
Trace metal
speciation analysis

The toxicity of trace metals in our
food, in the products we use and in the
environment is an area of increasing
concern. As our knowledge has grown,
we have come to understand that the
toxicity of these elements is highly
dependent on the molecular species to
which they are chemically bound.
Increasingly, regulations are being writ-
ten to reflect this reality. Monitoring
elemental species requires analytical
technology with sufficient selectivity
and sensitivity to resolve and quantitate
the individual species at ultratrace lev-
els, since an individual toxic species
may constitute only a fraction of an
element’s total concentration in a sam-
ple. One of the most promising tech-
nologies for meeting these require-
ments is high performance liquid chro-
matography (HPLC) linked to induc-
tively coupled plasma mass spectrome-
try (ICP-MS) (Figure 1). This tech-
nique is especially useful in carrying
out automated, high-throughput speci-
ation analysis.1

Standards and
methods

The growing interest in speciation
analysis is reflected in the increasing
number of papers published on the
subject since 1980 (Figure 2). This
increase has been generated by signifi-
cant improvements in technology and
by the growing importance of specia-
tion in the monitoring and regulation
of trace metals, in health studies and in
product quality control.2 Much of the
work reported on speciation analysis

has been performed using methods that
have not been properly validated, i.e.
without the use of properly certified
standards and reference materials. To
fill this void, the authors and their col-
leagues at LGC (Teddington) Ltd, UKa

are participating in a collaborative pro-
gramme to develop suitable standards
and methods for HPLC-ICP-MS trace
metal speciation (Table 1). The objec-
tive of the programme is the produc-
tion of certified speciation standards

(>99% pure, if possible) and the devel-
opment of validated methods utilising
these standards. In addition to tin and
arsenic, the development of certified
standards for mercury, selenium and
lead is under consideration.

One of the limitations in using certi-
fied organometallic reference materials
for speciation analysis is their short shelf
life. Many organometallic compounds
are prone to oxidation and/or decom-
position in storage and therefore often
require expensive and time-consuming
periodic recertification. This problem
could be overcome by developing
appropriate standards and methods for
combining HPLC-ICP-MS speciation
measurement with isotope dilution
mass spectrometry (IDMS).
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aVAM or Valid Analytical Measurement is a part of the UK’s National
Measurement System. One function of this programme is the development of vali-
dated methods of analysis and certified standards and reference materials in consulta-
tion with various other National Laboratories.
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Figure 1. The principles of HPLC-ICP-MS. Resolved LC analyte frac-
tions are introduced via a nebuliser into a high temperature argon
plasma, where they are decomposed, atomised and ionised. The
resulting ions are transported through a sampling interface into a
mass spectrometer for measurement. Coordination of the chromato-
graphic retention time for each peak with elemental abundance in the
MS enables calculation of species concentration. Coupled system
software controls all system functions, including synchronisation of
HPLC and ICP-MS.



Isotope dilution
mass spectrometry

IDMS is an absolute method that
enables species quantification without
reliance on traditional reference mate-
rials or external standards. IDMS

requires that the element of interest has
more than one isotope and a relatively
stable isotopic pattern in nature. In
IDMS, the sample is spiked with a
known amount of the species of inter-
est, in which the natural isotopic pat-
tern has been altered by enrichment of
one of the minor isotopes. An analyti-

cal technique capable of measuring
precise isotopic ratios (such as ICP-
MS) is then used to measure the abun-
dance of both the natural isotope and
the spiked isotope, from which the
ratio is calculated. The weight of both
the enriched isotope spike and the
unspiked sample are known at the time
of spiking, as is the isotope ratio of the
spike, so the concentration of the target
element in the unspiked sample can be
calculated from measurement of the
isotope ratio of the spiked sample. This
technique has the great benefit of
avoiding the introduction of bias due
to incomplete recovery, since any loss-
es during sample preparation will affect
both the original and the enriched
spike compounds equally. Because the
different species are chromatographical-
ly separated prior to detection and
quantification, this approach can be
used to quantify multiple species simul-
taneously in a single experiment
(Figure 3).

IDMS enhances both measurement
precision and accuracy, because one is
measuring changes in the isotopic
ratios. Errors accompanying the quanti-
tation of ratios tend to produce smaller
total uncertainties than quantitation
based on measurement of multiple
variables such as analyte and external
calibration, for which the associated
errors are additive. Typically, samples
quantified by IDMS exhibit RSDs of
4–5%, while quantification using exter-
nal calibration generates RSDs in the
range of 10%. For the case of tin, the
enrichment isotope of choice is 117Sn.
Because of the superiority of IDMS as
a method, LGC has undertaken the
synthesis of isotopically enriched stan-
dards of a variety of trace metal species.
Examples are listed in Table 2. These
standards will be used, in turn, to vali-
date IDMS speciation methods.

Application
Organotin speciation analysis

Organotins are valued for their bio-
cidal and fungicidal properties and for
that reason are found in pesticides and
other agricultural chemicals, wood
preservatives and marine antifouling
paints. They also serve as heat and light
stabilisers for PVC, which comprises
>65% of the market for tin additives.3

PVC is sometimes used as a liner for
failing pipes used in drinking water
delivery and, as such, introduces the
potential for leaching organotin into
water supplies.4

Concerns about the toxicity of
organotins first arose when it was dis-
covered that tributyltin-containing
antifouling marine paints were having a
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Figure 2. Survey of Analytical Abstracts for the words “Speciation” or
“Species” in the titles of published papers over the last 20 years.2

Compound Expected certified purity Status

Dibutyltin chloride >99% Available early 2002
Tributyltin chloride >99% Available early 2002
Diphenyltin chloride >99% Available early 2002
Triphenyltin chloride >99% Available early 2002
Arsenobetaine >99% Available mid 2002
Methylmercury chloride >99% Available end 2002

Table 1. Natural isotopic pattern organometallic standards currently
under production at LGC.2
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Figure 3. Chromatogram of organotin species extracted from a mus-
sel tissue sample after spiking with 117Sn enriched tributyltin.9 Sn
ratios for dibutyltin and triphenyltin are close to the expected IUPAC
ratio of 4.2 : 1 for 120Sn : 117Sn, but the 120Sn : 117Sn ratio for tributyltin
has been altered to approximately 1 : 1. To calculate the amount of
tributyltin present in the original, unspiked sample, the measured iso-
tope ratio for 120Sn : 117Sn is used. The chromatogram was produced
using the experimental method outlined in the text and shows excel-
lent (baseline) resolution, even for adjacent peaks.



devastating effect on oyster fisheries.5

As a result, such paints were banned
from European and American waters
on vessels under 25 metres.6 The pres-
ence of tributyltin and other organotin
compounds in both industrial and con-
sumer products and their accumulation
in the environment, for example in
groundwater or in various terrestrial
and marine organisms, is a matter of
increasing concern to health researchers
and regulators, e.g. Reference 7. A
variety of studies have provided strong
evidence that organotin compounds
such as TBT can act as endocrine dis-
rupters and can be damaging to the
development of animal embryos, even
at trace (ng L–1) concentrations, e.g.
Reference 8. As a consequence, there
is increasing demand for analytical
methods which can routinely monitor
organotin compounds down to ultra-
trace levels and efforts to achieve this
goal are now underway.

Instrumentation
While in principle, HPLC-ICP-MS

possesses the necessary selectivity and
sensitivity to carry out trace level speci-
ation analysis, it has only recently been
the case that suitable technology with
the requisite functional integration of
LC and ICP-MS hardware and soft-
ware has become commercially avail-
able. An instrument system comprising
an 1100 Series LC coupled to a 7500
Series ICP-MS (Agilent Technologies,
Palo Alto, CA, USA) was used in this
work.

Many organic solvents have high
vapour pressure and nebulisation of
these solvents in the ICP-MS spray
chamber can extinguish the plasma. In
this ICP-MS the spray chamber is
Peltier cooled to reduce solvent load-
ing on the plasma. The plasma itself is
produced by a crystal-controlled RF
generator with high speed matching
network that ensures stability, even
when switching between aqueous and

organic solvents. The high inherent ion
transmission of this ICP-MS means that
even low sample flow rates (0.1–0.2
mL min–1) can be used without com-
promising sensitivity—further reducing
solvent loading on the plasma. A sec-
ond consequence of introducing
organic solvents into the plasma is the
potential deposition of carbon on the
interface, which can lead to blocking of
the sampler cone. Introducing a small
percentage of oxygen into the make-up
gas stream acts to convert the carbon to
CO2 and prevent this. The addition of
oxygen necessitates the use of the more
robust platinum interface cones in place
of conventional nickel cones.

After exiting the column, the sample
passes through the flow cell of the UV
detector and then into the ICP-MS.
Separate UV and ICP-MS data files are
generated for each sample, which are
then combined and processed together
by the instrument software. UV and
ICP-MS chromatograms can be over-
laid within the software, which greatly
assists peak identification and confirma-
tion. 

The system setup at LGC employs
two computers running concurrently,
one to process and correlate ICP-MS
and chromatographic data and the
other for system control and data
acquisition. The computers are linked
via a LAN interface, and data file trans-
fer is performed automatically between
the two computers. This arrangement
significantly increases analytical pro-
ductivity, maximising sample through-
put with the LC-ICP-MS. 

Methodology
Sample preparation to date has been

conducted on mussel and oyster tissues,
sediments and synthetic matrices. Two
approaches are being explored.

Microwave digestion in a closed vessel
has the capability to achieve complete
dissolution of the sample matrix.
However, the conditions required for

complete sample breakdown (digestion
with concentrated acids) may also
break down organotin species. For this
reason, the microwave is used under
milder conditions with a methanolic
extraction solvent to leach the organ-
otin species from the matrix. The abili-
ty to vary temperature and microwave
power settings and to record extraction
conditions, e.g. pressure and tempera-
ture variations, makes this technique
useful for development work. Potential
for contamination is limited by the use
of quartz vessels, which are cleaned
with nitric acid between runs. Method
drawbacks include low sample
throughput, a greater number of han-
dling steps than other preparative
methods, the possibility of incomplete
extraction (samples can settle out) as a
result of inadequate contact with the
limited quantities of extraction solvent
used and the possibility for species
breakdown in the microwave field. 

Accelerated solvent extraction (ASE) is
an alternative to microwave digestion.
ASE can be adapted for automated,
high-throughput operation (processes
six times as many extractions per run
than microwave extraction and allows
unattended overnight operation) with
reduced sample handling. ASE is more
efficient in bringing the sample into
solution as solvent is continuously per-
meating the sample. After extraction is
complete, purging of the extraction
cells with N2 allows complete recovery
of the extraction solution. On the
downside, contamination control is
more difficult with a solvent extraction
system, which may be used for a vari-
ety of applications and must be flushed
extensively between runs. In addition,
species transformations can occur in the
stainless steel cells and system valves
can become blocked and leak.

Experimental
The organotin analytes were leached

into a dilute methanolic solution of
0.5 M ammonium acetate and 1.0 M
acetic acid, which is further diluted
with water and then injected into the
HPLC. The chromatograph is run iso-
cratically using a mobile phase consist-
ing of 65/23/12 acetonitrile/water/
acetic acid plus 0.05% triethylamine
(TEA), which serves as a complexing
agent to chromatographically separate
TBT from the other organotin species.
Table 3 lists HPLC and ICP-MS para-
meters. Chromatographic separation is
achieved in ten minutes with excellent
(baseline) resolution, even for adjacent
peaks (Figure 3). Once the chro-
matogram is established, the data is
quantified either by an external calibra-
tion or IDMS (Table 4). 
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Compound Expected Status
certified purity

117Sn enriched dibutyltin chloride 90–95% Available early 2002
117Sn enriched tributyltin chloride 90–95% Available early 2002
117Sn enriched diphenyltin chloride 90–95% Available early 2002
117Sn enriched triphenyltin chloride 90–95% Available early 2002
200Hg enriched methylmercury chloride >95% Available end 2002
Deuterated tributyltin chloride >95% Available end 2002

Table 2. Isotopically enriched organometallic standards currently
under production at LGC.2



Conclusion and
future efforts

The need to match regulation to sci-
ence is increasingly important in a
world where regulatory decisions can
have enormous economic, political and
most importantly public health conse-
quences. For these reasons, regulations
specifying safe levels of trace metals
should be based on the toxicity of the
actual species present and be monitored
by validated analytical methods using
certified standards. Without such a
regime, regulations cannot be properly
written or enforced since there is no
quantitative basis for assessing risk or
monitoring regulatory compliance
and/or remediation. This is the current
state of affairs in method development
for organotin and other trace metal
speciation analyses, wherein commer-
cially available standards are often
defined at no better than 95% or 96%
purity and technical papers cite quan-

tification results to ±2–3% using stan-
dards known to be accurate with no
more than ±4% uncertainty. The LGC
programme for producing certified
standards and developing validated spe-
ciation methods for organotin and
other trace metal species is intended to
help remedy this deficiency.
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HPLC conditions
Column: C-18 reversed-phase (15 cm × 2.1 mm i.d., 3 µm particle

size)
Mobile phase: 65 : 23 : 12 v/v/v acetonitrile : water : acetic acid with

0.05% TEA
Flow rate: 0.2 mL min-1

Other parameters: Peltier cooled spray-chamber at –5°C
5% O2 added post nebulisation
Microflow concentric nebuliser
All stainless steel tubing and needle assembly
replaced with PEEK (polyetherether ketone).

ICP-MS conditions
Cones: Platinum
Plasma gas flow: 14.5–14.9 L min–1

Carrier gas flow: 0.65–0.75 L min–1

Make-up gas flow: 0.15–0.25 L min–1

RF power: 1350–1550 W
Sampling depth: 4–7 mm
Other parameters: Injector diameter: 1.5 mm

Shield torch used

Table 3. HPLC and ICP-MS conditions.9

TBT results
External calibration IDMS

Mean ng g–1 RSD Mean ng g–1 RSD
as Sn (%) as Sn (%)

Sample 1 (n = 2) 471.8 4.9 688.0 0.7

Sample 2 (n = 2) 434.9 0.4 681.6 1.7

Mean of samples 453.4 5.8 684.5 0.7

Table 4. Mussel tissue data: comparison of external calibration with
IDMS (see Figure 3).9


