as ICPOES,
inference as two the

organic binding made.

In the detection of
sulghur, a gimple Ar
purge systen was used
to reduce light
absorption by oxygen.
Detection limits of
30-50 pg/ml and 1-3
ug/ml as aoino acids
ware obtained for
carbon and sulphur

respectively.

Bleoant Roference

See ref.

292

293

Mg

zn

288

Ca

Mg

293

Carboen

(193.09 nm)

Sulphur

(180.7) no)

299



Detoctor

ICP, the HPLC column
being connected to a
Meinhard concentric
aebuliser rated at 3
el min”! by 2° of

L/16th® 0.D., 3/64°

L.D. PTFPE tubing.

ICP, the eluent froo
the micro HPLC 19
carried inco the
nebuliser using either
wvater or
meacthylisobutylketone
as carrier, via a
simple or oodified
stainless T~-type

connector.

Series UV detection

also used.

Chromatography

Haoileon PRP-1 resin-
based, reverse phase

coluan.

Micro-HPLC. Tha
columns were Teflon
tubing of 0.5 i.d.
by 12 cm length packed
with Jasco 5C-01 {0ODS~-
silica, 5 ym} for
reversed phase mode
and Teflon tubing 0.5
o3 i.d. by 153 em
length packed with
Jasco Fine Sil-5
{siltica, 5 ym) for
aoroal phase mode.
Mobile phases were
MeCH or MeQid-H,0
aixture for reversed
phage mode and toluene

for normal phase mode.

Matrix

various arsenic,

gelenjium, and

ghosphorus compounds.

Cu, Zn, Fe and Co

organonetallic

cozpounds .

132

Comnonta

The standard software
was Dodified to allow
the chromatogran to be
displayed graphically
on-line. Det. linoit
for As 130 pg 1~!' ac

100 ¢l injection

voluzes.

Application of micro
HPLC with simple

interface for LC-ICP
previously reported -

Ref. 296.

Blement rReference

Arsenic

(189.0 nm)

Carbon

(247.8 nm)

Phosphorus

(214.9 nm)

Sulphur

(180.7 am)

Seleniun
{203.9 nm)

300

Copper

(324.7 nm)

Zinc

(212.8 nm)

Cobalt

(228.6 nm)

fron

(259.9 no)

295



Detactor
ICP, eluent froo the
coluzn fed to a cross-
flov nebuliser using
directly coupled
PTFE

tubing (0.5 =

1.4. x 300 n=a long).

ICP using a
ajcroconcentric
oebuliser which is
ingerted directly inco
the tip of a
conventional sample
introduction tube of

an ICP torch.

ICP, with cross f{low
nobuliser attached
directly to the
aicrocoluan by PTFE
tubing. The sanmple
gas carries the eluent

as a foq into the

plasma torch.

Chroaatography

Strong cation exchangs
resin (IEX-210 SC -
Toyo Soda Co. Japan)
250 o2 x 4 = 1.d. ac
509c. Mobile phage

0.4 - 1.0M acownius

lactate (pH 4.22).

Ien=~pairing, reversed
phase separation.
Microbore 1 mm i.d. x
S0 o c‘IB coluzmn
(HRSM-50—C 5, C-M
Laboratories, Nutley,
NI}.

Mobile phase.

Cr - 5 oM sodiua
pentane-
sulphonata in
MeOH/H,0 (20/80),
pH 3 at 120 pl/

min

5 oM tetrabutyl-
acmoniun
phosphate in MeQH
/Hy0 (5/95), pH

7.2 act 140 pyl/ain

Microcolymn gal
perneation
chromatography.

Column nade of PTFE
tubing 1 == i.d. x 20
cm packad with Fine
GEL 5C-220 (1l1.7 unm,
Mobile

Jasco, Japan}).

phase-distilled water.

Matrix

Rare earth eleaesnts in

geological samples.

[norganic and
organonecallic
compounds in various

solvents.

Analysis of carbon
containing macterials -

exaaple of sacharides.

133

Cocments Blenent
Sipilar interface to ¥, La, Ce,
Raf. 299. Pr, N4, Sno,
Det. limits for systen Eu, G4, Th,
0.001-0.3 pg/ml with Dy, Ho, Er,
100 yl sample To, Yb, Lu.
injecrtion.

First departure froo chroziun
using conventional {205.6 n=)
cross-flow, concentric

or Babington-type

pneumatic nebulisers. Argenlic
At present sone (193.7 ;un)
problexns with low

residence tioes of

analyce species In the

plasma and possible

solvent interactions

in the excication

process thus impairing

derection limits.

Cozmparison made with Carbon

previously reported
systex using various
T-type connectors in
the interface - Ref.

302.

Referance

301

298

297



4.3.5 Conclusions

Atomic absorption, whilst being the most inherently metal specific of
the atomic spectroscopic techniques, introduces restrictions to the
potential couplings available with liquid chromatography. In LC=FAAS
using reverse phase systems, i.e. mainly aqueous eluents, low
nebulisation efficiency may limit the sensitivity of the technique.
However, operation of the nebuliser in a starved moée, for example by
using modified injection cup devices, has been shown to alleviate much
of this problem. When normal phase, i.e. organic, eluents are used,
then higher nebulisation efficiencies are possible; however, transport
of large amounts of organic solvents to the flame can have adverse
effects on its properties, e.g. increased background levels from
carbon particles and band spectra. Therefore sample transport systems
are being developed in our laboratory which do not use conventional
nebulisation. $ince such systems allow the sample tc be desolvated
prior to reaching the flame for atomisation, they offer much promise
for the future. The advantages of directly coupled LC-FAAS systems
which offer on-line, real-time analysis with simple, cheap, readily
demountable interface systems largely offset the lower detection

limits obtained compared with electrothermal atomisation.

The use of electrothermal atomisation should circumvent the problem of
low nebulisation efficiency; however, the time required to run through
an atomiser dry-ash-atomise-cool cycle results in only infrequent
samples being analysed out of the flowing chromatographic stream. To
minimize the possibility of missing a species, very low flow-rates are
normally used although much of the eluent is still not monitored. To

overcome this problem in direct interfaces such as autosampler systems

are often required and "real time" chromatographic interpretation is




not possible. Thus the advantage of high sensitivity detection
cbtained when using electrothermal atomisation is only achieved at the
expense of real time analysis, and often involves expensive and
complicated interface systems. The advent of microbore HPLC may
provide some solution to problems of interfacing with electrothermal
atomisers. The low flow-rates, microlitres per minute, encountered in
microbore HPLC mean that the volume containing a species is very small
and providing the peak resolution is good, injection into the furnace
of the whole chromatographic peak may be feasible. Other possible,
though expensive, ways of making coupled HPLC-ETA-AAS a real time
method would be the use of a dual furnace, or the development of a

continuous furnace system.

The same problems beset coupled LC-AFS as afflict any AFS method,
namely: lack of suitably stable and intense line sources. However,
the advent of atomic fluorescence instruments using an ICP as the atom
cell will perhaps signal a renewed interest in this technigue and
enable the advantages of multi-element low level detection afforded by

AFS to be utilised.

The plasma emission techniques offer the possibility of multi-element
detection and long linear ranges. With reverse phase eluents, both
DCP- and ICP-0ES, like FAAS, suffer from low nebulisation efficiencies
and to increase detectability, then this efficiency must be increased.
The use of normal phase eluents affords high nebulisation efficiencies
but, as a result, a higher background emission level, and hence an
increase in detection limits. This may be offset by the increased
analyte flow into the plasma. The ability of plasmas to monitor not

only metal emission lines, but also carbon lines, could, so long as
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non-carbon containing eluents are used, offer a universal LC detector.
Although emphasis has been placed on the advantages of specific or at
least selective detection, the value of a universal detector should
not be underestimated, as the wide usage of FID in GC shows. By using
a simultaneous multi-element facility, DCP- or ICP=-0OES could offer

such universality.

Recent emphasis on studies into characterising the processes which
take place within an interface i.e. within the nebuliser/spray
chamber, connectors or even connecting tubing itself, should lead to a
better understanding of the ideal sample transport system and hence
the development of interface technigues which fully realise the
potential of coupled techniques. The trend towards micro-bore
columns, thus decreasing the eluent flow, also allows experimentation
with low flow but high efficiency nebulisers such as the frit

nebuliser.

The arrival of commercial ICP-MS systems which provide detection
limits significantly lower than ICP-QOES, and approaching those
obtained by GF-AAS, offers an exciting new detection mode for coupled
HPLC systems. Inductively coupled plasma-MS systems operate in a
real-time mode operating on flows of liquid similar to elution rates
from mini-bore HPLC systems. Thus several groups of workers are
already experimenting with coupled HPLC-ICP-MS which may offer the
sensitivity in a multi-element mode necessary for trace metal
speciation in real samples with the on-line detection capability
necessary to enable optimisation of the separation and routine

operation.
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CHAPTER 5

THE EVALUATION OF COUPLED HIGH PERFORMANCE LIQUID CHROMATOGRAPHY -

ELECTROTHERMAL ATOMISATION - ATOMIC ABSORPTION SPECTROSCOPY

5.1 An automatic interface for coupled high performance liquid

chromatography - electrothermal atomisation - atomic absorption

spectroscopy

Although the coupled HPLC-ETA-AAS systems described in Chapter 4 have
found many applications, they all have certain disadvantages intrinsic
to their design. The need to transfer a sample from the HPLC effluent
to the furnace, often requiring the flow to be stopped, and the
necessity to use very low HPLC flow rates thus severely limiting the
chromatography, means that such techniques are often slow, give poor
resolution and do not produce continuous chromatograms. However to
investigate the practicability of such a system, an interface b;sed on
the design of Brinckman and Irgolic (246) and modified by Haswell

(303) was evaluated for the speciation of arsenic.

S.2 Application to the speciation of arsenic

Current interest in the speciation of arsenic compounds can be
attributed to two main areas. Firstly, the use of arsenic compounds
as pesticides and herbicides, both as inorganic arsenic salts and as
organoarsenicals such as monomethylarsonic acid (MMA) and
dimethylarsinic acid (DMA). As with many other metals the toxicity,
biological activity and environmental fate depends on the molecular
form of the arsenic species. Secondly, it has been shown that
different arsenic compounds interconvert in the environment by both

chemical and biological pathways. The assimilation of arsenate by
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marine phytoplankton which is finally released into solution after
reduction and methylation is one such éxample; As the methylated
forms of arsenic are apparently much less toxic than their inorganic
parent compounds, speciation of arsenic compounds yields more useful

information than total arsenic levels.

Various HPLC-ETA-AA couplings have been developed for the specigtion
of arsenic, often based on the two couplings developed by Brinckman's
group at the National Bureau of Standards (238). The first of these
utilises a PTFE flow through cell from which the eluent is
periodically sampled and injected into a graphite furnace, so called
pulsed mode operation. In the second, termed survey mode, the eluent
was collécted by an autosampler and each fraction collected analysed
by ETA-AAS. Using these two techniques the speciation of As, Sn, Hg,
and Pb compounds was demonstrated (238), the survey mode later being
extended to the speciation of organometallics, polymers and organotin
silicates by the same group (239). The flow~through PTFE sampling cup
has also been used as an interface between a low capacity anion
exchange column and graphite furnace by workers in the U.S. Dept. of
Agriculture (247, 248) when speciating organic and inorganic reducible

forms of arsenic in pesticide residues.

Irgolic and co-workers used a similar automated system for the
speciation of arsencbetain, arsenocholine and inorganic arsenic at the
micro-gram level (245). In a joint study with Brinckman's group (246)
they demonstrated various chromatographic separations for the
speciation of arsenic compounds in soil and water samples. The

extremely high background molecular absorption levels encountered with

ion pair reagents, such as tetraheptylammonium nitrate (THAN), were




reported to require Zeeman effect background correction, since normal

deuterium arc correction proved insufficient.

5.2.1 Experimental

The HPLC system used in this investigation consisted of a Waters 6000A
solvent delivery system (Waters Associates Inc., Massachusetts, USA),
Rheodyne 7125 injection valve fitted with a 1000 ul sample loop and
Whatman Zipax and SAX HPLC columns in series. Full details of the
chromatography are given below and summarised in Table 12. An
Instrumentation Laboratories IL 555 furnace (Instrumentation
Laboratories Inc., Massachusetts, USA) was modified so that an
injector could be fixed to the face plate and aligned with the cuvette
sample injection opening = Figure l1ll. (The modified furnace was.also
used in conjunction with an IL Video 12 Spectrometer). In addition
the vertical access port was replaced by a borosilicate glass tube
which allowed nitrogen to be blown into the chamber via a stainless
steel lance tq accelerate cooling. The increased gas flow reduced the

cooling time to about 20 seconds.

The interface consisted of two Altex (4 way) slide injection valves
with pneumatic actuators. The sample (76.6 pl) and co=-analyte (5 pl)
loops were of 0.8 mm I.D. PTFE cut to appropriate lengths. All other
inter-connecting tubing was of 0.33 mm I.D. PTFE. Delivery of the co-
analyte and sample was by nitrogen pressure through a i/16th inch 0D
316 stainless steel tube activated by a solenoid. The co-analyte
followed the sample through the system into the cuvette, thus reducing

the possibility of inter-sample contamination.

The analysis sequence of the entire system was controlled by a
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/ Coolina

Low torque micro switch

10 cm

FPigure 11

Nitrogen lance

IL 555 flameless atomiser with auto-injector

Stainless steel in)ector

Analyte from sample loop

Solenoid

Return spring

adjustment bolts



Table 11

Graphite furnace atomic absorption spectrometer conditions for the

determination of arsenic

Spectrometer IL 151 or IL Video 12
Wavelength 193.6 nm
Bandpass 1 nm

Lamp current 6.0 mA
Temperature programme:
Temperature °¢C 175 270 1200

Time seconds 10 5 S

Injection temperature:

125 + 10°C
Injection:
Sample volume 76.6 yl + 5 pl 0.5% nickel nitrate

N, injection
pressure 16 psi
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Table 12

Chromatographic conditions for the speciation of arsenic

Columns:

Eluent:

Flow rate:

Sample injection:

Zipax ion-exchange precolumn (100 mm x 5 mm i.d.)
in series with a SAX~10 strong anion-exchange

column (200 mm x 5 mm i.d.}

Sulphuric acid (0.1 M) switched to ammonium

carbonate (0.1M) after the first peak has appeared.

1.0 ml

20 yl - 1 ml.
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microprocessor control system. The use of A/D convertors allowed the
determination of peak area from the atomic absorption signal and the
determination of furnace temperature. Status lines were also used to
inform the computer of a) whether the furnace door is open and ready-
for the next injection cycle, and b) when the atomisation of the
sample is about to occur so that data acquisition may begin. The
results ob;ained were recorded on a standard chart recorder and peak

height measurements taken.

Blowing the sample into the hot cuvette has a number of advantages:

(a) a larger volume of sample can be accommodated by the cuvette as
vapourisation of solvent occurs almost immediately, thus
increasing the effective sensitivity;

(b) the analysis sequence time for any one determination is reduced
both by shortening the drying time and decreasing the cooling
range. These effects plus the increased rate of cooling achieved
by introduction of extra nitrogen coolant gas reduces the total

cycle time from over three minutes to approximately %0 seconds.

A schematic representation of the complete system as used for the

determination of arsenic is shown in Figure 12.

All chemicals and solvents used in this work were supplied by BDH
Chemicals Ltd., Poole, England. The organoarsenic standards were
provided by Dr. K.J. Irgolic, Texas A and M University, USA. The
urine samples were supplied as part of a joint study with the Ministry
of Agriculture Fisheries and Food. These samples were collected from

individuals over a five day period following ingestion of a fish meal
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Fiqure 12
Schematic diagram of HPLC-GFAAS interface for the determination of

arsenic
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spiked with inorganic arsenic. The object of this work was to

speciate the arsenic excreted from the body.

This complete study required the use of coupled HPLC-hydride AAS (see
Chapter 7) for the speciation of reducible species = As3+, A55+,
monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA), and the
use of coupled HPLC~ETA-AAS for the speciation of any non-reducible
forms present such as arsenobetaine ([(CH3)3; AsCHj cooH]* and
arsenocholine [(CH3)y As CHp CHZOH]+ which is probably the precursor

from which arsencbetaine is formed.

In many studies, the presence of non-reducible compounds is calculated
from the difference between the sum of the reducible forms and the
total As level as determined by graphite furnace-atomic absorption.
This evaluation was made here as a first step in'identifying the
species present. The interface was connected for this analysis
although a peristaltic pump was used in pléce of the HPLC to
facilitate supplying the sample. The graphite furnace atomic

absorption spectrometer conditions are given in Table 11.

Once the total As levels had been determined the HPLC system was
connected. To separate the arsenic species, a twin column system was
used, consisting of a silica based anion exchange precolumn in éeries
with a SAX resin based strong anion exchange column. The elution
system involved switching from sulphuric acid (1.8 x 10~4 M) to
ammo n ium carbonate (0.1 M) which enables a preconcentration on the
Zipax column. The success of this  system for arsenic speciation has
been reported by Tye et al. (304), and is detailed further in Chapter

7. However, in this instance the optimum flow rate of 3 ml min~! was
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reduced to 1 ml min~! to meet the requirements of the interface. The

chromatographic conditions used here are summarised in Table 12.

5.2.2 Results and Discussion

The calibration data obtained from a series of arsenic standards
(sodium arsenate) using the interface and a peristaltic pump to fill
the sample loop is shown in Figure 13.- A linear working range of

10 ng with a detection limit of 0.5 pg 11 was obtained.

When the HPLC was connected difficulty was experienced in obtaining
any response from a mixed standard containing 50 ng of As3+, A55+.
MMA, and DMA, even when leaving the system running for over an hour.
This was attributed to the greatly reduced fldw rate which would
adversely affect the chromatogrpahy, but which was necessary to avoid
the possibility of the species once separated moving through the
interface between injections into the graphite furnace and thus not
being detected. The chromatographic system was therefore changed, the
Zipax/SAX system being réplaced with a Hypersil ODS column (3=5 um
250 mm x 4 mm) and a sulphuric acid isocratic elution system (1.8 x
1073 M) as used by Haswell (303). Using this system and a single
standard solution of sodium arsenate, it was found possible to obtain
a simple chromatogram via the interface although the peak had severe
tailing and took some twelve minutes to elute - Figure 14. It was
obvious from these findings that such a system was ill suited to
speciation studies and so an attempt was made to reproduce the work of
Stockton and Irgolic (245) for the separation of arsenobetaine,
arsenocholine and arsenite/arsenate. Since extremely high background
molecular absorption levels are encountered with this technique, due

to the use of ion pair reagents such as tetraheptylammonium nitrate,
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Fiqure 13

Calibration curve of peak height against weight of arsenic with 0.5%

nickel nitrate co-analyte
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Fiqure 14

Chromatogram cbtained using the HPLC-GFAAS interface

50 ng sodium arsenate
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(- overcome by the use of Zeeman effect background correction in the
work by Brinckman et al. (246), the modified furnace was fitted to an
IL Video 12 instrument fitted with Smith-Heiftje background
correction. However, once again problems were encountered due to the
difficulty in operating the interface for more than a few minutes
without malfunction, and so this work was stopped in favour of
developing a less complicated interface for use with flame atomic

absorption instruments.

5.3 Limitations of coupled high performance liquid chromatography-—

electrothermal atomisation = atomic absorption spectroscopy

Although collection of the HPLC effluent in some form of auto=-sampler
followed by subsequent discrete injection of the collected fraction
into an electrothermal atomiser provides an interim solution to the
need to improve upon reported couplings to conventional FTAAS
detectors, there are as explained above several practical problems
associated with this approach. 1In addition the results are not
obtained in real-time and the non-continuous nature of the detector is
both tedious and likely to lead to peak broadening. Hence in the
following work emphasis is placed on the design and construction of a
continuous detector which parallels the former work with coupled G.C.-
AAS, in which appropriate optimisation of a flame atom cell has led to
a continuous detector with superior powers of detection to
electrothermal atomisation for typical genuine samples, yet remaining

simple, reliable, and giving real-time analysis.
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CHAPTER 6

THE EVALUATION OF DIRECTLY COUPLED HIGH PERFORMANCE LIQUID

CHROMATOGRAPHY - FLAME ATOMIC ABSORPTION SPECTROSCOPY

In addition to offering excellent inter-metal selectivity, flame
atomic absorption has the advantage that it readily accepts liquid
samples. Coupled HPLC-FAAS systems alsc overcome many of the problems
associated with coupled HPLC-ETA-AAS since they offer on-line, real
time analysis and produce a continuous chrématogram. The various LC-
FAAS couplings reported in the literature have been summarised in

Chapter 4.

6.1 Development of a simple directly coupled high performance ligquid

chromatography - flame atomic absorption spectroscopy system for

the gpeciation of organotin compounds

Several of the most recent publications on coupled LC-FAAS have
stressed relatively simple interface systems, and have reported
increased sensitivity by attention to the atom cell. The system
reportéd below consists of a modified version of Slavin and Schmidt's
direct coupling (232) utilising pulse nebulisation via a directly
coupled vented tube from the column to the nebuliser, althought the
sensitivity has been improvéd by incorporating a slotted tube atom
trap to increase the residence time of atoms in the flame. This
system has been evaluated for the determination of tributyltin species
in natural waters, detection of which has proved problematical by

other techniques.
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6.1.1 Instrumental

Atomic absorption spectrometer ($P9, Pye Unicam, Cambridge) fitted
with background correction and tin hollow cathode lamp. The 224.3 nm
tin line was used. A Pye Slotted Tube Atom Trap (STAT) was fitted to
the 5 cm burner head. Waters 6000A solvent delivery system (Waters
Associated Inc., Massachusetts) equipped with a Waters U6K injector
with 1 ml sample loop and Partisil=-10SCX analytical column (10 um
particle size, 25 cm x 4.6 mm i.d.) (Whatman, New Jersey). 10O pl and
100 pyl HPLC syringes (Scientific Glass Engineering, Melbourne).

Perkin-Elmer 023 chart recorder (Norwalk, Connecticut).

6.1.2 Reagents
The tributyltin chloride and tributyl tin fluoride were supplied by
Aldrich Chemical Co. Ltd., Gillingham. All other analytical reagents

used were obtained from BDH Chemicals Ltd., Pcole, Dorset.

The tin(IV) stock solution was prepared by dissolving 0.1000 g of
analytical reagent grade granulated tin in 20 ml of hot conc. 52504.
This was cocled and added cautiously to about 200 ml of water
contained in a 1 1 calibrated flask. The solution was then cooied and
a further 60 ml of conc. H,S0, added. The solution was allowed to
cool and the mixture diluted to 1 1 with water. Any globules of

sulphur formed were ignored.

6.1.3 Results and discussion

The ideal system envisaged’ at this stage was one enabling direct
injection of agqueous samples onto the HPLC column for separation of
the organotin species, without sample pre-treatment and then detection

by FAAS keeping the interface as simple as possible. Particular
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emphasis was placed on the separation of tributyltin species although
development of the chromatography was found to be difficult in the
absence of a suitable detector; conventional u.v. and fluorescence
detectors being unsuitable due to the absence of any active
chromophore or fluorophore for the butyltin species. (This last fact
is commeon for all nonaromatic derivatives of organotin (238), thereby
giving impetus to general metal-specific HPLC detection schemes for
_trace alkyl metals or alkyl metallcids). Emphasis was therefore
placed on development of the interface to the atomic absorption

spectrometer which was to be used as the detector,

The first methed of sample introduction considered was that of
discrete veolume nebulisatioﬁ (also known as 'direct injection',
‘aliquot’, or 'pulse nebulisation'). This technigque overcomes the
problem of small sample uptake, e.g. less than 0.5 - 1.0 ml, which may
-not give the conventional system time to attain equilibrium and
produce a steady reading on the meter or digital display. Using the
discrete volume technique sensible readings may be obtained using

volumes of solution as small as 10 - 100 uyl (305).

The sample uptake capillary from the nebuliser was constructed so that
it terminated in the point of a small plastic conical funnel as shown
in Figure 15. A standard micropipette tip is ideal for this purpose
although the capillary tubing from the nebuliser should only-be pushed
in about 0.5 mm to avoid forming a liquid trap which would cause

cross=-contamination (183).

The tip was then mounted vertically in front of the spectrometer. The

instrument was set up in the normal way for flame analysis except that
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Pigure 15

Accessory for discrete volume nebulisation
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Fiqure 16

Comparison of discrete volume nebulisation with direct uptake
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Figure 17
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Pigure 18

Modified arrangement for discrete volume nebulisation
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the spray chamber and burner were allowed to run dry when no sample

was being passed.

Usually analysis would be carried out by transferring 50 or 100 pl
aliquots of the sample into the tip by means of a precision
micropipette. The sensitivity obtained using this method was found to
be only marginally lower than for continuous aspiration, Figure 16.
In the analysis of seawater for TBTC, however, the sample input was
facilitated by allowing the HPLC column eluent to drip directly into
the cup, although the arrangement was later modified by replacing the

‘cup' with an open ended tube =~ Figure 18.

An examination of the effect of eluent drop size on the respense was
also undertaken under cptimal conditions in later work, Figure 17, and
revealed that a possible increase in sensitivity could be obtained by
using 'gulp' nebulisation, i.e. allowing several drips to fall into
the cup before being released to the nebuliser and thus increasing the

sample size.

Although discrete volume nebulisation allowed a simple yet effective
way of getting the sample into the nebuliser, the detection limit for
Sn using conventional FAAS with an Air/H2 flame was in the order of
0.06 mg 1~'. A means of increasing the sensitivity yet keeping the
system simple was thus sought, and to this end a slotted tube atom
trap (STAT) was used, Figure 19. The use of such a double slotted
quartz tube as an atom trap was first described by Watling (306).
The tube was supported above the flame from a conventional burner with
one of the slots aligned directly above the flame. In the original

design the slots were machined laterally‘sc that they were parallel to
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each other at 120°. In the commercial tube however the slots are at
180° since this angle was found to give significantly improved
detection limits for some elements, although because the slots are
superimposed and directly in line with the burner slot the atomic
residence time in the tube is probably reduced resulting in a loss in
sensitivity. The improvement in detection limits can probably be
attributed to the decreased turbulence of the hot gases in the 180°

slot configuration.

The improvement in sensitivity when using the STAT is generally
confined to those elements readily dissociated to their ground state
atoms in the flame. This implies relatively low M~=0 dissociation
energies. Elements with relatively high M=0 dissociation energies
such as higher molecular weight transition metals and the refractory
elements, which are normally best determined in the nitrous
oxide/acetylene flame are prebluded because of the excessive thermal
shock this hotter flame would impose on the quartz tube. The
determination of tin using the STAT is however easily faciliated using
the cooler air/H, flame giving a detection limit of 0.015 mg 17| i.e.

a four fold increase on the conventional Hz/air flame mode.

Before using the STAT in conjunction with the simple HPLC interface
above, its performance was optimised and comparison made with
operation in the conventional flame mode. Obviously to do this the
optimal burner height for conventional flame mode must first be
determined so that the changes in response obtained when using other
parameters can be directly compared with those obtained using the STAT
which is fixed such that the burner height, rotation, and lateral

alignment ensure maximum radiation passes through the tube. The
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results obtained are shown in Figqure 20. In all further work using

conventional flame mode a burner height of 10 mm was selected.

The next parameters to be optimised were the gas flows to the burner.
Using the STAT the hydrogen flow rate was varied whilst keeping the
air flow constant and aspirating solutions of both sn%* and TBTC. The
results obtained are shown in Figure 21. Changing the air flow rate
did not greatly effect the response, although at lower flow rates
severe noise problems was observed. To overcome this problem the air
was preset at 41 miﬂd'so that the interference was eliminated. The
final spectrometer conditions selected are summarised in Table 13, and

the instrument arrangement is shown in Plate 2.

Having optimised the detector it was now possible to optimise the
chromatography. The column selected was a Partisil reverse bonded
phase (RBP) SCX column, which may be considered as having a mixture of
three distinct properties. These include cation-exchange character
which is dictated by the sulphonate group, RBP character due to the
hydrocarbon part of the stationary phase, and adsorption character
arising from incomplete coverage of Si=-OH sites. In most cases,
cation-exchange equilibria dominate the chromatographic process. For
an ideal RBP-S5CX, exemplified by the Partisil SCX siloxane-bonded
benzenesulphonic acid function, the individual organotin ion can be
regarded as a classical cation. The comparable relation between the
basic (anionic) species, a major complexing ion (or buffer) forming
the supporting electrolyte, and active RBP anionic exchange sites have
been treated fully in principle by Horvath et al. (307). A variant of
that approach which appears suited to qualitatively assessing

organotin species and column properties found in the present work has
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Table 13

Spectrometer conditions used for the speciation of tin

Air

Hydrecgen
Burner Height
Lamp Current
wWavelength

Slit width

With STAT

4.0 1 min~!

2.6 1 min"!
16 mm (fixed)
6.0 mA

224.3 nm

O.1 mm

l62

Without STAT

-1
4.0 1 min

2.2 1 min~"
10 mm

6.0 maA
224.3 nm

0.1l mm



Table 14

High pressure liquid chromatograph conditions for the speciation of

tin

Colummn: Whatman Partisil-10 SCX ) o
(10 ym particle size, 25 cm x 4.6 mm i.d.)

Mobile phase: 80:20 Methanol:Water

Buffer: 0.1 M ammonium acetate solution
Flow rate: 3ml m.in-1

Injéction size: Up to 2 ml facilitated
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been published by Jewett et al. (308) - Figure 22.

The simplest example conceptualized in Figqure 22 involves a monoacid,
R3Sn+, and a singly charged anion, L~, interacting mutually or
competitively with the substrate. Whereas k, is a measure of the
exchange process normally associated with cation-exchange resins, kl
and k, are measures of the less important processes of partition with
the organic link between support material and sulphonate groups or
adsorption with unreacted silanol sites. Organotin salts are
considerably more (102) soluble in lower alcohols than water (309,
310). Therefore, under the experimental constraints imposed by
optimising their solubility in methanol/water mobile phases, in
concert with improved column efficiencies or capacities and necessary
ionic strengths to achieve reasonable separation times and
sensitivities, the individual effects of pH or ligand L~ selectivity
were not measured. Nonetheless, it will be seen that these factors

alsc variably affect kor kq, Or ko to some extent.

With an SCX column, partial nonionic separation can therefore be
qualitatively evaluated by varying solvent properties. Thus, the
involvement of a "free" tributyltin cation separation on the SCX
column (308) indicates that by varying the mobile phase composition
and ionic strength, optimised conditions for speciation of mixtures of
organotins can be attained. The effect of changing the percentage of
methanol in the mobile phase and the reduction in retention time of
TBTC with increasing buffer strength are shown in Figures 23 and 24
respectively. 1In addition to reducing the retention time, an increase
in the percentage of methanol in the eluent improves the resolution

and hence increases the sensitivity. The effect can be seen in
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Fiqure 22

Proposed interaction of organotin ion with columm substrate

RySrit+ T =2 RySnL == [~ +R4Sn™

e |-

RaSnt+L" <L R3SnL == [ +R3Sn"
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Pigure 23

Bffect of eluent conposition (MeOH : H,0) on response for TBTC
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Peak Height (mm)
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Figure 24

Effect of NH,0 Ac concentration on the retention time of TBTC
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Effect of NH,OAc concentration on analytical signal for TBTC
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Pigure 26

Effect of elute strength (HeOHzﬂzo) on resolution and retention time

of TBTC
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Calibration curve for TBTC using coupled HPLC-FAAS
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Figures 25 and 26. The optimal chromatographic conditions for TBTC

are summarised in Table 14.

Using the conditions in Tables 13 and 14 a detection limit of 200 ng

TBTC can be obtained. The calibration curve obtained is shown in

Figure 27.

6.2 Determination of tributyltin compounds in seawater

Disturbances in calcification mechanisms in shell fish have been
reported by several groups of shellfish growers (311). Organotin
compounds used in the formulation of antifouling paints (e.g. bis
(tributyltin) oxide and tributyltin fluoride and chloride (312)) have
been implicated in causing the extreme shell thickening and the
formation of an intralamina gel in certain species (311). As a result
of this, a series of bans on the use of organotin antifoulings on
vessels of less than 25 m have been instigated by the French
government. However, in the past analysis of TBTC in seawater has
utilised gas chromatography/mass spectroscopy (GC/MS) (313). The
technique developed above using coupled HPLC-FAAS was therefore
evaluated as a simple yet fast and sensitive means of determining

organotins in sea water collected at various sites around Plymouth.

Although optimal conditions for TBTC were determined in section 4.2.1,
these were not employed here since it was hoped that by increasing the
retention time of TBTC other species could be identified by reducing
the chance of co-elution. The conditions selected for the anolysis
consisted of a mobile phase of 0.03 M ammonium acetate in
methanol:water {(70:30) and isocratic flow at 3 ml min~'. The

separation of Sn2+, Sn4+, and TBTC under these conditions is shown in
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Figure 28. Tributyltin chloride and fluoride can not be separated
using this system as expected from the "free" tributyltin cation
separation mechanism outlined in section 6.1.3. Both compounds have a
retention time of six minutes i.e. the retention time of the

tributyltin cation.

The organotin compounds were preconcentrated prior to analysis by
coupled HPLC-FAAS using quantitative extraction into chloroform. Each
spiked sample was placed on a mechanical shaker prior to extraction
into two 5 ml aliquots of chloroform. The extraction efficiency using
this technique was found to be 92% with a standard deviation of 6.2%.
To facilitate injection onto the HPLC column the chloroform was then
evaporated and the sample redissolved in methanol. The extraction
efficiency of this second stage was 90% with a standard deviation of

5.1%.

The results obtained from the analysis of seawater collected from
various sites both on the surface and at depth at Sutton Harbour,
Barbican Steps and the Naval Dockyard are shown in Figure 29. A
second sample from the Barbican Steps was also used in a quantitative
analysis of the tributyltin, identification being confirmed.by co=-
injection = Figure 30. The level of tributyltin in the original

sample was 0.47 uyg 171,

6.3 Conclusions

The technique described above shows that by careful attention to the
atom cell, an increase in sensitivity may be obtained, even when using
an extremely simple interface. The use of the STAT tube above the

flame can be used for all elements readily dissociated to their ground
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Fiqure 28
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Pigure 29

Identification of tin species in local coastal waters
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Pigure 30

Co-injection of TBTC with samples collected at the Barbican Steps
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state atons.

The use of pulse nebulisation has been well documented as a means of
directly coupling a high performance liquid chromatograph to an atomic
absorption spectrometer via the nebuliser. However, the method
described above provides an elegant means for speciation studies at
lower levels than previously possible using this technique. Further,
the application of the system to the determination of organotin
compounds, such as tributyltin, has provided a simple alternative to
GC-MS for the routine determination of such compounds, since the

instrumentation required is readily available in most laboratories.
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CHRPTER 7

COUPLED HPLC-HYDRIDE-ATOMIC ABSORPTION SPECTROSCOPY

7.1 Introduction

The covalent hydrides are a series of compounds whose elements are of
the C, N and O groups, where the number of valency electrons is equal
to, or greater than, the number of orbitals. Of the thirteen elements
which come into this category, eight have been induced to form
covalent hydrides in sufficiént amounts to be of practical analytical

use; these are As, Bi, Ge, Pb, Se, Sb, Sn and Te (314).

Although hydride generation has been utilized for over 100 years for
the determination of arsenic, in both qualitative and guantitative
procedures (the Marsh reaction and the Gutzeit test, respectively) it
was not until the 1970's that techniques were developed to overcome
many of the interference problems encountered with the early systems.
An account of the historical development of hydride generation
techniques has been reported by Godden and Thomerson (314). Today,
hydride generation has been interfaced with a variety of detection
techniques, particularly atomic spectrometry, for the determination of
the above metals and metalloids. The technique offers several
advantages over conventional soclution nebulisation, including the
capability for preconcentration of the analyte, the elimination of
chemical and spectral interferences and the presentation of the
analyte as a desolvated moiety to the atomisation source (162). These
advantages have led to as much as a thousand-fold improvement in

detection limits (315).
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In essence, hydride generation is based on the formation of the
hydride by chemical reduction of the sample which is then entrained in
a current of inert gas and led into the observation zone. Here it is
decomposed by heat to form the atomic vapour. A number of different
methods have been reported based on this principle, although they
differ in the ways bhoth the reduction and the atomisation are
performed. The extensive review. by Godden and Thomerson (314) covers
the design of reaction vessels, methods of atomisation, interferences
and applications in some detail. Conflicting opinions (316, 317)
exist regarding the selectivity and efficiency of various reductants.
Some authors (316, 318) have preferred sodium tetrahydroborate (IV)
solution. Others have used a mixture of titanium (I11)
chloride/magnesium powder (319) and potassium iodide/zinc
powder/tin{II) chloride (317, 320). Although NaBH, reduction was not
used in atomic spectroscopic analysis until 1972 (321) it has now
virtually replaced the metal/acid reaction. Advantages claimed for
this technique include speed of hydride evolution, simplicity, higher
conversion efficiency, lower blank levels, and the co=-evolution of
hydrogen which helps to purge the hydride. The NaBH,/acid reaction is
shown below, where E is the element of interest.'

+ . -
BH4 + 3H20 +H — H3BO3 + 8H

+

Em
> EHp + H2(excess)

(m may or may not equal n)

Various collection devices for storing the hydrides prior to transfer
to the atom cell have been used although more recent systems (322,

323) have excluded such devices by sweeping the hydride directly into
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the atom cell. These systems give speedier analysis, improved
precision and greater freedom from interferences (324) compared to

manual injection.

Flames and tubes, either flame (322, 323) or electrically heated (325,
326) have been used to generate free atoms from the gaseous hydrides.
The high absorbance of the air/acetylene flame (327) at the arsenic
and selenium resonance lines {(193.7 and 196.6 nm, respectively)
results in poor signal-to-noise ratios. In contrast, the argon or
nitrogen/hydrcogen/entrained air diffusion flames are markedly more
transparent at these wavelengths and have found many applications
{316, 317, 327, 328). The interferences arising from compcund
formation that-are sometimes encountered in these relatively cool
flames are largely overcome when gaseous samples of covalent hydrides
are introduced directly ;nto the flame. Many authors have reported
using heated tubes as the atom cell, which improves sensitivity by
eliminating flame absorption and increasing residence times. Graphite
tube atomisers have also been used, though interference effects are

apparently more pronounced (324).

7.2 Coupled HPLC-hydride generation

The use of hydride generation after separation by HPLC has also been
reported by se veral groups of workers. In a comprehensive study of
organotin compounds, Thornburn Burns EE__l.(165) found that their
coupled hydride-ETA-AAS system readily enabled the determination of
tin in organotin compounds after mineralisation, and had the advantage
over gas-liquid chromagraphic systems for the methyltin series in that

redistribution reactions did not take place (330). For tetramethyl-

and tetraethyltin the response was similar to, but not identical with,
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that of inorganic tin, but for other compounds the response, although
linear, was a function of the thermal stability and volatility of the
alkyltin hydrides produced, namely R3 Sn H, Ry Sn Hyend R Sn H3 = see

section 7.4.2.

The use of hydride generation after separation by liquid
chromatography has also been used to monitor reducible arsenic
species. Ricci et al. (331) used ion chromatogréphy in conjunction
with hydride generation into an electrothermally heated quartz tube
for atomic absorption detection. The separation of reducible arsenic
species required either a gradient elution necessitating column
restabilization for one hour between determinations, or two separate
isocratic separations. With the isocratic approcach the column
required re-equilibration for one hour after every 10-15 samples.
Thus, although satisfactory sensitivity had been achieved, the
analysis time offered no improvement on existing LC~-ETA AAS systems
(see section 4.3.2), }ndeed the repeated column equilibration makes

this technique less desirable for routine work.

A simple and sensitive continuous flow hydride system based on two
peristaltic pumps has been developed by Ebdon et al. (332). This
consisted of a modified form of the system developed by Thompson et
al. (333) for use with an inductively-coupled plasma. A small
nitrogen/hydrogen/entrained air flame was used as the atom cell and
. sodium tetrahydroborate (III) as the reductant for the reasons
cutlined above. The continucus generation of the hydride improves
precision by avoiding the need for discrete injections whilst the

accuracy is also improved since the zero level is unambiguously

defined. Such a system is thus well suited for use with coupled HPLC
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systems and was employed in the work described below.

7.3 Application to arsenic speciation

Arsenic resonance lines lie in the far ultraviolet spectral region
where flame absorption can produce unfavourable signal-to-noise
ratios. A conventional air/acetylene flame absorbg 62% of the
incident radiation at 193.7 nm, whereas the argon-hydrogen diffusion
flame absorbs cnly about 15%. The hydrogen diffusion flame is cooler
than the air/acetylene flame, and interferences due to molecular
absorption and incomplete salt dissociation are common. Thus by
forming volatile hydrides of arsenic, matrix separation is poésible
thus minimising interferences in the flame. The major advantage of
hydride generation is, however, in the increased efficiency in sample

transport.

As stated above, by careful design the use of flames for atomisation
gives detection limits comparable to those obtained with more complex
systems. The system described and optimised by Ebdon et al. (332) and
modified by Ward (34) was therefore used here in a directly coupled

HPLC-AAS system for the determination of arsenic.

7.3.1 Experimental
The basic system consisted of two peristaltic pumps which delivered

the acidified sample (5M HCl) at 7.0 ml min~ !, and sodium

tetrahydroborate solution, at 2.5 ml min'1

, to a mixing coil, and then
into a conventional gas-liquid separator, Figure 31. Argon purge gas
(120 ml min'1) then carried the wvolatile hydrides into a small

hydrogen diffusion flame burnt on an inverted "™Y" glass burner (8.5 mm

i.d., 100 mm high). The side arms of the burner acting as the gas
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Pigure 31

Continuous flow asystem for the generation of gaseous hydrides
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1 was used. The burner was then

inlets, a fuel gas flow of 180 ml min"
located vertically in the spectrometer, replacing the conventional
burner/nebuliser assembly, and at the focal point of the entrance slit
lens. The eluent from the high performance liquid chromatograph was
introduced into the reaction manifold just prior to the introduction

point of the tetrahydroborate (III) solution. The complete system is

shown schematically in Fig. 31.

Various separation systems have been reported in the literature for
arsenic species. The technique used here was developed at Plymouth
Polytechnic and reported by Tye et al. (304). A resin based strong
anion exchange (SAX) BAX 10 column was used with an ammonium carbonate
(0.1 M) elution. This is a polystyrene-based material (mean particle
diameter 3 jym) with quaternary ammonium groups. Although the system
gives acceptable separations, the use of a precolumn packed with
Zipax, a silica based anion exchange material (40 pm) and a step
elution system of sulphuric acid (10'4%)/ammonium carbonate (0.1 M),

results in a preconcentration step on the Zipax, which in addition

gives the protection of a general column.

The conditions used for both hydride generation and separation of the

arsenic species are summarised in Table 15.

7.3.2 Results and Discussion

The results obtained from the above system for the separation of
arsenite, arsenate, dimethylarsinic acid (DMA) and mecnomethylarsonic
acid (MMA) are shown in Figure 33. The complete separation is
achieved in less than four minutes although because of the arbitrary

nature of switching over eluents, the retention times for the last
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Table 15

Instrumental parameters for the HPLC-hydride generation atomic

absorption spectrometric analysis of alkylarsenic compounds

SPECTROMETER CONDITIONS

Lamp: Hollow cathocde lamp 7.0 mA
Wavelength: 193.7 nm

Background correction: OFF

Bandpass: 1.0 nm
Air flow: 4.5 1 min~!
Acetylene flow: 1.0 1 min~]

ELUTION SYSTEM

Solvent time Flowrate
Sulphuric Acid (10'4%) 0-2 mins 3.5 m tn.'m-1
Ammonium Carbonate (0.1M) 2-12 mins 3.5 ml min~!

PERISTALTIC PUMP RATES

Sodium tetrahydroborate (III) (4%), 1.6 ml min~)

Hydrochloric acid (5M}, 1.6 ml min~"

hAuxillary flows

N, purge flow: 0.2 1 min~"

COLUMNS

Zipax ion-exchange resin 40 pym (100 mm x 5 mm i.d.) in series with

strong anion-exchange resin BAX10 5 ym (250 mm x 5 mm i.d.)
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Pigure 32

Schematic diagram of HPLC-Hydride-PAAS/FAFS coupling
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Fiqure 33

Separation of arsenite, arsenate, dimethylarsinic acid

monomethylargonic acid by directly coupled HPLC-Hydride-FAAS
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three peaks are best measured with respect to the last peak. Arsenite
has been shown to pass through both ¢columns without retention, even

when a sulphuric acid elution system is used.

For the separation of arsenic species the above system utilising
hydride generation has thus been shown to avoid the problems of low
nebulisation efficiency normally encountered.with FAAS, enabling
sensitive detection along with "real-time" detection. However such a
technique is only suited to the determination of species which form
volatile hydrides. In many instances this may not be the case, even
though the associated metal may be readily reduced. One example of
such species is tributyltin compounds. Whilst sndt will readily form
4 volatile hydride, the tributyltin species will not (b.p. of Bu;SnH
80°C at 0.4 mm), and so is not detected by the above system. Thus it
ig necessary to modify the technique to incorporate some means of
degrading the tributyltin prior to the hydride generation stage. One

means of doing this is describeﬁ_below.

7.4 Determination of tributyltin compounds

The rationale employed here was the same as in section 6.2 i.e. to
devise a system enabling direct injection of sample onto the HPLC
celumn for Separation of the organotin species without pretreatment,
and then detection by FAAS keeping the interface as simple as
possible. The arrangement used in the preliminary experiments
therefore consisted of a simple continuous flow hydride system as

described above directly coupled to the HPLC column.
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Figure 34

Schematic diagram of complete interface incorporating the UV

photolysis coil
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7.4.1 Apparatus

The basic continuous flow system and atom cell described in Section
7.3.1 (Figure 31) was used, although the parameters were changed to
facilitate the generation of the tin hydrides. A tin hollow-cathode
lamp was used as the spectral source for atomic absorption
measurements, the light beam irradiating an area about 10 mm above the

burner. The 286.3 nm tin line was used.

In later work (Section 7.5) the interface was modified to incorporate
an on-line UV photolysis system. This consisted of a ceoil of quartz
tubing (1.5 mm i.d.) mounted on a glass former. A large UV lamp
(Englehard Hanovia Lamps, Slough) was placed at the centre of the
coil, thus irradiating the eluent before it reached the hydride
generation unit. To retain sample integrity in the coil, air
segmentation was utilised by pumping air into the eluent channel prior
to reaching the photolysis coil A peristaltic pump (LBK, Produkter
AB, Bromma, Sweden) was used for this purpose. The complete interface

is shown in Figure 34, and in more detail in Plate 3.

7.4.2 Reagents
Unless otherwise stated, all reagents used were analytical reagent

grade.

Sodium tetrahydroborate (III) solution
Dissolve sodium tetrahydroborate (III) (ig; G.P.R.; Fisons
Scientific) in sodium hydroxide solution {0.1] M, 100 ml). This

solution remains usable for 2-3 days.
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Hydrochloric acid

Diluted to 0.2 M solution. (BDH Chemical Ltd., Poole, Dorset).
Tributyl tin chloride (Aldrich Chemical Co. Ltd., Gillingham)
Tin (IV) Stock solution prepared as in Section 6.2

Preservation of standards

It has been shown (309) that tin (IV) ions adsorb on to glass surfaces
within a very short time but the same solution étored in polythene
appeared to be stable. The reverse is true for organotin compounds,
especially the Rj Sn X compounds, where it has been shown (308) that
solutions of these compounds were stable when stored in borosilicate

glass for 1 year.

7.4.3 Generation of tributyltin hydride
The hydride system described above was initially optimised for
inorganic tin (Sn4+) using the parameters stated in the literature

(322) - Table 16.

Table 16

Optimal conditons for the generation of Sn H,

Concentration Concentration Nitrogen flow=-rate
of NaBH, of HCl (M)
1 min~?
1% m/v in 0.1 M NaOH 0.2 1.2

Using the conditions given above a det}tion limit of 0.005 ug ml~1 was

obtained.
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The input of tributyltin chloride (TBTC) into the hydride generator
was facilitated by using both discrete injections of sample and
continuous flow via a peristaltic pump. However in both cases no
response was detected to indicate that a volatile hydride had been
formed, even when samples centaining 100 ppm TBTC were used. Indeed,
after a series of injections the tributyltin hydride was observed in

the gas/liquid separator as an oily layer.

7.4.4 Chemical degradation of organotin compounds

.To overcome the fact that tributyl tin hydride is a non volatile
ligquid a method was sought to degrade the TBTC by removal of the butyl
groups to yie%d Sn4+, and hence allow the hydride generation technigue
to be used successfully. Several chemical metho@s were considered but
finally rejected due to the reaction time involved and the desire to
keep a continucus-flow on-line system. A brief summary of the

chemical degradation of organotin is given below.

Carbon-tin bonds are thermally stable below 200°C, but are capable of
polarization by attacking species in either direction. Organotin
compounds are thus susceptible to attack at the carbon-tin bond by‘
both nucleophili¢ and electrophilic reagents, leading to hydrolysis,
solvolysis, acidic and basic reactions, halogenation, etc. (335 -
337). The results of kinetic studies scattered in the literature on
the cleavage of aklyl-, unsaturated and aromatic groups from tin by
hydrogen chloride and metal halides, CrO3 in glacial acetic aéid.
alkali metal hydroxides in water and agueous perchloric acid are
reviewed by Zuckerman et al. (192). Homolytic reactions involving
organotin compounds with free radicals have also been reviewed (339).

All these studies were carried out in homogenous media where it is
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found that the cleavage of the organic groups from tin is always first
order in each reactant. In polar solvents there is probably initial
solvation of the tin compound, followed by electrophilic attack (Sg2)
on a carbon atom adjacent to tin. With alkali there can be
nucleophilic attack (Sy2) on the tin atom with expulsion of a carbon
ion. Although some organotin compounds will undergo unimolecular
photolysis or thermolysis under mild conditions, free organotin
radicals are usually formed by biomolecular reaction with some other
radical. The attack can be at the tin=-carbon bond, or elsewhere in
the molecule (339). From these and other studies (340 = 341) it can
be generalized that the progressive cleavage of organic groups from
tin is dependent upon the type of organotin compound, the number of ’
organic substituents, and the sclvolytic conditions. The relative
ease of removal of aliphatic groups decreases with increasing size of
the group, but unsaturated and aromatic groups are cleaved more
rapidly. For the series:
kg k3 k2 ky
R4Sn—)R3 sSn X—)R2 Sn x2 ——>» R Sn x3 —> 5n X4

the reaction rates are ky > k3 >> k2 ™ k.. Laboratory solveolytic
reactions generally represent extreme pH conditions (pH < 1 or > 14).
Half-lives range from one minute to 115 days, depending upon the
conditions and specific organotin compounds studied. The solvolysis
of tetraalkyltins carried out under less severe conditions (pH = 4 to
10), may be several orders of magnitude slower (104 to 107®), and
these tetraalkyltins will react 10 to 100 times faster than
tr;alkyltins. The solvolysis rateés of dialkyltins again approach

those of the tetraalkyltins.

The inorganic anionic groups in the organotin compounds react with
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Pigure 35

Schematic diagram of continuocus flow TBTC detection system
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Figure 36
Initial results for the determination of TBTC following UV photolysis

and hydride generation
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moisture and air to cleave from tin in an hydrolysis oxidation to give
stannols and oxides. 1In this way successive reaction of both parts of
the molecule leads eventually to complete inorganic hydrated tin

oxides.

7.5 Development of ultra-violet photolysis system

Since degradation of the TBTC by chemical means proved to be
difficult, the use of ultra-violet irradiation was investigated.
Initial studies used a quartz coil wound onto a glass former, the
diameter of the coil being large enough to enable a u.v. lamp to be
inserted down the centre. It was envisaged at this stage that if the
photolysis of the TBTC proved successful, then such a system would
enable the input of the coil to be connected directly to the end of
the HPLC column, and the output, once the TBTC had been irradiated,
directly to the input o©of the hydride generator thus allowing

continuous flow operation = Figure 35.

The results of these first studies indicated that whilst the above
technique was a viable method of degrading TBTC to give tin in a form
suitable for producing a volatile hydride, Figure 36, the system
needed various‘modifications. Cne of the main problems resulted from
the wide bore {~ 1.5 mm) of the gquartz coil which allowed back
diffusion of the sample. This was overcome by segregating the flow
thrcugh the c¢oil using air bubbles in a similar-manner to the air
segmentation system of Skeggs. It was found, however, that the size
of the bubbles is also important, since if too large they tend to
break-up, and if too small will leave pockets of solution behind. The

ideal size appears to be 2-3 times the bore of the tubing.
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No attempt was made to precisely control temperature in the UV
photochemical reactor system, although a fan unit was used to provide
a flow of cooling air around the silica coil. This was done by
installing the fan into the bottom of the reactor housing, the top of
the housing being vented to allow the warm air and ozone from the UV
reactor to escape and be drawn away via the laboratory extraction
system. A scheme for precise thermostatic control of the reaction
temperature using a thyristor to control the fan speed has however
been described by Mantoura and Woodward (329) who used a similar UV
photochemical reactor in an automatic dissolved organic carbon

analyser.

To optimise the system the HPLC instrumentation was disconnected and
the sample supplied by means of a peristaltic pump. The results
obtained frem the optimisation of acid and sodium tetrahydroborate IV
solution flow rates to the hydride generator, flow rates of N, carrier
gas, anq pH of sample for maximuntaegradation of TBTC in the quartz
coil are shown in Figures 37, 38, 39 and 40 respectively. The optimal

conditions are summarised in Table 17.

7.5.1 Results and discussion

It can be seen from the optimisation studies above that the optimum pH
for the sample, to achieve maximum degradation by the UV irradiation,
is far lower than the optimum acid pH required for maximum hydride
generation efficiency. However, it was found from the kinetic curves
plotted to observe the efficiency of degradation in the coil e.gq.
Figure 41, that using 1 M acid solution to improve the degradation
efficiency still gave 86% conversion intc the hydride. These curves

were obtained by filling the coil with a 10 ppb solution of TBTC and

197



Pigure 37

Univariate search for acid concentration
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Univariate gearch for carrier gas flowrate
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Univariate search for pH of sample in the quartz photolysis coil
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Table 17

Optimum conditions for the hydride generation determination of TBTC

after degradation by u.v. photolysis

Hydride generator

Acid 0.2 M HC1
Flow-rate 1.5 ml min”~"

Reductant 1% solution of NaBH4 in 0.1 M NaCH
Flow=rate 1.8 ml min~ )

Carrier gas flow rate 120 ml min~!

Sample degradation

_PE < 1 for maximum u.v. degradation

Detector

All atomic absorption spectrometer parameters as in

section 7.4.1
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then turning the UV lamp and chart recorder on simultaneously so that
the degradation with time could be plotted. The possible use of pH
adjustment to further improve the hydride formation was considered at
this point, although not incorporated into the system, since it was
thought that the disadvantage of sample dilution would cocunteract any
possible improvement on the 86% conversion rate already obtained.
However, although it can also be seen from Figure 41, that maximum
degradation of the TBTC, is achieved within 16 minutes, later studies
revealed that the degradation.efficiency was severely degraded with
extended use. This was the result of inefficient cleaning of the
quartz coil thus reducing the u.v. irradiation of the sample. The
quartz coil when thoroughly cleaned with chromic acid once again gave
maximum degradation of the sample in just under 20 minutes. In all
later work the coil was routinely cleaned with chromic acid to avoid
the build up of deposits which could again reduce the effective

irradiation.

The results obtained fromlstudies on the optimum pH for the sample in
the UV coil to achieve maximum degradation - Figure 40, are also
interesting. As the pH changes, so will the form of the tin in
solution. Thus the curve obtained in Figure 40 may well reflect the
solubility of the tin species present. The soluble stannic forms
would be expected at low pH, whilst at high pH values the soluble
stannate form will exist. As the solution tends towards pH 7, less
soluble tin species such as Sn(OH)4 will exist. Thus the efficiency
of the photolysis system may well depend on the solubility of the tin

species present. In all later work acid conditions were used.

Once the above parameters had been optimised, the chromatograph was
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reconnected. Ideally a completely aqueous elution system would be
employed to minimise u.v. absorbance by the organic soclvent. However,
the existing HPLC system optimised in section 5.2 was used and found
to give acceptable results, a detection limit of 2.0 ng TBTC being
obtained. The chromatograms obtained also had well defined peaks
indicating that sample integrity had been maintained within the
system. Figure 42 shows the calibration curve obtained for TBTC using
the complete system as described earlier in Figqure 34. It should be
noted that the detection limit for TBTC obtained by this method is
100x better than that obtained using the HPLC=-STAT system described in

section 6.2.

Finally a number of real samples were investigated. Natural water
samples were collected from a range of coastal sites in the Plymouth
area and extracted using the procedure described in Section 5.2. 1In
most cases only inorganic tin species were detected, although, in one
harbour water sample a number of species were detected - see Figure
43. From the use of standards, two of these peaks have been
identified as the inorganic and tributyltin species, although the

identity of the third species is unknown.

The use of UV photolysis has thus been shown to extend the range of
species which may be determined using coupled HPLC-hydride generation
atomic absorption spectrometric analysis. However, although such a
technique is very sensitive, it is limited to the eight elements
listed in Section 7.1. The next section describes a novel sample
transport system which again avoids the inefficiencies associated with
sample introcduction via the nebuliser, but which may be extended to a

much wider range of species, and applied to several interesting trace
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Figure 42

Calibration curve for TBTC using coupled HPLC-hydride-AAS

701

601

501

A4,

30

Peak height (mm]

207

107

T Ly L ¥

Y0 20 30 40 50 60 70 80 90 100 10 120
TBTC (ng)



FPigure 43
Chromatogram obtained from harbour water sample using hydride

generation after UV photolysis
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metal speciaticn studies.
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CHAPTER 8

ROVEL SAMPLE TRANSPORT SYSTEMS

8.1 Introduction

Transport detectors represent an independent category of detectors in
liquid chromatography. The most widely reported use of such detectors
is where the sample is conveyed, e.g. by a moving wire, to a flame
ionisation detector FID (342-348). The substantial difference between
this and more conventional detectors, is that the effluent does not
enter the sensing element of the detector directly from the c¢olumn but
is transported through a thermal zone which removes the mobile phase
and through a zone where either vaporization or pyrolysis of the
sample takes place. Vapours of the substance under analysis or its
pyrolysis products are then detected by sensing elements commonly used
in gas chromatography. A wire transporter (343-345) has been used in
most designs, (and also used in the only commercially available
detector of this nature - now discontinued), although chains (346),
belts (347), discs (348) and wire helix (349) have also been used.
The non-selective flame ionisation detector (343-348) has been the

most widely used sensing element.

More recently moving=belt interfaces have been used for coupled liquid
chromatography - mass spectrometry. In early systems plastic belts
were used although thermal desorption was found to be a problem.
Since the early 1980's however improvements have been made using spray
deposition and micro=-HPLC equipment. 1In addition, new ionisation
methods are now applied directly to non-volatile samples on the belt.

These are laser desorption (355}, fast atom bombardment (FAB) of a
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glycerol matrix (356), or secondary ion mass spectrometry (SIMS) from

a metallic ribbon (357).

Many of the moving wire detectors outlined above however proved
unsuccessful principally for two main reasons = the ineffective
pyrolysis of the solutes, and difficulties in coating the moving
carrier with effluent. The problems with the pyrolysis step were to
some extent overcome (e.g9. for highly oxygenated compoﬁnds) by the
method of Scott and Lawrence (350), in which the solute was burnt in a
stream of oxygen to carbon dioxide and water, followed by reduction of
the carbon dioxide to methane, which can be detected by the flame.
However, the coating step remained a problem, in most cases only a
small part of the effluent being coated on the moving carrier. This
seriously diminished the sensitivity of the FID since it is mass and
not concentration sensitive. Although other forms of transport device
e.g. a moving chain (351) can handle larger quantities of eluate, they
are also noisier, and little, if any, sensitivity is gained. A
further shortcoming of the moving wire is the fact that aqueous
solutions are poorly coated on the stainless steel wires commonly

employed (352).

Two other problems with the moving wire technique are also
encountered. Firstly, the amount of coated effluent on the wire
remains the same, irrespective of effluent flow rate, in other words,
the spiit ratio (part of the solute deposited on the wire) will vary
with the flow rate. Secondly, there is a tendency for the solute to
creep during the pericd of drying, thus causing, at irregular
intervals, places of extremely high concentration along the moving

carrier. This effect is seen in the chromatogram as sharp "spikes"
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superimposed on the solute peaks.

A number of methods have been devised to overccme the above problems,
such as spraying the column effluent on the wire instead of coating
from a block (353), coating the wire with a layer of porous absorbent
{(354), and feeding the wire directly into a combustion chamber, the
total combustion products being swept by a stream of air into the FID
(343). However the technique remained unreliable and is now little
used, the last reports of the technique appearing in the literature

during the mid 1970's.

The basic principle behind moving wire techniques is to collect and
transport a continuous stream of effluent. However, if the effluent
is regarded as a series of discrete aliquots, the nature of the
interface may be modified to take advantage of the successful
procedures used inlatomic absorption for analysis of microsamples.
Such techniques have the advantage that sample introduction avoids the
use of a nebuliser with its inherently low efficiency, sco that the
detection limits are one to two orders of magnitude better than those
of conven.tional flame AAS (358). In recent years various direct
sample insertion devices have been reported, employing platinum loops
(359), nickel cups (360) and tantalum boats (361). The best known of
these is probably the use of a nickel micro-crucible, the so called
'‘Delves cup' (360), for the determination of lead in biological and
environmental solutions. Other devices have also been reported for
flameless operation in graphite furnaces such as carbon rod, carbon

filament and tantalum strip atomisers (362).

This chapter describes the development of an HPLC-FAAS interface which
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utilises the benefits of microsample insertion devices by collecting
the HPLC effluent as a series of discrete aliquots which are then
transported via a series of rotating spirals into the flame. Although
based on a similar principal, most of the disadvantages described
above for the moving wire technique are overcome, although certain
features have been retained, such as a desolvation stage prior to
atomisation feor the reasons discussed below. The result is a very
sensitive and yet versatile HPLC-FAAS interface, described here for
use with conventional, and minibore HPLC systems. Applications to
more specialist systems such as Fast Protein Liquid Chromatography

(FPLC) are also described.

8.2 Development of rotating spiral interface

8.2.1 Apparatus

Atomic absorption spectrometer (SP192, Pye Unicam, Cambridge) with a
rapid response interface (SP198). The instrument was fitted with
background correction and one of four hollow cathode lamps = Zn, C4,

Cu and Pb.

The solvent delivery system (PU4010, Pye Unicam, Cambridge) was
equipped with an injector (UéK Waters Associated Inc., Massachusetts)
with a 200 pyl sample loop. Analytical columns were self-packed with
Spherisorb ODS 2 (Phase Separations Ltd., Queens Ferry, Clwyd).
Samples were injected directly into the column using a 100 U1 syringe

(Scientific Glass Engineering, Melbourne, RAustralia).

A Gilson Minipuls 2 (Villiers, Le Bel, France) peristaltic pump was

used for some of the development work.
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Cutput from the atomic-absorption spectrometer was displayed on a

chart recorder (AR25, Pye Unicam).

The interface was constructed in house, all electronic components
being obtained from R.S. Components (Corby, England). The computer
used to control the second interface was a BBC microcomputer system

(Acorn Computers Ltd., Cambridge).

The platinum wire and all reagents used were supplied by BDH Chemicals

Ltd. (Poole, Dorset).

8.2.2 Design of the basic system

The rationale behind this development was to construct a simple
interface system capable of collecting the HPLC effluent as it leaves
the column and transporting it into the flame of an atomic absorption

spectrometer on some form of rotating collection device.

The initial system constructed was crudely based on the moving wire
detector describedin Section 8.1, although two parallel wires were
used in place of the single strand. The idea here was to collect and
held the effluent by surface tension effects between the two wires
which would then rotate the sample into the flame. The wire supports
holding the rotating spindle served to segment the sample and hence
stop the sample spreading as well as give the complete device a degree
of rigidity - see Figure 44a. This system proved unsatisfactory
however since the wires tended to distort and buckle in the flame
resulting in loss of sample. The second construction was similar in
concept to the first in that the sample was again held between two

parallel edges. In this design however a hexagonal stainless steel
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Fiqure 44
Plan view of parallel wire and loop schemes evaluated for the

continuous flow interface
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plate was used with parallel slots cut carefully along each edge. The
length of each side of the hexagon (& cm) was selected so that once
rotated each slot lay directly above the slot in the burner. This
design had the advantage that each section was completely inserted
into the flame, as opposed to the earlier design where only a small
section of the sector was located over the burner slot at any one time
- see Figure 44b. Once again however when heated, the sample was lost
as the plate buckled. Reducing the mass of the plate did not

alleviate this problem.

At this stage it was decided to completely change the design of the
collection device and a series of miniature crucibles and sampling
boats were evaluated. Although such devices are well documented in
the literature for single discrete samples, it quickly became apparent
that such designs were ill suited to the requirement of the HPLC-FAAS
interface sought here without extensive modification. In spite of the
use of deuterium background correction, samples were found to gemerate
three absorbance peaks. The first and last peaks were spurious and
coincided with the introduction and withdrawal of the crucible from
the flame. These effects have been reported by Bahreyni-Toosi et al.
(363) and attributed to changes in flame temperature arising from the
large mass of the crucible and its holder. Attempts were made to
reduce the mass of the device although the spurious peaks were not

completely eliminated.

The basic principle behind using the sample boats above was to atomise
the sample as completely and quickly as possible in order to record a
high narrow absorption peak. Since this is based on reducing the

thermal capacity of the holder, a series of wire loops were finally
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evaluated for holding the sample. A set of four single loops were
mounted at 90° intervals around an aluminium disc (11 cm dia., 3 am
thick). At this stage the loops were constructed from nichrome wire
since the objective of this set of experiments was to determine the
feasibility of such an interface. The loops were found to hold up to
60 Ul of sample and reproducible peaks (within 8% rsd) were obtained
by desolvating the sample over a gentle Bunsen burner flame prior to

manually rotating the loop into the atomising flame = Figure 44c.

The use of a small microburner to desolvate the sample required the
use of a heat shield above the flame to protect the spectrometer.
Other methods to desolvate the sample were considered, such as the use
of an infrared lamp, although these were reﬁected due to the practical
problems of arranging such a system in the confined space between the
spray chamber and top of the instrument. The heat shield which was
finally constructed consistea of a stainless steel plate with a water
cooled copper winding. At first further problems were encountered
since the system ténded to disturb the laminar flow of the atomising
flame. Gas barriers were considered to help prevent this, although it
was found that the problem could be rectified by angling the heat

shield towards the chimney above the burner.

Until this stage, the sample had been loaded onto the loops using a
precision pipette. Consequently a variable speed peristaltic pump was
incorporated into future work to represent the HPLC and supply a
continuous flow of sample; This revealed that a number of
modifications to the basic system were necessary. Firstly the number
of loops mounted on the rotating disc was increased from four to

eight. This enabled the loops to be rotated faster and hence ensure
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that all the sample was being collected. Radiation heating from the
atomisation flame helped further desolvate the sample in the position
prior to reaching the burner and thus reducing the time required to

atomise the sample.

The final modification at this stage was to the main body of the disc
holding the loops. With the solid disc described above, each of the
loops were located in a small hole drilled in the edge of the disc,
and held in position by a small grub screw from above - see Figure
44c. To facilitate ease in positioning the loop, and renewal when
necessary, the mountings were changed so that the arm from each loop
was secured under a washer held by a small bolt. In addition a
thinner sheet of aluminium (1 mm) was used to fabricate the disc and
unwanted sections cut away to reduce the weight of the support. This
proved particularly important in later work when the position of the
disc was controlled by a stepper motor - see Section 8.2.5. The final

construction is shown in Figure 44d.

8.2.3 Construction of loops and spirals

Having determined that the basic system worked in principle, a variety
of different shaped loops and spirals were evaluated. This was done
in order to find the most effective design for holdihg the sample
securely during rotation, and yet give a single, narrow absorption
peak. The various designs and the resulting absorption peaks obtained

are shown in Figure 45.

Each of the devices illustrated was loaded with 25yl of 1 ppm zinc
solution and then manually rotated into the flame. The 213.9 nm zinc

line was used with background correction. Various responses were
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Figqure 45

Design of the various loops and spirals evaluated, and resulting

atomic absorption signals
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Fiqure 46

Construction of platinum spirals

One piece construction

platinum spiral

nichrome wire support

small spot welds

Also see Plate 4
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obtained reflecting the degree of atomisation of the sample from
various areas of the loop or platform. The spiral devices in Pigures
45¢ and 459, not only give a large, single peak, but also allow a
greater sample loading than the other designs and so were used in

further work.

Once the spiral had been adopted, consideration was given to various
materials for its construction. A range of materials have been
reported in the literature, although no single material would appear
ideal. Thin tungsten wire has bee; tried (363) although found to
oxidise rapidly and thus has a short working life. Tantalum has also
been examined (363), but althcugh more resistant to flame oxidation,
it is very brittle and inconvenient t¢ work with. The use of loops
constructed with iridium have been reported (364), although once again

it is brittle and hard to shape into a loop or spiral.

The material eventually selected for this work was platinum (SWG26 -
0.46 mm) due to its chemical resistance and excellent thermal
conductivity. Spirals made of pure platinum however, are easily
deformed and so care is regquired in their construction and
maintenance. During early investigations the spirals were made with a
single supporting arm. In use however, the platinum softened in the
flame resulting in a twisting of the spiral. This was overcome by
fusing the platinum spiral to a nichrome wire support at both ends
using miniature spot welds - see Figure 46. In this way the spiral
was fully supperted sc that once the optimum height in the atomising
flame had been determined, the position of the spirals on rotation was

reproducible.
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Various lengths of spiral were alsoc examined. It was found that to
‘facilitate collection of an HPLC effluent at 1 ml min", three drops
(a total of 31.5 pl) had to be collected on each spiral if sufficient
time was to be allowed for the sample to be completely atomised. A
number of spirals were constructed at different lengths and consisting
of a varying number of turns. It was found that by winding the spiral
on a threaded support (dia. 2.5 mm), reproducible spirals could be
made and easily removed. From this study a spiral 0.7 cm long
consisting of 6 turns was found to be able to support the ¢ required
loading. The lifetime of the spirals is in excess of 500 hours,

although sgpirals may occasionally need remounting due to oxidation of

the nichrome wire support.

8.2.4 Optimisation for maximum sensitivity

The use of the slotted tube atom trap and various modified forms of
'Delves Cup' have been shown in previocus chapters to give a
significant increase in sensitivity. It was decided therefore to
adopt a similar system here, using a quartz tube with a single hole in
the centre. The tube was mounted on two knife edges so that the hole

was directly above the spiral as it came to rest in the flame.

Three different size tubes were,evalﬁated with diameters 8, 10 and 13
mm. The 13 mm diameter tube was ceramic¢, the two small tubes being
made of quartz. Each tube was aligned carefully on the burner so that
the light beam passed directly along the centre without touching the
walls. The detection limits obtained with each arrangement was then
determined for five elements, Zn, Cu, Pb, Sn and Cd, using 50 yl
samples loaded onto the spiral using a precision pipette. The results

obtained are shown in Table 18.
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Table 18

The effects of various tube diameters on sensitivity

Detection Spiral Fold 13 mm Feld 10 mm Fold 8 mm Fold
Limit without Improvement Tube/ng | Improvement Tube/ng |Improvement Tube Improvement
using Tube/ng
pulse
nebulisation
60 uyl/ng
Zn 7.0 2.8 2.5 0.175 36 0.0785 89
Cu 5.3 2.4 2.2 0.56 9.5
Pb 28 10 2.8 0.430 65 0.404 69
Sn 2200 395 5.7 55.5 40.5 50 45
Alr/C2H2

cd 5.8 454 12.7 0.098 59 0.060 96 78 pg 74




Fiqure 47

Calibration graphs for zinc using the rotating spiral (a) without the

flame adaptor (b) with tube flame adaptor
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Pigure 48

Calibration graphs for lead using the rotating spiral - (a) without

tube flame adaptor (b) with tube flame adaptor
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It can be seen from Table 18 that a significant improvement in
sensitivity was obtained using the tubes. The calibration curves
obtained for Zn and Pb (with and without the tubes) are shown in
Figures 47 and 48 respectively. Of the three sizes evaluated, the 10
mm tube offered the greatest enhancement and so was selected for use
in future work. The disappointing improvement in sensitivity obtained
for copper reflects the limitations of this technique for elements
which require higher vaporisation temperatures, e.q. Ag, Ca, Co, Cu,
Mg, Mn, and Ni. (However it should be noted that it is possible to
determine copper using this technique and not from the alternative
approaches based on 'Delves Cup'’.) By substituting iridium for the
platinum as the spiral material and using ceramic tubes, in a manner
similar to Bernt and Messerschmidt (364), this problem may be

alleviated.

Stu@ies were also made on the optimunlppsition of the spiral in the
flame below the tube. It was found that if the spiral was placed
directly over the burner slit and as close to the tube as possible,
the largest signal was cbtained, Figure 49. An attempt was also made
to modify the tubes in order to increase the sensitivity. Dawson's
jroup (363) have reported that by reducing the speed of the gas flow
through the tube, by encouraging a counter flow of flame gases,
greater sensitivity may be obtained. This was achieved by creating
additonal apertures in the underside of the tube. However attempts to
repeat this success using the spiral system were unsuccessful, no
significant difference between tubes with or without the additional

hole being ocbserved.

In later work on optimising the spectrometer conditions for various

223



FPiqure 49

Optimisation of height of spiral above burner
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Pigure 50

Effect of varying the flow rate of air on the response for zinc.
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Figure 51

Effect of varying flow rate of C,H; on the responge obtained for zinc
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Pigure 52

Calibration curves for Zn obtained at various c2n2 flow rates
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Fiqure 53

Apparent memory effects observed with high CoH, flow rates
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elements it was noted that the use of the tube removed some of the
baseline noise, presumably by reducing the effect of disturbing the
flame gases as the spiral was rotated into position. However it was
also noted that when high acetylene flow rates were used there was an
apparent memory effect from the spirals. This was most clearly
observed with zinc, the response for lead and cadmium being less

affected by flame conditions.

The effects of varying the air and acetylene fleow rates to the burner
are shown in Figures 50 and 51 respectively. Although an optimum air
flow was obtained, the results obtained in Figure 51 would suggest
that a very fuel rich flame is required. However, when calibration
graphs are made at increasing acetylene flow rates, high flow fates
are found to give high blank values, Figure 52. To investigate this
further the spiral was loaded three times with ;ample and then the
response obtained for following blank values observed. A range of
fuel flow rates between 0.9 and 1.4 1 min~! were used. As can be seen
in Figure 53 apparent memory effects are seen at flow rates above 1.1
1 min~!. 70 investigate if this represented a true memory effect, the
same experiment was repeated with a new platinum spiral. The spiral
was rotated into the flame, again at a range of flow rates, although
no sample was loaded ontoc the loops. Once again a similar effect was
observed at high flow rates as shown in Figure 54. It was concluded
from this that incomplete atomisation of the sample from the loop was
not responsible, and that the artefact peaks were produced by
disturbance of the flame by the spiral. Since it was found that the
response for lead and cadmium in various flame conditions was similar
to that for zinc, a set of standard flame conditions were used. These

and the other spectrometer conditions are summarised in Table 19.
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Table 19

Spectrometer:

Air
Acetylene
Wavelength
Lamp Current
Bandpass

Scale Exp.

Spectrometer conditions for use with the rotating spiral interface

Zn
4.1 1 min~!
0.9 1 min~"
213.9 nm

3 mA

0.8 nm

1

Pb

4.1 1 min~!

0.9 1 min~’
283.3 nm

5 mA

0.8 nm

1 - 2.5

Pye Unicam SP192 with SP198 rapid response interface

cd

4.1 1 min~!

0.9 1 min~!
228.8 nm

3 mA

0.8 nm

1 -2.5

Cu
4.1 1 min~
0.9 1 min~
324.7 nm

5 mA

0.8 nm

1

1
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A plan view of the completed interface is shown in Figure 55.

8.2.5 Automation and control of rotation

The final stage in the development of the interface was to automate

the rotation of the system. Four impertant functions for the

mechanism were identified:

{a) to rotate the spiral;

{b) to stop at eight reproducible locations;

(c}) to be able to vary the speed of rotation and time spent at any
single location;

(d) to give a smooth movement to avoid loss of sample.

Various mechanical devices were considered using either a screw or
belt drive, although designs incorporating the above requirements
proved complicated. The system finally adopted was a microprocessor

controlled stepper motor unit.

The block diagram of the first system developed is shown in Figure 56.
A 7.5°, 12 v bi-directional stepper motor with permanent magnet rotors
and 4-phase unipolar construction was used. This was controlled by a
stepper control I.C. (SAA 1027) which was programmed to give steps in
one direction. The speed of rotation was controlled by varying the
number of clock pulses from the 556 I.C., using a potentiometer. A
custom built logic¢ control board determined the stopping locations,
these being fixed at the end of each six pulse. The time in each
location could also be varied between 3.0 and 23.0 seconds (Table 20)
by contreolling the input ot the 556 I.C. using a second potentiometer.
The complete circuit diagram of the control unit is shown in Figure

58‘
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Pigure 56

Block diagram of aicroprocessor controlled automation system
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Table 20

Calibration of control box

Pesition Time for one revolution/s Time in each location/s
Setting
1 2
0 84 10.5 23.0
1 84 10.5 23.0
2 82 10.25 22.5
3 81 10.00 22.5
4 78 | 9.5 22.0
5 65 8.0 20.5
6 45 5.5 18.0
7 30 4.0 16.0
8 25 3.0 15.5
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The above system was found to work well except that the large stepping
angle of the stepper motor resulted in a jerky movement. This was
reduced to some extent by lowering the mass of the rotating wire,
however further damping was still required. This was achieved by
using a simple Terry clip around the drive spindle (see Plate 4}, the
clip being adjusted so that it was as tight as possible without
preventing the spindle from rotating. Although this crude damping
mechanism allowed the interface to be used successfully, a second
system was developed giving a much smoother rotation by employing a

better stepper motor.

In the second system constructed, Figure 57, a 1.89, 5 Vv bi-
directional hybrid stepper motor with 4-phase construction was used
resulting in a higher stepper rate than available from permanent
magnet types, while at the same time maintaining very High resolution
due to the small step angle. The motor was driven by a 332-098 motor
drive board, and the necessary clock pulses, direction, and choice of
half or full step selected via a BBC microcomputer. This system
provided much greater control over the movement of the spirals,
without the need for extensive hardware development since all

parameters were controlled via the computer program, Figure 59.

8.3 Agglication to the determination of organolead compounds

Once the complete interface system had been constructed it was used
for the determination of a range of organolead compounds, including
diethyl- and dimethyl lead species which cannot be determined directly
by other techniques such as coupled GC-AAS. 1In the first instance,
chromatographic conditions based on those reported by Vickrey et al.

(244) for the separation of alkylleads were used, Table 21. This
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Pigure 59

LIST

Computer program for control unit

1REM FROGRAM BY A.F.HOFKINS.
1OREM STEFFER
IavDby 23,1,0:0:0;:0;

SG*FX4,1
7@GCLS
907?%FCo1

1 107%FCo60=
=4

1307%FC61

=0

255

1507%FC63=0
1707%FC&2=253
120?%FC63=4

2107%FE&L2=2

23IQ#KEY
2SQA=KEY
27A=EEY
2FAKEY
310*KEY
IZO*KEY
JSO=KEY
I70*KEY
I9@*KEY
41 QuKEY
4TQREM F
458W=0: X
550n=0
570H=0
S520E=0
610.)=0
620 R=
625D=@
6EBFRINT

—ee
az

SEOFRINT

650 FRINT TAB(13,686)

67QFRINT
6FAPRINT
710FRINT
7IAFRINT
73SFRINT
74QFRINT
7A4SPRINT
746FRINT

748 FRINT TAER(0,24);"FRESS 8 TO STOF.

IiMOoDNOCUANDN-B

=
~
"

‘0"
tyn

- == ma =

Lo
7
i8”
tign

P )
7 H

S
X
[
/]
[
V!
[}
[
[
P
[ ]

%)

FUTS 1 ON FEO-7

HD=
A:Y =0 :CLS

i

i o I

TAB(IZ2,10) : X:FRINT TAR(ES, 12 1D:FRINT TAB( 14);

TAR(10,2)3;J

U RAMENU e

TAB(A,B8); "FRESS @ TO RETURN TO MENU"
TAR(®,1Q) : "PRESS f1 TD SET STEF SFEED™
TAB(@,12); "FRESS 2 TO SET DELAY BETWEEN STEFS™
TAE(@,14) ; "FRESS f= TO SET NUMBER OF STEFS™
TAB(D,16) ; "FRESS f<+ TO SET FULL/HALF STEF"
TAE(@,18) ; "FPRESS 3 TO MOVE STEPFER MOTOR™
TAB(B,20) ;: "FRESS f6 TO RESET SYSTEM®

TAR(@,22); "FRESS 7 TO RUN "

£9 TO START"

7SAI=INKEY (1)

7601F 1
J

77@I1F
79Q1F
B10IF
BZQIF
B30IF

=7

it

I=176
=177
I=178
1=18%
[=17%9
835 IF I=

-

THEN J=0 :FRINT TAB(10,1):" ":FRINT TAR(10,1
THEN
THEN
THEN
THEN 87@
THEN 40080

18@ THEN 4020

450
1325
2000

B3BIF W=1 THEN PRINT TAR(35,15);"“HALF"

839IFW=0

THEN PRINT TABR(IX5,13);"FULL

B4QIF [=181 THEN 1290

85@ GOTO

75Q

870I=INKEY (1@}
890IF I1=185 THEN FRINT TAER(1,1);"START":GO0TA 950
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P181F I=17&6 GOTO75@
930G0TO 870

?50 H=0Q

7OREFEAT

FBH=H+1
13107%FELB=A+W

1020 FOR C=0 TO X:NEXTC:
1050?UFESD=A+2+W
1070FOR C=0@ TO X:NEXTC
10901IF W=0 THEN @=1
1110IF W=1 THEN 0=2
113@QUNTIL H=R*(
11SQL=INKEY (20)

1170IF L=184 THEN FRINT TAE(1,1):;"STOF ":60T0 5000

1198FTIME=TIME

11951F TIME=FTIME+(D#10@) THEN 1210
1196 L=INKEY (1)

11971F L=182 THEN 10

1199607011925

1210d=Jd+1

12Z0FRINT TABR(10,1)3J

1250 GOT0O 930

LZ27QFPRINT TAB(1,1):"STOF "
1290K=INKEEY (1)

13SOIF K=136 THEN P&FE6D=1: "%FE&0=3
13701F KE=137 THEN 7%FE60=S5: TRFE6QB=7

139Q1F k=176 THEN 750

143060TOL270

1450D=1NKEY (11)

147QFRINTD

1490F0K T=0 TO 1000:NEXTT

151060TO145@

1525 FRINT TAB(S,8) ;" "
1SEQINFUT TAB(S,4)"SET STEF SFEED "X :CLS

1S356G0TO 628

300@ INFUT TAB(S,4)"SET DELAY TIME IN SEC "D
2020 GOTO 628

4BBOFRINT TAEB(S,4)"

4OA@SINFUT TAR(S,4)"NUMBER OF STEFS "R :CLS
40106070 &28

SOAK=INKEY (1)

SO1QIF K=185 THEN FRINT TAB(1,1);" CONT
S@15 IF k=176 THEN 7350

5020 GOTOS00R

6000 INFUT TAE(S,4)"HALF OR FULL “W#£ :CLS
601DIF WH="HALF" THEN W=1

6020 IF WH="FULL" THEN W=0@

6050 GOTO 628
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Table 21
Chromatographic¢ conditions for the determination of alkyllead
compounds by directly coupled HPLC~-FAAS
Column: Whatman 10 pym C=18 0DS (i) (25 ¢m x 4.6 mm i.d.)
(ii) (20 cm x 2.0 mm i.d.)

Mobile phase: 80:20 Methanol:Water

Flow rate: (i) 0.5 ml min~?!

(ii) 0.3 ml min~"

Injection size: Up to 1 ml facilitated
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study was made primarily to evaluate the interface in terms of

response, peak shape and reproducibility.

The first chromatogram produced.from the system is shown in Figqure 60.
As can be seen from the chromatogram the separation took over 45
minutes and gave tailing peaks. The flow rate was increased up to
1 ml min~!, to reduce the retention times and improve peak shape,
although it was found that at this flow rate, sample was lost due to
overloading the spirals. To overcome this problem and remove flow-
rate restrictions in any further development of the chromatography a
minibore HPLC column was employed instead of the conventional standard

column.

8.3.1 Use of minibore HPLC

The term minibore here refers to columns with an internal diameter of
2 mm and thus falls between conventional ceolumns (4.6 mm i.d.) and
true microbore (1 mm i.d.). In recent years considerable interest has
been shown in the use of small bore and HPLC columns and a wide
variety of microbore columns are now commercially available. The
subject has also received considerable coverage in the literature

(365-366).

There are a number of benefits in using minibore columns for HPLC.
These include: (a) higher mass sensitivity arising from the smaller
sample size; (b) lower solvent consumption due to the lower eluent
flow rates; (c) better separation of complex mixtures because of the
ease of increasing column length simply by connecting shorter columns
in series; (d) higher speed of separation for simple mixtures using

short columns at higher eluent flow rates; and (e) improved ability to
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Figure 60

Chromatogram showing the separation of alkyllead compounds in petrol.
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interface with coupled techniques, again due to lower eluent flow
rates. Several of these factors make the use of minibore columns

ideal for the HPLC-FAAS interface described above.

The minibore column (2 mm i.d.) used for this work was packed in the
conventional way with Whatman 10 ym C-18 ODS. However, before
commencing the experimental work some concern was felt over the
reproducibility obtainable from conventional HPLC pumps when used to
deliver such low flow rates. To check this the pump was calibrated
from 0.1 - 0.6 ml min~'. The results are shown in Table 22. Although
the actual flow rates obtained showed a bias of up to 32% when
compared with the pump setting, the error associated with the results

obtained was < 1% The conventional HPLC pump was therefore retained.

The complete system incorporating the minibore celumn was finally
optimised to determine the best chromatographic conditions required
for the determination of alkyllead compounds in petrol. The
chromatograms produced and the reproducibility obtained using the
interface were then critically assessed.

8.3.2 Results and Discussion

To optimise the separation‘of TML and TEL in petrol, the effect of
eluent composition and flow rate were evaluated. A range of
methanol:water eluents were used, and the retention times and peak
shapes determined for 100 ul injections of a 10 ppm TEL standard. The
results obtained are shown in Table 23. Clearly, the eluent
composition has a marked effect on both parameters. The effect of
eluent flow rates on the retention time is shown in Table 24. In

order to maintain baseline resolution of the two species a flow rate
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Table 22

Calibration of HPLC pump

Back Pump Setting Time to collect 5 mls Actual flow rate Bias
pressure
psi /ml min~! /8 /ml min~! Y
500 0.1 4420 0.07 - 32
1400 0.2 1792 0.17 - 15
2100 0.3 1119 0.27 - 10
2600 0.4 815 0.37 - 8
3000 0.5 640 0.47 -6
5000 0.6 527 0.57 -5
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Pable 23

Effect of eluent composition (HeOH:Hzo) onrthe retention time of TEL

Retention time Peak Height Time to elute
{mins) (mm) (mins)
80% 37.5 9 8.4
85% 24.0 20 5.4
90% 10.8 35 3.3
95% 7.5 52 1.5
100% 4.4 75 1.1

Injection size 100 1l

Flow rate 0.3 ml min~"
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Table 24

Efect of eluent flow rate on the retention times of TML and TEL

ml min~1 TML TEL
0.1 14.8 10.9
0.2 7.1 5.0
0.3 3.2 4.4
0.4 2.6 3.6
0.5 2.2 3.1
0.6 1.6 2.2
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of 0.3 ml min~! was selected for further work. The chromatographic

conditions selected for the separation are summarised in Table 21.

The results obtained from this study were also used to evaluate the
interface. Figure 61 shows how the actual chromatogram is produced.
By increasing the chart recorder speed the response obtained from each
spiral can be seen as a discrete peak. At normal chart speeds
however, the individual peaks are not observed and a more conventional
looking chromatogram is obtained. The reproducibility between
injections was also investigated. Figure 62 shows the results
obtained from a series of six 100 ul injections of a petrol sample
diluted 50 times with methanol. The peak heights obtained were
reproducible within 5% RSD. Finally the response obtained from a
standard calibration series of TEL was determined, Figure 63. Once
again a conventional looking curve was obtained, the calibration for

TEL being linear up to 400 ng.

The results above demonstrate the effectiveness of the interface,
although the determination of alkylleads in petrol is already well
served by coupled GC-AAS, see Section 3.2. To demonstrate one of the
'advantages of the directly coupled HPLC system, the above study was
extended to diethyl and triethyl lead compounds. These compounds
cannot be determined directly by coupled GC-AAS, since they are not

sufficiently volatile to be eluted from the column.

Initial studies gave a response for Et3PbCl after 5.3 minutes.

However Et,PbCl, was not observed probably due to absorption onto the

stainless steel HPLC column and connecting tubing. The inside of the

HPLC system was therefore flushed through with a 5% sclution of
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Figure 62
Reproducibility of injections
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dimethyldichlorosilane in an attempt to silanise any absorption sites.
To do this, this system was washed through with acetone and then
hexane, before the 5% solution of dimethyldichlorosilane in hexane was
used. After flushing through for 10 minutes, the reverse procedure
was followed ji.e. washing with hexane and acetone before reconnecting

the elution system above.

After silanising the system a sharp peak was obtained for Et,PbCl, and
a substantial improvement in the original response for Et,PbCl
obtained, the detection limit being reduced from 400 ng {(before
silanisation) to 10 ng. The detection limits for each species

obtained with the gilanised column are shown in Pable 25.

The separation of Pb?*, TEL, Et,PbCl,, Et,PbCl and (CH;C00)3Pb on a
single chromatogram is shown in Figure 64. After about twenty
injections however, the sharp peak obtained for Et;PbCl, was found to
deteriorate, presumably because the dimethyldichlorosilane was
stripped from the column. This effect can be seeh in Figure 65. Re-
silanisaticn of the column using the above procedure helped regain a

sharp peak although once again the peak shape quickly deteriorated.

The speciation of diethyl and triethyllead compounds is thus shown to
be possible using the directly coupled HPLC~-FAAS system developed.
However further work is obviously required if this separation is to be
achieved routinely. One possible improvement would be the replacement
of stainless steel with PTFE lined columns and connecting tubes. This
should overcome the need for silanisation, although the system may
also benefit from further investigations into the use of other mobile

phases.
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Figure 64

Separation of lead species by directly coupled HPLC-FAAS.
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Figure 65

Deterioration of silanised columns for the determination of diethyl

lead compounds.
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Table 25

Detection limits for lead species by directly coupled HPLC-FAAS

pb2+ 0.4 ng

TEL 20 ng

Et,PbCl, 20 ng

Et3PbCl 10 ng
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8.4 Application to the determination of protein bound metals using

Fast Protein Liquid Chromatography

Measurements of the total concentration of zinc in plasma or serum are
of limited value in the assessment of zinc deficiency in clinical
medicine. The zinc content of plasma is almost entirely bound to
proteins with approximately 50-60% bound to albumin and 30-40% to @~
macroglobulins. The remainder may be present as low relative
molecular mass species {(367). As the concentrations of these carriers
are themselves subject to change, the relevance of an abnormal total
plasma zinc concentration requires consideration of the zinc content
of the individual zinc-binding species. Various techniques have been
proposed for the fractionation of zinc-binding proteins, including
anion exchange chromatography (368), affinity chromatography (367),
gel filtration (368, 369), sucrose density=-gradient centrifugation
(370}, salt fractionation (371), and electrephoresis (372). Some of
these procedures may disrupt the binding of zinc to protein whereas
others are time consuming thus limiting this application to clinical

laboratories.

In one of the few applications of directly coupled systems in this
field, Morita et al. {290) employed gel permeation HPLC interfaced
with ICP. The system used a 0.9% NaCl aqueous solution as the mobile

1

phase, at a flow rate of 1 ml min~ ' and ambient temperature. Each

chromatogram toock just under an hour to run, the results indicating a
range of metals associated with common proteins. However, with the
recent developments in high performance ion-exchange chromatography
{373=375), it is now possible to achieve higher resolution separation

in a matter of minutes. The,system described below utilises one of

the new commercial "fast protein liquid chromatography” (FPLC) ion
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exchange columns directly coupled to a flame atomic absorption

spectrometer via the interface described above.

8.4.1 Apparatus

The ion-exchange chromatography was performed with a Pharmacia FPLC
system (Pharmacia Fine Chemicals AB, Uppsala, Sweden), consisting of a
GP 250 gradient programmer, two P=500 solvent pumps, a V=7 injection
valve, a solvent mixer, a prefilter, a sample loop of 50 ul, a Uv=1 UV
monitor with an HR low-dead-volume flowcell, and a Rec-1l recorder.
The Mono Q HR 5/5 used is a strong anion exchange¥ based on a beaded

hydrophilic resin (10 ym). The charged group on the gel is =CH, =N +

(CH3)3-

The atomic absorption spectrometer and interface were as described in

Section 8.2.1.

All solvents were HPLC grade (BDH Chemicals Ltd., Poole, Dorset).
Protein standards were supplied by Sigma Chemical Company Ltd (Poole,

Dorset).

The pooled human blood serum was supplied by Dr. T. Hardwell, Torbay

Hospital.

8.4.2 Separation of proteins by FPLC

Conventional chromatographic techniques have been used in biomedical
research for many years and yet have not been recognised as a
substitute for electrophoresis due mainly to their comparatively low
resolution and slow separations. FPLC however is not only faster than

electrophoresis, but also preserves the biological activity of the
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protein and allows easy collection of the separated material for
subsequent analysis. The application of FPLC to the study of proteins
in body fluids is still in its infancy, althcugh a number cf methods
have already been reported for the separation of proteins in plasma

(376), serum (377) and urine (378).

Two approaches have been used to resolve proteins present in human
plasma/serum by FPLC: (a) fast chromatofocusing (separation according
to their isoelectric points) on columns of Mono PHR 5/20 using broad
pH gradients 6.0 - 3.8 and 9.0 - 60 (376) and (b) anion exchange on
columns of Mono Q HR 5/5 at pH 8.6 with a linear gradient of NaCl (OH
0.5 M) (377). The optimum chromatographic conditions for protein
separation using the latter technique have been investigated in detail
by Tomono et al. (377). The effects of solvent composition, pH, flow-
rates, sodium chloride concentraticn gradient and sample loading on
the resolution and elution profile of protein standards and pooled
human plasma were studied. The optimum conditions determined from

this work were utilised in the following study.

8.4.3 Experimental

Before using the interface system for the determination the zinc in
pooled human blood plasma, the technique was evaluated using standard
solutions of albumin and ferritin. The first stage of this
investigation involved developing an operating programme to control
the injection sequence, flow-rate, solvent, gradient and data handling

facilities of the chromatograph.

The conditions required for the separation of albumin and ferritin are

shown in Table 26. These were incorporated into the operating
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Table 26

Chromatographic conditions for the separation of albumin and ferritin

Column:

Flow rate:
Buffer A:
Buffer B:

Gradient:

Detection:

Injection:

Mono © HR 5/5

0.8 ml min~!

Bis=-Tris (0.02 M, pH 6.0)

Buffer A + NaCl (0.35 M)

0 - 2 mins buffer A; 2 - 15 mins linear gradient to 100%
B; 15 - 20 mins buffer B.

280 nm, 1.0 AUFS

size 100 ul
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programme (Figure 66) which also includes facilities to take the
elution system back to the gradient start conditions at the end of
each run. Although this separation can be achieved in under eight
minutes using a flow=-rate of 2 ml min=', a slower elution time was
tolerated here in order to comply with the flow-rate restrictions of

the interface.

Once the separation of albumin and ferritin had been achieved using
the standard FPLC UV detector (280 nm), the system was conncected to
the atomic absorption interface. This was simply achieved by
diverting the delivery tube to the fraction collector so that it
deposited the sample directly onto the spirals. Thus element specific
detection was facilitated in series with UV detection. The use of the
two detectors in series was particularly useful in this work since use
of the Mono Q column proved problematic (see Section B.4.4), the UV
chromatograms obtained allowing a check of the chromatography for each
injection. Three chromatograms were obtained from the system to
identify zinc, copper and cadmium associated with the two proteins.
The spectrometer conditions for each element were given earlier in

Section 8.2.4.

Finally a study of zinc associated with a sample of pooled human
plasma was made. The optimum conditions for the separation of
proteins in plasma as determined by Tamonc et al. (see Section 8.4.2)
were used. These conditions and those for the spectrometer are
summarised in Table 27. The sample was deposited onto the spirals as
above, although it was not possible to reduce the eluent flow-rate and
retain resolution. To overcome this problem a second burner was

incorporated to desolvate the sample. A gentle flame was used, and
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Pigure 66

FPLC control programme for the separation of proteins

0.0 CONE % B 0.0
0.0 ML/MIN 0.8
0.0 CM/MIN 0.33
0.0 LOOP TMS 1
0.0 VALVE.POS 1.1
0.0 ALARM 0.1
0.0 HOLD

0.0 CONC % B 0.0
0.0 VALVE.POS 1.2

0.0 CLEAR DATA

0.0 MONITOR 1
0.0 LEVEL % 4.0
0.0 MIN/MARK 1.0
0.0 INTEGRATE 1
2.0 CONC % B 0.0
15.0 CONC % B 100
15.0 INTEGRATE 0
18.0 CONC % B 100
20.0 CONC % B 0.0

20.0 END OF LOOP
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Table 27

Summary of conditions for the determination of zinc in pooled human

plasma by directly coupled FPLC-FAAS

Spectrometer conditions:

Wavelength 213.9 nm
Air 4.0 1 min~!
CoH, 0.5 1 min~"
Scale Exp. 2

Background correction ON

Chromatographic conditions:

Column: Mono Q HR 5/5
Flow rate: 2 ml min~!
Buffer A: 0.05 M Tris HCl, pH 8.6
Buffer B: Buffer A with 0.5 M NacCl
Gradient: linear gradient of NaCl to 0.5 M
Detection: 280 nm
Injection size: 100 pl
Interface:
Location time ' 8.5 secs

Extra burner used to desoluate sample

Tube above burner removed
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Pigure 67

Separation of Albumin and Ferritin on Mono Q
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found to be sufficient to reduce the solvent loading on the spiral to
a level at which the spiral could be rotated without losing the
sample. Once again both the UV and element specific detectors were

connected in series.

The use of background correction was found to be required to overcome
the effects of high levels of NaCl (0.5 M) in the buffers. The use of
these buffers also greatly reduced the lifetime of the quartz tubes,
although since relatively high levels of zinc (1 pg/ml) were expected

in the plasma, the use of the tubes was unnecessary.

The sample of pooled human plasma, was diluted ten times with the
start buffer, 100 yl being injected into the chromatograph. All
samples were filtered through a 0.22 ym sterile filter before use.

The usual precautions for dealing with biological samples were taken.

8.4.4 Results and Discussion

The chromatographic conditions in Table 26, separated the albumin and
ferritin in under 18 minutes, Figure 67. The gradient profile
throﬁghout the run is also plotted and can be seen to return to the
baseline, i.e. 0% Buffer B, after 21 minutes. The results obtained
when monitoring zinc, copper and cadmiuﬁ?ghown in Figure 68. A time
‘lag is observed for each peak representing the time for the sample to
travel between two detectors. It can be seen from the results that
zinc is associated with both the albumin and ferritin, cadmium with
only the ferritin, and copper once again with both proteins. The
chromatogram obtained for copper lacks the resolution obtained with
zinc, the lack of sensitivity being expected from earlier work, see

Section 8.2.4. Clearly however, the interface has enabled the metals
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Pigure 68
Chromatograms obtained from directly coupled FPLC - AAS system for Zn,

Cu and Cd associated with albumin and ferritin
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associated with each protein to be clearly identified.

The only problems encountered at this stage were connected with the
Mono Q column. Even though care was taken to filter all samples
before use, and re-equilibriate the c¢olumn between injections,
difficulty was experienced in obtaining reproducible chromatograms.
An increase in backpressure on the column was ncted, presumably
resulting from precipitated or denatured preoteins. Washing with two
1 ml injections of 75% acetic acid removed most of the problen,
although the column was also washed with 80% methancl immediately
after the acid wash. This is recommended by the manufacturers to
remove low molecular weight contaminants e.q. fats, steroids or
hydrophobic peptides which may be present. Although the above
precedure successfully cleaned the column, the complete process was

found to be time consuming and tedious.

The final experiment using pooled human plasma gave the chromatogram
in Figure 69. Again the salt gradient is shown. The complete
chromatogram was obtained in urder 12 minutes. The work of Tomono et
al. (376) referred to above, included the use of immunochemical
methods and size exclusion HPLC for detailed component analysis. A
total of 14 components were identified, the peak corresponding to
albumin being shown in Figure 69. The response obtained using the
interface for zinc, indicates that it is clearly associated with this
‘albumin fraction. No further work was carried out on the sample
although the study could have been extended to quantify the amount of
zinc present (using peak area) and further extended to the
determination of other metals. The interface, however, was proved to

operate reliably, and shows much promise for future work in the area
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Pigure 69

Chromatogram of pooled human plasma showing associated rinc
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of clinical analysis.
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CHAPTER 9

FUTURE WORK AND CONCLUSIONS

9,1 Suggestions for future work

The range of applications used to demonstrate the various interfaces
described in this work give some indication of the versatility of
directly coupled systems for trace metal speciation. However, the
examples given in the text have not been exhausted. One example of
this is the speciation of organotin compounds by directly coupled
HPLC~-FAAS. In recent years, the shell-fish industry in certain parts
of this country has become increasingly concerned about the poor
quality and reduced meat yield of stocks. This has been attributed to
the pollution of estuaries resulting from the leaching of organotin
anti=-fouling paints particularly from yachts and other small craft.
There are currently moves to follow the French example and ban the use
of certain antifoulants and introduce a 0.02 ppb quality limit for
tributyltin through Government legislation. However, much work still
needs to be done on mapping the concentration levels found in the
estuaries thought to be particularly affected, and in investigating
the environmental degradation of such compounds. The speciation of
organotin compounds by directly coupled HPLC-FAAS as developed in this
thesis, provides a sensitive yet simple, rapid and unequivable means
of analysis, well suited to the large number of samples encountered in

survey work and degradation studies.

The differentiation between more or less toxic species of arsenic has
also been shown to be possible using directly coupled HPLC-FAAS. Two

approaches are described in the text. The first of these utilising
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on-line hydride generation is now well established for determining
readily reducible species. However, in many studies non-reducible
species have been determined by the difference between the total
arsenic level (determined by graphite furnace AAS), and total
reducible species (determined by hydride generation). Directly
coupled HPLC-AAS however has the potential to provide a direct means
for speciating arsenic, including non-reducible forms, such as
arsenobetaine, which is of particular interest at the present time in
food analysis. Little work has been carried out to determine the
arsenic specieé in plants compared to marine organisms, presumably
because of the analytical difficulties in dealing with such low
concentrations using traditional technigues. The methods described in
this work, either used directly or following further devélopment, for
example using cryogenic trapping prior to hydride generation and
subsequent GC-AAS analysis, may be of great value in determining the
actual forms of arsenic present in food, and thus help in assessing

dietary risk.

The use of coupled HPLC-AAS for the speciation of arsenic and
organoarsenic compounds in 0il shale retort and process waters has
already been reported (258). Such studies may however be extended to
compounds of vanadyl and nickel to provide a fingerprint based on
metal speciation (253). Despite numerous studies directed towards the
identification of vanadyl and nickel non-porphyrin compounds (379),
the effectiveness of this work has been limited by the lack of a
suitable metal detector. Since metallo-non-porphyrin compounds,
unlike metalloporphyrin compounds, do not have readily discernible UV-
visible spectra, the identification of these organometallic compounds

requires novel separation and detection techniques. Some work on this
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has alreadp been done by Fish et al. (252, 253) using HPLC-ETA-AAS.
However by utilising minibore HPLC separation techniques as described
in this work, many of the problems associated with graphite furnace

couplings could be overcome.

One further field in which the advantages of coupled HEPLC-AAS can be
readily identified is that of clinical analysis. It has been shown in
the last chapter that by using a suitable interface, the determination
of metals associated with individual proteins is possible, directly
following separation by FPLC. The examples used in the text looked a
copper, zinc and cadmium affiliated to various common proteins.
However two other applications may be identified in clinical analysis

which lend themselves to directly coupled speciation techniques.

The first of these is the determination and speciation of selenium in
human urine. Since the discovery that selenium is an essential
element (380), there has been an increasing interest in the element.
In recent years selenium has been reported to inhibit carcinogenesis
by chemical agents such as aminazo compounds, polycyclic aromatic
hydrocarbons and nitrosamines'(33&, 322), and this has been
extensively reviewed (250). Variations in dietary selenium intake
have been suggested as an explanation for differences in the incidence
of cancers in various human populations (200). In addition selenium
may also play an important role in the prevention of cardiovascular
diseases (201). The above literature indicates that there is a range
of selenium intake that is consistent with health, and cutside this
range deficiency or toxicity effects can occur. Since selenium is the
element with the narrowest difference between deficiency and toxicity,

reliable methods are needed to check the selenium states of man and to
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monitor occupational exposure to this element by measuring its
concentrations in body fluids. Serhm, plasma, or whole blood may be
taken for measurement, although in cases of intoxication or to provide
information on the balance between intake and output, the selenium
level in the urine is an important indicator, since the kidney is an

important feature in body homeostasis (202).

A second clinical application which would benefit from the use of
directly coupled speciation techniques is in monitoring the use of
anti=-neoplastic drugs such as Cis-dichlorodiamine-platinum(II), {(Cis
DDP). Information concerning levels, distribution and half-life of the
drugs may lead to their more effective use in the treatment of such
diseases. In investigations of this nature, the technique employed
should not only be sensitive and reliable, but also offer rapid
analysis sin&e this is often important in retaining the integrity of
the sample (202). The directly coupled techniques described can
readily meet such requirements in addition to providing the speciation

data required.

The discussion above outlines a number of applications for the various
interface techniques described in this work. However, one of the most
versatile of these, the rotating spiral interface, may also benefit
from further refinements if it is to be used in routine work. The
computerised operating system described has been developed with an
emphasis on controlling the movement of the spirals. One such
refinement would therefore be to use the computer for data handling
and display in addition to its primary function of control. This
could provide information on peak identification and give simultaneous

quantification in terms of both peak area and peak height. Such data
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is obviously beneficial in many applications, although the potential
also exists to include signal processing routines such as Kalman
filtering. The desolvation system employed in the above system could
also be improved by using electrically heated spirals. This could be
achieved using small brushes attached to the end of each supporting
arm. The advantage of this would be greater control over the
desolvation process, both in terms of temperature, and duration of the
heating period. An electrothermal atom cell could also be used
instead of the flame. This would overcome the disadvantages
associated with combustion flames such as the presence of highly
reactive species within the atomic vapour, and help in studies on how
mixtures of elements respond in absorption, or how non-abscrbing

species may affect or interfere with the elements tc be measured.

One final area for future work is the development of chromatographic
separations for the speciation of organometallic compounds,
specifically for use with the coupled techniques described. Many of
the separations achieved in this thesis are based on previously
published work, although often such separations use non-ideal solvents
or complicated solvent programs. The results obtained from the
various interface systems developed indicate that an ideal system
would use aqueous solvents at low flow rates. This has been achieved
in this work using minibore columns, as described for the separation
of organclead compounds in Chapter 8. However there is obviously much

scope for development in this field.
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9.2 Conclusions

The work presented in this thesis demonstrates the advantages of metal
specific detection for trace metal speciation, including unequivocal
chromatographic interpretation and the ability to withstand less than
optimal chromatographic resolution. The use of flame atomic
absorption is often quoted to suffer from poor detection limits
compared to electrothermal atomising devices. However by careful
consideration of the atom cell design, with particular attention to
increasing atomic residence times, it has proved possible to devise
systems which actually give better detection limits using flame
atomisers. In addition the interface systems described are of
relatively simple construction, robust, of low cost and readily

demounted.

Each of the directly coupled techniques described in the text lends
- itself to particular applications. The coupling of gas chromatography
with atomic spectroscopy is well suited to the separation of
organometallic species with thermal stability and favourable gas-
solution partition coefficients such as tetraalkyllead compounds. In
this example a detection limit of 17 pg for lead as TML or TEL is
obtained. In most situations however HPLC is a better separation
technique, although direct couplings with flame instruments have in
the past been limited tc interfacing via the nebuliser. The simple
interface reported here based on pulse nebulisation has proved
superior to others reported in the literature since attention has also
been given to the atom cell. The complete system offers a simple way
of determining tributyl tin species which in the past were determined

by techniques such as GC-MS.
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The improvement in sensitivity with the suspended tube may be
attributed to the increased residence time of the neutral atoms in the
optical path of the spectrometer. This results from the longer
optical path along which the atoms pass, and reduced velocity of the
flame gases (not possible by lowering the flame gas~flow rates
directly since these are dictated by the flame propagation
velocities). The partial exclusion of entrained air may also effect
the chemical environment in the tube since the portion of the flame
burning in the tube probably consists largely of interconal gases and
few oxidising species. This will result in a more reducing
environment and consequently stabilise the neutral atoms in the

optical path.

A second advantage may also be identified in using such tubes for the
applications described in this thesis. Since the flame is a dynamic
entity and the samples are passed through it in a quantized fashion, a
series of transient signals are produced.. Thus the recorder response
must be faster and consistent with the amplifier time constant as in
systems using electrothermal atomisation (183). The response of the
amplifier/recorder system used in this work has been improved using a
rapid response interface supplied with the spectrometer. However by
increasing the residence time of the atoms in the optical path the
demands made on the electronics are greatly reduced. Chart recorders
rather than readings from a digital display have also been used since
the pen measurements - including noise and drift from all sources =
are recorded, and a more accurate estimate of an average position

possible.

The limitations of low nebulisation efficiency encountered when
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introducing liquids to a flame can be overcome by generating a
volatile derivative prior to introduction tc the atom cell. One
commnon way of achieving this is hydride generation. The elements
which form volatile hydrides include many of interest in speciation
studies, the examples of arsenic and tin are given in the text.
However, not all species of the hydride forming element form volatile
hydrides. The system described in Chapter 7 utilising UV photolysis
prior to hydride generation thus has considerable potential for
expanding the use of directly coupled HPLC - hydride - AAS systems.
The example of tributyl tin not only demonstrates this point, but also
shows the increase in sensitivity obtained using hydride generation -
the detection limit of 2 ng being two orders of magnitude better than

that obtained introducing the sample via the nebuliser.

The most versatile interface developed in this work is probably that
using the novel sample transport system. A number of applications are
given in the text and further work using this system also suggested.
This interface utilises the attractive features of using a flame
atomiser, whilst avoiding sample introduction via the nebuliser. The
technique can also be used for a wider range of elements than hydride
generation. The use of minibore HPLé to achieve the separation at low
eluent flow rates may also be of interest in re-evaluating coupled
HPLC-ETA-AAS systems, shown in this work to be limited by the

inability to handle a continuous flow of sample.

The peak dispersion characteristics of coupled LC-AAS systems have
been discussed by Katz and Scott (263}, who concluded that the
important dispersion characteristics of the system are not those that

occur in the column, but those associated with the interface and the
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atomic absorption spectrometer. Clearly any such dispersion is
important since it not only reduces element sensitivity but can also
destroy the separation originally attained in the column. However,
the work by Katz and Scott is based on using high-speed columns
operated at the high flow rates necessary for efficient solvent
aspiration when using direct connections to the AAS nebuliser. The
work reported in this thesis shows that utilising minibore c¢olumns of
much lower flow rates, and direct sample transport to the flame,
provides a much better interface arrangement for many applications.
In this case the dispersion in the interface and spectrometer is
minimal since- the collection of sample in discrete aliquots removes

any possibility of peak spreading prior to atomisation in the flame.

The variocus systems described, althcocugh different in approach,
demonstrate the potential and versatility of directly ccupled
chromatography - atomic spectroscopy. The use of a flame atom cell as
an atomic absorption detector for liquid chromatography has the
advantage of simplicity and well understood operation. The interfaces
described are simple, reliable, enable real-time analysis, and produce
continuous chromatograms. Although only a limited number of examples
are given in the text, there are numerocus applications in many fields

including clinical, industrial, forensic and environmental analysis.
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Speciation of Tin in Natural Waters Using Coupled High-performance
Liquid Chromatography - Flame Atomic-absorption Spectrometry

Les Ebdon, Steve J. Hill and Philip Jones

Department of Environmental Sciences, Plymouth Polytechnic, Drake Circus, Plymouth, Devon PL4 8AA,

UK
A simple yet effective high-performance liquid chromatography - flame atomic-absorption spectrometry
) coupling utilising pulse nebulisation and a slotted tube atom trap is described for the speciation of tin in
! natural waters. The effects of the various parameters on analytical performance are discussed. A detgction
' limit of 200 ng for tin was obtained and the separation of Snlll}, Sn{lV) and tributyltin was possible within 8

min. Tributyltin compounds have been quantified in local harbour waters, and in one harbour situation were

observed at levels up to 0.47 ug I-1.

Keywords: High-performance liquid chromatography; flame atomic-absorption spectromelry; trace metal

speciation,; organotin determination

There has been a growing realisation that the form in which a
trace metal occurs, so called “speciation,” is of vital impor-
tance in a number of fields, e.g., toxicology and environmental
monitoring. This has led to an increased interest in methods
for trace metal speciation. A promising analytical approach to
such speciation is to couple the capability of chromatography,
for species separation, to the selectivity and sensitivity of
atomic spectrometry for detection. The use of such specific
detection allows less than optimum chromatographic separa-
tion to be tolerated with a consequent saving in time for
sample clean-up and analysis. If two species co-elute and only
one contains the metal of interest. the use of metal-specific
detection means that only the metal-containing species is
detected. Hence complete chromatographic separation is not
required, only separation of the species containing the metal
of interest being necessary, and complex samples can be
analysed. :

Although the success of coupled gas chromatography -
flame atomic-absorption spectrometry (FAAS) has already
been reported.! gas-chromatographic separation is only effec-
tive where thermal stability and favourable gas - solution
partition coefficients exist. and often this is not the case.
Therefore, for most interesting trace metal speciation studies.
high-performance liquid chromatography (HPLC) is the
separative technique of choice. Further impetus is also given
to metal-specific HPLC detection systems where conventional
UV or fluorescence detectors are not suitable, owing to the
absence of an active chromophore or fluorophore, respec-
tively—a common property of all non-aromatic derivatives of
organotin.2

The demand for analytical techniques capable of speciating
organotin compounds has increased markedly in recent years.
The presence of butyltin? and methyltin® species with concen-
trations from nanograms to micrograms per litre has been
reported in a variety of natural waters, and is probably due 10
the increased use of organotin compounds as stabilisers for
poly(vinyl chleride). as catalysts and as pesticides.5 The use of
organotin compounds in the formulation of antifouling paints
[e.g., bis(tributyltin) oxide and tributyltin fluoride®]. although
economically attractive. has received particular attention with
relation to effects on shellfish and a series of bans on organotin
use have been instigated by the French Government. In
addition, more is now known about the marked variation in
toxicity of different species, thus stressing the importance of
such studies.

Slavin and Schmidt? described a simple. directly coupled
HPLC-FAAS system in which the column eluent is intro-
duced directly into an injection cup. Detection limits have

been improved in this work by the additional use of a double
slotted quartz tube as an atom trap. The use of such tubes was
first described by Watling,8 although the tubes used here have
been modified in design so that the slots are at 180° to each
other.? This modification has been found to give improved
detection limits for some elements, although because the slots
are superimposed and directly in-line with the burner slot the
atomic residence time in the tube is probably reduced.
resulting in a decrease in sensitivity. The improvement in
detection limits can probably be attributed to the decreased
turbulence of the hot gases in the 180° slot configuration.

In this work tin ions. including organotin ions, have been
separated by HPLC using a silica base cation-exchange
column and then introduced directly into an injection cup for
aspiration into an air - hydrogen flame, beneath and surround-
ing the silica tube atom trap. Conventional instrumentation
operating on-line in real-time has been used throughout. The
method developed has been applied to a variety of local
harbour waters.

Experimental
Apparatus

An atomic-absorption spectrometer (Model SP9:; Pye
Unicam, Cambridge. UK). provided with a deuterium hollow-
cathode lamp background corrector. was fitted with a 5-cm
slot-burner with a slotted-tube atom trap (STAT) accessory.
The separation of the tin species was achieved using a
solvent-delivery system (PU 4010; Pye Unicam) equipped
with a Waters U6K injector with either a 200-ul or 2-ml sample
loop, and connected to a Partisil 10 SCX analytical column
(10-um particle size. 25 em X 4.6 mm i.d.) (Whatman.
Englewood Cliffs. NJ, USA). Samples were injected directly
on to the column using a 100-ul syringe (Scientific Glass
Engineering. Melbourne, Australia). The output from the
atomic-absorption spectrometer was displayed on a chart
recorder (AR25; Pye Unicam). The hollow-cathode lamp
(Pye Unicam) current used was 6.0 mA and the 224.6-nm tin
line was monitored with a slit width of 0.5 nm. The optimum
operating parameters for the spectrometer and high-
performance liquid chromatograph are shown in Tables | and
2. respectively.

Reagents

Standards were prepared from stock solutions of both
tributyltin chloride and tributyltin fuoride (Aldrich, Gilling-
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Table 1. Spectrometer conditions

Spectrometer .. Pye SP9 with 5-cm burner
and STAT accessory

Air flow-rate .. 4.0 min-?

Hydrogen flow-rate . . 2.6 min-!

Burner height . . 16 mm (fixed)

Lampcurrent .. 6.0mA

Wavelength 224.6nm

Slit width 0.5nm

Table 2. High-performance liquid chromatograph conditions

Whatman Partisil 10 SCX

(10-pm particle size, 25 cm
x4.6mmi.d.)

Methanol - water (70 + 30)

Column ..

Mobile phase

Buffer 0.1 ¥ ammonium acetaic
solution
Flow-rate 3mlmin-!

Injection volume Up to 2 ml facilitated

ham. Kent, UK) by solution with HPLC-grade methanol. All
other chemicals used were of analytical-reagent grade (BDH
Chemicals, Poole, Dorset, UK).

Construction of Interface

Sample introduction was facilitated using discrete volume
nebulisation, i.e., allowing the nebuliser to draw air between
aliquots of sample to balance the flow from the analytical
column with that of the natural uptake to the nebuliser. To
achieve this, the sample uptake capillary from the nebuliser
was connected to a wider bore tube into the side of which was
fitted a second tube left open to allow air-to enter. The
connection between the two pieces of tubing was made with
care to avoid forming a liquid trap that would cause
cross-contamination. The connecting tube was then attached
to the analytical column and the arrangement mounted in
front of the spectrometer (Fig. 1). The instrument was set up
in the normal way for flame analysis except that the spray
chamber and burner were allowed to run dry when no sample
was being passed. The damping of the spectrometer was
adjusted to 0.5 s, thus removing the pulsed response otherwise
observed.

Results and Discussion

The use of discrete volume nebulisation overcomes the
problems of incompatible uptake rates, e.g.. natural uptake
for the spectrometer of 5 ml min—!' and HPLC delivery of 1-3
ml min~!, and of smali sample uptake. e.g.. less than 0.5-1.0
ml, which may not give conventional systems time to attain
equilibrium and produce a steady reading. In most such
situations,” analysis would be performed by transferring 50- or
100-p1 aliguots of the sample into some form of small conical
funnel mounted vertically in front of the spectrometer. The
sensitivity obtained using this method was found to be only
marginally lower than that for continuous aspiration (Fig. 2).
In this system, however, the funnel was replaced with a vented
tube and the sample supplied directly from the HPLC column,
as this offered equivalent sensitivity without the practical
problems caused by “gulping” of the sample.

Although discrete volume nebulisation allows a simple yet
effective way of getting the sample into the nebuliser, the
detection limit for tin using conventional FAAS with an air -
hydrogen flame was only 0.06 mg 1-!1. The use of the slotted
tube atom trap lowered the detection limit by a factor of four,
i.e., 10 0.015 mg1~!. The tube was supported above the flame
from a conventional burner with one of the slots aligned
directly above the flame and adjusted so that the burner
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Fig. 2. Comparison of discrete volume nebulisation with direct
uptake. A, Direct uptake to nebuliser; B, discrete volume nebulisa-
tion. Upper lines: acetylene at 2.2 I min=!. air at 5.0 | min=': lower
lines. acetylene 2.0 1 min—!. air 5.0 | min—?
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Fig. 3. Effect of changing the hydrogen flow-raie when using the
slotted-tube atom trap and an air - hydrogen flame for (A} tin(1V)
solutions and {B} tributyltin chloride in 20% methanol

height, rotation and lateral alignment ensured that maximum
radiation passed through the tube. The improvement in
sensitivity obtained when using the STAT is generally
confined to elements that are readily atomised in the flame.
and is thus well suited to the determination of tin.
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effect of ammonium acetate concentration on retention time for

tributyltin ions: and (c) effect of eluent composition on response for
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Fig. 5. Separation of tin species by coupled HPLC - FAAS

The gas flows to the burner STAT assembly were optimised
for both $n(1V) and tributyltin chloride (TBTC). The effect of
changing the hydrogen flow-rate whilst keeping the air flow
constant and aspirating solutions of both standards is shown in

. Fig. 3. Changing the air flow did not greatly affect the
. Tesponse, although at lower flow-rates excessive noise was

observed. To overcome this problem, the air was pre-set at 4.0
1 min-! and background correction was used. which reduced
the noise to negligible levels.

The analytical column selected was a Partisil silica based
cation-exchange column. The column properties and pro-
posed mechanism for separation involving a “free” tributyltin
cation separation have been reported in detail by Jewett and
Brinckman.!¢ By varying the mobile phase composition and
ionic strength, suitable conditions for speciation of a mixture
of organotins were obtained, as demonstrated in Fig. 4. In
addition, increasing the proportion of methanol in the eluent
results in a decrease in retention time and a marked decrease
in peak width. Using a mobile phase of 80 + 20 methanol -
water in 0.1 M ammonium acetate solution a detection limit of
200 ng (20) of TBT was obtained. However, the conditions
shown in Table 2 were selected in order to permit a better
separation of real samples, and speciation of Sn{lI). Sn(IV)
and TBT* in 6 min (see Fig. 5).

Real samples were collected at a number of local coastal
sites. The organotin compounds were quantitatively extracted
from sea water int¢ chloroform and pre-concentrated prior 10
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(a) (b}

2 4 6 8 10min 2 4 6 8 10min

Fig. 6. Analfvlsis of water samples collected at a harbour site in
Plymouth, with and without co-injection of tributyltin chloride. (a} 1
m! of sample (800-fold g(r)e-concentrated); (#) 1 ml of sample (800-fold
pre-concentrated) + 500 ng of tributyltin chloride

analysis using the coupled HPLC- FAAS system. The effi-
ciency of this process was determined from the recovery of
standards spiked into blank solution and found tobe 92 + 6%.
To facilitate injection on to the HPLC column, the chloroform
was evaporated and the sample redissolved in methanol. The
recovery from this second stage was 91 + 5%. The results
abtained from the analysis at one such site are shown in Fig. 6.
The identification of tributyltin was supported by using
co-injection, giving evidence of levels of up to 0.47 pg |- in
the original samples.

Conclusion

The use of a flame atom cell as an atomic-absorption detector
for liquid chromatography has the advantages of simplicity
and a well understood operation. The continuous mode of
operation is ideal for dealing with continuous sample streams.
The use of the slotted-tube atom trap above the flame
increases atom residence times and thus increases sensitivity.
The compenents of this simple system are commercially
available and do not require modification of existing
instrumentation. The system is also readily decoupled. The
interface has been used here for the determination of
tributyltin, a compound that has proved difficult to determine
by other techniques, although obviously the system lends itself
to many other applications.

We thank Pye Unicam Ltd. for support of this work and
particularly Dr. A. A. Brown for many helpful suggestions
and the SERC for the provision of a Studentship (to S.J.H.).
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