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Preface

To undertake to update and revise a book that has been well received is rather a daunting
task. Clearly any editor, and indeed all of the authors who contribute, would like the second
edition to be even better than the first. The difficulty however is how to achieve that. The first
edition of this book was perceived as a handbook for users of inductively coupled plasmas
(ICPs) who wanted a better understanding of the theory, yet also wanted a practical insight
of how best to approach a range of applications. These key objectives have been retained in
the second edition but the focus of the book has changed so that the overall perspective is
more forward looking. Much of the historical development behind the use of the techniques
described in some detail in the first edition has been minimised and the emphasis is now on
state-of-the-art developments and potential developments for the future.

The book has been structured into 11 chapters, each utilising the authors’ expertise and
experience, and providing enough detail to be useful to both the new and experienced users.
The first chapter of the previous edition presented the first full account by Stan Greenfield of
the early development of the ICP. This second edition starts at the other end of the spectrum
and sets the scene for the rest of the book by providing a thought provoking account of both
the strengths and weaknesses of ICP-AES and ICP-MS and how the impact of technology
transfer is starting to effect current trends and may impact on future developments. I was
delighted when Gary Hieftje accepted the challenge to write this chapter.

The rest of the book follows the same format as the first edition although there have
been some important changes. Chapter 2 looks at the fundamental principles of induc-
tively coupled plasma including details of temperature measurement and recent studies
employing solid-state detectors to acquire the entire UV-visible spectra for diagnostic
studies. Chapter 3 introduces the basic concepts and requirements for precise and accurate
practical measurement and then overviews the instrumentation required for ICP-AES.
Again however, the focus is on current developments and there are sections on high-
resolution spectrometry, microplasmas and plasma on a chip technology. Chapter 4 looks
in detail at sample introduction via liquid aerosol generation but also describes other
forms of sample transport such as vapour generation techniques, electrothermal vaporisa-
tion and solid sample laser ablation. In Chapter 5 the focus turns to ICP-MS, covering fun-
damental aspects such as ion sampling, mass analysers and ion detection, prior to a more
detailed consideration of the use of ICP-MS for isotope ratio measurements, including
selected applications, in Chapter 6.
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Another of the original objectives of this book was to provide a useful starting point
when users want to try an approach or technique that is new to them. The latter part of the
book is designed to help in this regard. In Chapter 7 alternative and mixed gas plasma are
discussed. Some aspects of adding additional gases to the argon plasma are now used rou-
tinely in many laboratories (e.g. the addition of oxygen when using organic matrices in ICP-
MS). Other approaches have remained more of academic interest but may well offer some
advantage for specific applications. The following chapter on electrospray ionisation mass
spectrometry again offers something additional to users of plasma spectrometry. Whilst not
strictly falling within the remit of the title of this book, this technique has quickly estab-
lished a major role as a complementary technique for trace metal speciation studies, partic-
ularly when there is a need to better characterise important complex metal containing
species such as biomolecules. The last three chapters put all of the above into a practical
context. These three chapters cover geological, environmental and clinical applications
together with a detailed account of plasma spectrometry in food science. All three of these
chapters have been extensively revised and updated from the first edition.

Before I finish I must express my sincere thanks to the authors who have contributed to
this book. My approach, as with the first edition, was to ask internationally recognised lead-
ers to head up each chapter. Of course such people are also very busy (and not really look-
ing to take on yet another task), and so it is a great honour for me to look down the list of
those who agreed to contribute and reflect on their expertise, wealth of experience and
standing in the field. Their knowledge and insight is reflected in every chapter. I hope that
the combination of all our efforts has resulted in a book that is both timely and informative,
and that it provides a useful reference for those engaged in using ICPs to achieve their own
scientific goals.

Steve J. Hill

xviii Preface
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Chapter 1

Introduction – A Forward-Looking 
Perspective

Gary M. Hieftje

1.1 Introduction

It is a distinct honor and particular pleasure to be asked to prepare the first chapter in this
new edition of the popular text edited by Steve J. Hill, ‘Inductively Coupled Plasma Spectro-
metry and Its Applications’. When asked, I was requested to consider what the future might
hold for inductively coupled plasma (ICP) spectrometry. However, attempting to forecast
the future in this ever-changing field is somewhat daunting. As Niels Bohr once stated,
‘making successful predictions is difficult – especially when the predictions are concerned
about what will happen in the future’. Moreover, there are no doubt some readers who recall
an earlier time in which this author had been asked to predict the future of atomic absorp-
tion spectrometry (AAS); with tongue firmly in cheek, he extrapolated recent publications
in AAS by fitting the trend to a third-order polynomial, a model that projected the demise
of the technique by the year 2000 [1]. Readers are therefore urged to use with some caution
the projections offered here and to make a special effort to distinguish true projections from
those offered in jest.

There are some established procedures that can be employed to forecast the future. The
first is to extrapolate past and current trends, both those within the field of interest (here, ICP
spectrometry) and those outside that exert an influence on the directions the field might
take. These external influences include those imposed by society, technology, and science.
A second approach is to assess the likely impact that might arise directly from other fields of
science and technology. This sort of ‘technology transfer’ is clearly apparent in many past and
recent developments in ICP spectrometry, an obvious example being the widespread adop-
tion of array-detector technology for multielement determinations in ICP-atomic emission
spectrometry (ICP-AES).

Regrettably for the goals of this chapter, some of the most dramatic changes in any field
are wholly unexpected. These ‘Eureka’ events are impossible to foresee or predict but can
change completely the thinking of scientists in the field. Interestingly, some of these break-
through events require some time before their impact is fully realized. An example in our
own discipline is the seminal work involving end-on viewing of the ICP, some 30 years ago
[2,3]. Although this pioneering work was ignored for many years, end-on emission meas-
urement from an ICP is now widely utilized.
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In this chapter, these predictive tools will be exploited to project a possible future for ICP
spectrometry. Greatest emphasis will be placed on likely developments in plasma spectro-
metric instrumentation, since that is the area of the author’s greatest expertise. We will
begin with an attempt to assess and extrapolate past and current trends.

1.2 Extrapolation of past and current trends

As the American statesman and President Thomas Jefferson once said, ‘I know ought to
judge the future, save by the past’. Following Jefferson’s lead, let us examine first the exter-
nal forces that influence the directions our field might take. These influences include those
from science, society, politics, and the economy.

1.2.1 Influences from science and technology

Scientific influences dictate where the demand, need, and opportunities for atomic spec-
trometry exist. These forces were recognized fully by Marvin Margoshes in his classical
1979 paper, ‘Demand-Pull and Science-Push in Multielement Analysis’ [4]. Margoshes
realized that the demand (‘pull’) for a particular activity (in this case multielement analy-
sis) was dictated by emerging and critical applications, whereas the second factor, a ‘push’,
was provided by scientific innovation and discoveries.

Many of the ‘pull’ factors in the current environment are clear. Perhaps most promi-
nently, bioscience is driving innovation and providing many of the resources that enable
today’s research to be performed. Particularly important in this regard is the study of met-
alloproteins and other metal-containing biologically active compounds. Indeed, the impor-
tance of this trend has spawned the new term ‘metallomics’ to describe the activities [5].
However, also important are materials science and nanotechnology, both of which demand
multielemental analysis at every-greater sensitivity, in samples of rapidly decreasing size,
and on a spatially resolved basis. Energy needs, too, are pulling our field; the metals content
in fossil fuels is already of recognized importance, the nuclear-power industry requires a
careful elemental inventory of its feedstock and output, and emerging technologies such as
hybrid automobiles and the ‘hydrogen economy’ will no doubt impose additional demands.

Environmental science is already an important customer of ICP spectrometry and will
no doubt continue to be so. Moreover, environmental demands and those from many
other fields now require information not only on the elemental composition of samples,
but also about the chemical form in which those elements are found. The importance of
this ‘speciation’ is already documented in our community, and is on its way to becoming
universally recognized in importance.

These demands (pull) on our field are coming at a time when we can expect a time com-
pression in the life cycle of most analytical methods. Because of rapid technological devel-
opments, new techniques and instruments will continue to be introduced, to undergo the
traditional development and acceptance phase, and fall into senescence as newer, even
more powerful methods replace them. It is, in fact, interesting that the field of AES has
endured so long [6]. The reason can be found in the continuing developments that rein-
force the field. Fundamental discoveries help us to understand better the components of
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our systems, from sample-introduction devices to excitation events that transpire in the
ICP. In turn, these findings lead to continuous improvements in sources, sample-introduction
equipment, and spectrometric systems. We will return to this point later.

Also, pulling our field along is the growing demand for information-rich methods.
Because sample mixtures being examined are increasingly complex, it is now not uncom-
mon to see employed a two-dimensional or three-dimensional separation process before
an analytical measurement of each constituent is made. Especially in the bioscience area,
we can expect to witness these sorts of complex schemes employed in conjunction with
ICP spectrometry. Of course, the danger of such combinations is a data storm, a glut of
information that must be converted in some form to knowledge. The newly emerging dis-
cipline of informatics will no doubt play an important role in this interpretation process.1

Other science and technology needs include the desire for unattended and remote oper-
ation of instruments, so measurements can be made in hostile or unapproachable sites,
and the need for simpler, faster, and continuous analysis. These desires are at odds with the
operation of the conventional ICP spectrometer, with its high-power consumption and its
need for high volumes of high-purity argon.

Just as science and technology will pull our field along because of its needs, there will also
be external scientific trends that provide us with fresh opportunities and ‘push’ our field in
new directions. There will probably be, for example, spin-offs from bioscience, materials sci-
ence, energy, and the environment that are difficult to foresee. One possibility is the develop-
ment of low-cost solid-state (diode) lasers that could be used in a number of ways, from
simplifying spectral alignment in atomic emission spectrometers, to promoting selective ion-
ization in ICP-mass spectrometry (ICP-MS), to reopening opportunities in ICP measure-
ment by atomic fluorescence. Improvements in battery performance and energy storage
might also simplify the design of ‘fieldable’ ICP spectrometers, and lessons learned from bio-
science might make possible the design of miniaturized spectrometers based on mimics of
the vision process. In fact, whole new generations of microspectrometers might emerge
because of developments now under way in the area of nanotechnology. Combinatorial
methods, already very popular in chemistry and materials science, might result in the fabri-
cation of new components for ICP spectrometers that are now difficult to envision; also, such
methods might result in the introduction of new, highly selective chelates for specific ele-
ments, and in new tools for speciation (perhaps in conjunction with bioscience in the form
of highly selective aptamers) [7].

Information-rich methods and informatics itself might also simplify in a number of
ways our interpretation of ICP spectrometric data. For example, such methods should
make it easier to identify suitable internal standards for most elements, perhaps by com-
bining signals from a number of different internal-standard candidates. They could also be
applied to the broad range of atomic emission lines or mass-spectrometry signals that can
now be acquired in a virtually simultaneous fashion by modern spectrometers. If applied
properly, that broad range of signals could provide diagnostic information that would
enable a spectrometer to determine if and why a spectral or matrix interference exists for a
particular sample and perhaps even help determine how a spectrometer or the ICP itself
could be adjusted to overcome the interference.
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‘Interdisciplinarity’ is another ‘push’ that affects our field. Traditionally, analytical chemists
have always functioned best when immersed in a problem they are asked to help solve.
However, the importance of this cooperation is now being more widely recognized, some-
thing that should help those in atomic spectrometry perform their job better. Similarly, elec-
tronic publication, virtually instantaneous communication, and nearly free and ubiquitous
computing power will make interdisciplinary collaboration even simpler. It will also foster
the ultimate development of a truly self-diagnosing instrument and allow its output to be
monitored remotely.

1.2.2 Influences from society, politics, and the economy

Let us now turn to external influences on our field other than those imposed by science and
technology. These factors include societal, political, and economic. Unfortunately, there is at
present a widespread disaffection with science. Smaller numbers of science majors are
found each year in universities throughout the world, a situation that will translate into
fewer scientists in the future. These shortages will place demands on every surviving labo-
ratory and will require those who remain to be more innovative and more efficient.

Another regrettable trend that affects our field especially is low funding. A widespread
misconception about atomic spectrometry is that the ICP is a ‘solved problem’ and that
innovation in atomic spectrometry in general is lacking. Fewer and fewer in our discipline
are being funded by major federal agencies, and graduate students considering academic
careers are urged to pursue other scientific endeavors. I see no clear solution to this prob-
lem, but believe it can be mitigated by education and mutual support. Our colleagues in
other areas must be made aware not only of the past achievements of ICP spectrometry but
also of its continuing improvement, evolution, and excitement. Young people must be par-
ticularly encouraged and urged to introduce atomic spectrometry into other areas where
its impact can be appreciated.

The ever-expanding world population will also have an influence on every aspect of
science, our own work included. The global population is roughly 6 billion now and is
expected to be 9 billion by the year 2050. This larger population will place, again, greater
weight on efficiency, energy, and the environment, opening new opportunities (but also
new responsibilities) for us.

The fact that we will have fewer students and probably scientists will increase the need
for automation and better diagnostics. It might also lead to longer times for students to
complete their doctoral studies, a regrettable but perhaps unavoidable trend. Lower fund-
ing by federal agencies and from the private sector will place greater demands on resources,
potentially leading to stagnation. These funding shortfalls will require selective investment
in only the best science.

Finally, there is the aging of the world’s population to consider. In our own field, the ‘gray-
ing of spectrochemical analysis’ could lead to a loss of our knowledge base. Already, those of
us long in the field witness the reinvention of many things, an efficiency that will become
more and more impossible to tolerate. There is a tendency, with the powerful literature
search engines that now exist and the desktop availability of journals, to ignore the past lit-
erature (except, perhaps, for citation purposes). Every effort will have to be made to com-
pensate for the loss of our knowledge base by exploiting the Internet and developments in
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informatics more efficiently. Another impact of population aging will be elevated costs of
healthcare and difficulties faced by those on fixed incomes. Again, this situation will no
doubt pose problems for our discipline, but also provide it with new opportunities to
improve efficiency and develop new tools that provide high-quality multielemental and
speciation information but at lower cost.

1.2.3 Past and current trends in atomic spectrometry

There are several ways in which trends in atomic spectrometry can be used to predict its
future. The most straightforward way, of course, is to track current or recent changes and
simply to extrapolate them to future performance, figures of merit, and instrumental
developments. However, an even more effective approach is to assess the strengths and
weaknesses of currently available systems and to suggest how the strengths might be
improved and the weaknesses overcome. In this approach, it is particularly useful to estab-
lish an ‘ideal’ standard with which the performance of existing systems can be compared
[8]. Such an ideal system provides a fixed, immutable standard for comparison, and also
serves to indicate not only which weaknesses are most worrisome but also how much exist-
ing strengths can be improved. In strengthening attributes and lessening shortcomings, it
is appropriate to consider the impact of newly emerging or introduced technologies.

As was suggested earlier, tracing the growth and decline of individual analytical meth-
ods is valuable in gauging where a field is headed [6]. The questions that naturally emerge
are: (1) What methods have endured? (2) What methods have died? and (3) What are the
reasons for these changes? In the field of atomic spectrometry, the changes are fairly easy to
define. Flame emission spectrometry, which was dominant in the 1950s and early 1960s,
was supplanted by flame atomic absorption spectrometry (FAAS), in part because of
improved nebulizer-burner systems that were introduced for FAAS but in part also because
of the simplicity of locking onto desired atomic lines by means of the narrow-band emis-
sion from a hollow cathode lamp. In turn, FAAS was largely replaced by electrothermal
vaporization (ETV)-AAS and by ICP-AES. ETV-AAS offered better detection limits and
the ability to handle microliter sample volumes, while ICP-AES provided a considerably
broader dynamic range, lower detection limits, and truly multielement capability. More
recently, we have seen some of the workload traditionally handled by ETV-AES taken over
by ICP-MS, again because it offers truly multielement capability and extraordinarily low
detection limits.

These changes appear at first glance to support the concept involved in Velmer Fassel’s
‘Seven Stages of an Analytical Method’ [9]. These stages are outlined in Table 1.1

I would argue that Fassel’s list does not fully account for the evolutionary changes in
atomic spectrometry that have occurred. In particular, it seems unlikely that immediately
after we secure an improved understanding of the fundamental principles of a method,
then it becomes outdated. Rather, I would modify Fassel’s Seven Stages as shown in Table 1.2.
In this modified series of steps, the main change is that an improved understanding of fun-
damental principles leads to better instrumentation and methods which, in turn, generate
better figures of merit and new systems that are introduced into the marketplace, enjoy
general acceptance and widespread use, and spur further characterization of the funda-
mental features of the method. Only when this iterative improvement produces systems
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that fail to compete with new techniques and technologies does the method then enter its
period of old age and senescence. At that point, it will of course be supplanted by the newer
technologies. We will consider this issue in somewhat more detail shortly.

1.3 Influence of technology transfer

Advances made in other fields of science and technology will no doubt have an almost
immediate impact on ICP spectrometry. Let us deal with a few of these ongoing changes
and their likely impact.

1.3.1 Electronics and data manipulation

Electronic systems are being made ever faster, smaller, and less expensive. This will lead to
smaller, cooler-running systems that are more likely to be portable. Further, power supplies
should become more efficient and therefore less critical. At present, power supplies constitute
one of the most expensive components of commercial ICP-AES or ICP-MS systems. In addi-
tion, fast data acquisition will become more powerful and simpler, making it possible to read
detector-array chips even more rapidly and making it more straightforward to perform mul-
tielemental analysis on transient samples such as those produced by laser ablation, flow-
injection, or chromatography. Fast data acquisition will be particularly important, of course,
for inherently high-speed techniques such as time-of-flight mass spectrometry (TOFMS).

On-board data manipulation by digital signal processing (DSP) chips will make it possi-
ble for an instrument to process increasingly complex data arrays and to devise strategies
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Table 1.2 Seven stages of an analytical method (modified)

1. Conception of idea
2. Successful demonstration and publication of idea
3. Improvement of instrumentation; figures of merit
4. Maturity; general acceptance; automation
5. Improved understanding of fundamental principles; 

introduction of new instrumentation
6. Iteration of steps 3–5
7. Old age and senescence

Table 1.1 Seven stages of an analytical method

1. Conception of idea
2. Design and construction of first operating apparatus
3. Successful demonstration of idea; first publication
4. Improvement of instrumentation; figures of merit
5. Maturity; general acceptance; automation
6. Improved understanding of fundamental principles
7. Old age and senescence

Adapted from Fassel, V.A., Fresenius’, Z. (1986) Anal. Chem., 324, 511.
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for characterization that permit samples to be characterized more fully and immediately.
The low cost of electronic systems and virtually free computing power will encourage the
use of redundancies so instruments become more robust. Further, as outlined earlier, self-
diagnosis of instrumentation will become common. Lastly, the human–computer interface,
which has already undergone a revolution of its own, will improve even further. Data dis-
plays are likely to evolve from current models that show tables and one-dimensional plots
to those that display more complex patterns, more easily recognized by humans. Examples
can be found in the field of informatics, in which complex data arrays are being expressed
in the form of human-like faces, whose subtle expressions we as human beings have come
to recognize immediately. In a similar vein, complex-data patterns are now being expressed
by audible signals, in varying tones of pleasantness or dissonance, according to the ‘quality’
of incoming information. Even tactile feedback seems reasonable; just as an experienced
automobile driver benefits from ‘road feel’, operators of future ICP spectrometers might
obtain a sense of how an instrument is performing or the nature of a sample by means of
pressure, vibration, or force applied to the operator’s hand.

1.3.2 Metal-binding structures

As it was suggested before, novel lock-and-key structures useful for elemental or speciation
analysis might emerge from both materials’ science and bioscience activities. An example is
the use of aptamers [7]. Simply viewed, aptamers are single-strand DNA structures that have
been intentionally evolved to interact selectively with specific moieties. Most commonly
applied to protein analysis, aptamers are also now being explored as vehicles for the selective
tagging of smaller molecules or structures and might some day be applied to metal ions,
oxyanions, and other chemical systems currently of interest to ICP spectrometrists. This
capability would be a tremendous aid in speciation, since the aptamer would entrap the
original species in its native state, thereby avoiding alterations in speciation such as now
occur in chromatography or when other conventional methods of separation are used.

Single-strand DNA aptamers are evolved by a repeated process of selection and amplifica-
tion. A combinatorial sort of approach is initially employed to produce a broad range of
DNA structures, which are then collectively allowed to interact with the target species. Those
DNA structures that successfully bind with the target are then trapped by a suitable method,
while the others are discarded. The DNA species that had been trapped are then denatured,
to release the target species, and the DNA strands themselves amplified by the polymerase
chain reaction (PCR). The expanded group of DNA molecules is then ‘renatured’ and
allowed to interact once again with the target species. This process of amplification and selec-
tivity refinement then continues until the desired degree of specificity is achieved.

1.3.3 Novel separations methods

The need to analyze samples of ever-increasing complexity might require atomic spec-
trometrists to become familiar with and employ additional separations’ methods in the future.
Especially in the field of metallomics, high-efficiency, multi-dimensional separations will no
doubt be necessary. In protein characterization, for example, instruments are now being used
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that begin with a two-dimensional separation by means of liquid chromatography (LC). In this
process, a first LC column that provides a relatively slow separation is followed by a second col-
umn that separates on a much faster time scale but by means of an alternative mode of affinity.
As a peak elutes from the first column, it is rapidly sent through the second, and overlapping
constituents thereby hopefully resolved. The result, of course, is a much more highly defined
chromatogram, a greatly increased plate capacity, and much less likely overlap of co-eluting
species. Nevertheless, this preliminary two-dimensional separation, which occurs on a time
scale of seconds, is now being followed by electrospray ionization and a gas-phase separation by
means of ion mobility spectrometry (IMS). Unlike LC, which separates on the basis of the dif-
ferential affinity of a compound for a stationary and mobile phase, IMS separates compounds
on the basis of their gas-phase collisional cross-sections, and on a millisecond time scale.
Consequently, even proteins having the same primary structure (amino acid sequence) but dif-
ferent folding (tertiary structure) can be distinguished [10]. Even this degree of separation is
today not considered to be adequate, for recent practice is to follow the first IMS stage with a
collision cell and a second, faster IMS unit [11,12]. Just as two-dimensional LC provides more
information and greater benefits than a single stage of LC, the dual-IMS makes it far less likely
that two co-emerging proteins will occur. Moreover, a collision region between the two IMS
units permits proteins to be fragmented or altered to provide an additional degree of selectivity.

Conveniently, even this four-dimensional complex stage of protein analysis could be
coupled to an ICP system for the analysis of a metalloprotein mixture. It should be
straightforward to feed the output from the second IMS system directly into an ICP and to
analyze the ICP output by either emission or high-speed MS.

1.3.4 Detector technologies

Continuing improvement in detector technologies has already had an enormous impact
on ICP spectrometry and will continue to do so. Pixel densities keep on increasing, costs
are lower, readout speeds are faster, sensitivities are higher, all while noise continues to
drop. Moreover, technologies intended originally for optical imaging are likely to find their
way into mass spectrometers. A recent example is our own work [13] in which a multi-
plexed array of integrating amplifiers, originally designed for use in infrared detection, was
employed in conjunction with a double-focusing mass spectrometer. The result, at present,
is a 128-channel detector array that is capable of examining a broad mass range at once, of
interrogating each mass location in either a destructive or non-destructive way, in any
mass order desired, and of integrating the incoming signal continuously. Even early gener-
ations of the array offered sensitivity that equals or betters that of conventional mass-
spectrometric detectors based on electron multiplication. Similar developments in electronics
and detector-array technology are likely to benefit MS in the future.

1.4 Strengths and weaknesses of ICP-AES and ICP-MS

Before listing the strengths and weaknesses of each of the ICP spectrometric techniques, it
is useful to compare the two methods on the basis of the signals they generate and the 
relative difficulty of measuring those signals above a finite background. Modern ICP-MS
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instruments produce signal levels on the order of 108 counts per second (cps) when a 1
part per million (ppm) solution of a given element is introduced into them. This signal
level would appear to be remarkably high, until it is recalled that a 1 ppm solution of an
element having a hypothetical atomic weight of 100, introduced into a nebulizer at a rate
of 1 ml min�1, involves the consumption of ~1014 atoms s�1. In other words, the efficiency
of even a modern ICP-MS instrument is only approximately 10�4 %.

However, important is that the background in a typical ICP-MS instrument is extremely
low, on the order of 1 cps or less. Consequently, the signal-to-background ratio of an ICP-
MS instrument is on the order of 108 for a 1 ppm solution. Because background noise fol-
lows a Poisson distribution, the noise in the background should be equal to the square root
of the background itself, which in the present case is also 1, making the signal-to-noise
ratio expected of an ICP-MS instrument equal to 108 for a 1 ppm solution. If the spectro-
metric system behaves linearly, and it is expected to do so, the signal-to-noise ratio should
therefore be unity at a concentration of 10�8 ppm, or 0.01 ppt. Because detection limits are
ordinarily defined at a S/N � 3, this calculation would suggest a detection limit of 0.03 ppt
for an ICP-MS instrument, roughly what is commonly quoted.

The same set of calculations for an ICP-AE spectrometer yields rather different results.
Initially, one might expect that an emission measurement would be more efficient than MS.
After all, in MS each ion can be detected only once, whereas a free atom or atomic ion can
be repeatedly excited at rates typically approaching 108 times per second. Thus, 1014

atoms s�1 (the consumption rate for a 1 ppm solution) should produce as many as 1022 pho-
tons s�1 if the atoms could all be captured and detected. In contrast, measurements made in
our laboratory and confirmed elsewhere suggest a more typical count rate of 106 per second
from a high-quality photomultiplier tube, when a 1 ppm solution is introduced into the
ICP. Accordingly, the efficiency of an ICP-AES system is even lower than that of ICP-MS!
The reason, of course, lies in the limited time that is available to observe each atom or ion as
it passes through the observation zone in the plasma (about 10�4s), the relatively small solid
angle of radiation that is captured (~0.01 sr), optical losses, and the relatively low quantum
efficiency of even the best photomultiplier tubes. In both ICP-AES and ICP-MS systems, of
course, there are additional losses imposed by the sample-introduction system, diffusion in
the plasma, and the finite efficiencies of atom and ion formation.

Of importance also is the background that is encountered in ICP-AES. Produced in part
by recombination of argon ions and electrons and by the Lorentzian wings of the many
atomic spectral lines found in the plasma, this emission background in a typical spectrom-
eter is on the order of 2 �104 counts s�1. Combined with the signal level of 106 cps, this cal-
culation yields a signal-to-background ratio of 50, which is commonly encountered. The
signal-to-noise ratio of the system can then, once again, be obtained by recognizing that
the background should be Poisson in its statistical characteristics, to yield a noise level of
just over 102, and a S/N of 104. This value for a 1 ppm solution then dictates a detection
limit in the range of 0.3 ppb, approximately what is found.

From these crude calculations, it appears that ICP-MS enjoys an advantage in S/N over
ICP-AES of a factor of 104, which experience shows is about the same as the relative limits
of detection. However, other conclusion can be derived:

(1) Both systems are rather inefficient, with ICP-AES being extraordinarily so.
(2) ICP-AES signal levels are only a factor of two or so weaker than those in ICP-MS.
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(3) Background levels in ICP-MS are far lower than those in ICP-AES.
(4) Signal and noise characteristics are all highly dependent on instrumentation and

therefore should be able to be controlled.

1.4.1 Strengths and weaknesses of ICP-AES

With these considerations as a backdrop, let us now examine the strengths and the weak-
nesses of each of the ICP spectrometric methods. The strengths of ICP-AES are listed in
Table 1.3, but deserve some elaboration. As the foregoing signal analysis indicated, a suffi-
ciently energetic environment (such as that provided by the ICP) can cause each atom to
emit as many as 108 photons per second. This high count rate enables each atom to be
examined many times, unlike in MS, and fundamentally might lead to greatly enhanced
sensitivity. Indeed, this is one of the traditional reasons why atomic fluorescence spec-
trometry (AFS) has been offered as an alternative to emission or AAS.

In addition, ICP-AES produces an extremely line-rich spectrum, permitting spectral
lines to be chosen that are ideally free from spectral overlap with those from other species
and, as outlined below, can also be used for diagnostic purposes. These lines can come, of
course, from either neutral atoms or atomic ions, again providing further information not
only about the sample but also about the ICP itself.

Unlike in atomic MS, spatial averaging is trivial to achieve in ICP-AES. In turn, spatial
averaging can improve precision, one of the principal reasons ordinarily given for employ-
ing end-on viewing and also allowing a region to be selected that is relatively free from
matrix interferences [14].

The fact that some modern AES spectrometers can measure virtually all analyte atom and
ion lines simultaneously from the ICP, along with emission features from the solvent, intrin-
sic plasma species, and those entrained from the atmosphere, opens a broad range of options
for diagnostics. For example, gas-kinetic (‘finger-burning’) temperatures (Tg) can be esti-
mated from the Doppler width of some lines, if a sufficiently high-resolution spectrometer is
employed, or can be approximated by fitting emission features of molecular species to a
Boltzmann distribution based on their rotational or vibrational progressions. Similarly,
atomic or ionic excitation temperatures (Texc) can be determined for analyte species such as
iron or for intrinsic plasmas species such as argon, merely by fitting the normalized intensi-
ties of electronic states to the Boltzmann distribution. Electron number densities, another
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Table 1.3 Strengths of AES

● 108 counts s�1 per atom
● Rich spectrum; choice of spectral lines
● Atom, ion lines
● Straightforward spatial averaging
● Convenient diagnostics

– Tg, Texc, ne, M(II)/M(I), MO, etc.
● Simple instrumentation

– Alignment (visual), familiarity
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important plasma parameter, can be estimated from the Stark-broadened line width of either
argon lines or, more commonly, the hydrogen-beta line. Atom and ion emission-intensity
ratios, so valuable for gauging plasma ‘robustness’ [15] can readily be measured for magne-
sium, and the abundance of oxides can be determined by examining the emission from
appropriate species. Moreover, all these diagnostics can be obtained on a simultaneous basis
and in a spatially resolved fashion in an appropriately designed system.

Finally, ICP-AES instrumentation is familiar to most scientists and technicians, is rela-
tively trivial to operate, and its operation can be monitored by simple visual inspection.
Alignment of the ICP source and other optics can be accomplished in a straightforward
fashion, since the light can be seen. As importantly, photons are clean and do not clutter a
spectrometer when they are introduced into it.

Despite these many strengths, ICP-AES is not without its shortcomings, some of the
most important of which are listed in Table 1.4. For example, the line-rich spectra, so use-
ful for diagnostics, also produce tremendous spectral clutter, which can promote spectral
interferences and make the identification of chosen spectral lines more difficult. As impor-
tant, measuring such a large number of spectral intervals requires spectrometers of high
resolution and either a substantial measurement time (if the intervals are measured in
sequence) or an array detector that contains an enormous number of pixels (if a simulta-
neous spectrometer is utilized).

Further, the desired spectral features and also the spectral clutter just mentioned are
superimposed on a high background, generated in part by the argon ion–electron recom-
bination continuum, in part by molecular bands that are observed in the plasma and also
from the superimposed Lorentzian wings of the large number of spectral lines emitted by
the ICP. As the calculation earlier indicated, this high background compromises detection
limits in ICP-AES. It also necessitates accurate background correction, again placing strin-
gent demands on scanning systems or on the pixel density of multi-channel units.

In comparison to detectors commonly employed in MS, those used in AES are relatively
inefficient and noisy. Whereas ions in MS strike the detector with relatively high energy (in
sector-field systems, greater than 1 keV), photons in the ultraviolet and visible spectral
regions are relatively weak (on the order of several eV). As a consequence, quantum effi-
ciencies for photon detectors in the UV-VIS are relatively low, although strides have been
made recently in solid-state devices. Moreover, this low photon energy requires that detec-
tors in ICP-AES respond to events of similarly low energy, which makes them susceptible
to thermal noise. It is for this reason that even the best solid-state detectors are ordinarily
cooled to at least �40°C.
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Table 1.4 Weaknesses of AES

● Large number of resolution elements
– Spectral clutter (‘rich’ spectra)
– Spectral interferences

● High background (continuum, bands)
● Detector noise (low work function)
● Cannot ‘see’ some oxides, multiply charged ions
● Cannot resolve most isotopes

1405135948_4_001.qxd  8/18/06  3:23 PM  Page 11



Lastly, ICP-AES is regrettably blind to some features. Many oxides, for example, do not
emit strongly, so cannot be used for diagnostic purposes. Similarly, the existence of multiply
charged ions is difficult to gauge. And perhaps most importantly, isotope-induced spectral
shifts for elements in the center of the Periodic Table are too small to be resolved by even the
best modern spectrometers and, indeed, are smaller than the observed line widths from a
typical ICP. Isotope-analysis capability is correspondingly very limited in ICP-AES.

1.4.2 Strengths and weaknesses of ICP-MS

Let us now turn to the strengths and weakness of ICP-MS. The strengths of this technique are
listed in Table 1.5. In contrast to ICP-AES, isotopic information is trivial to obtain in ICP-MS.
This information permits not only the determination of isotopic abundances, but also makes
possible the use of isotope dilution, and the improved accuracies that accompany it. Also, iso-
topic patterns are extremely useful in ICP-MS to confirm the identity of sought-for elements.
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Table 1.5 Strengths of atomic MS

● Isotopic information
– Isotope analysis, isotope dilution, diagnostics

● Simple spectrum (~240 resolution elements)
● High detector ‘quantum’ efficiency
● Low detector background
● Powerful speciation capability

Again, unlike with ICP-AES, spectra observed in ICP-MS are quite simple. Because only
the atomic mass-spectral range must be examined, 240 or so resolution elements should be
all that is required. Of course, it is often desired to measure several points across each tar-
get mass-spectral peak. Even in such cases, a spectrometer offering only 1000 resolution
elements should be adequate. It is perhaps for this reason that scanning instruments con-
tinue to dominate sales in the field of ICP-MS.

As was indicated above, the detection efficiency for atomic ions is extremely high,
approaching unity. Moreover, those ions can be measured against an almost vanishingly
low background, below 0.1 cps in the best spectrometers.

Finally, MS intrinsically provides speciation information if the right sort of source is
employed. Of course, an ICP typically produces only atomic ion spectra. However, switched
or tunable sources [16–19], based on glow discharges, low-power ICPs, microwave plasmas,
and electrospray devices have all been explored as tools that can provide both atomic and
molecular spectra. Further, it has become fairly commonplace for individuals engaged in
speciation analysis to employ two spectrometers in tandem, one that utilizes an ICP source
and the other an electrospray or electron-impact source. One device even feeds both sources
into the same mass spectrometer [20,21].

These strengths must be weighed against the weaknesses of atomic MS, listed in Table 1.6.
As was indicated above, most commercial ICP-MS units measure isotope and elements
sequentially. Not only does this custom constrain the speed of analysis, it can also limit 
isotope-ratio precision. The problem arises because fluctuations in the ICP can be faster than
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the scanning time from one element or isotope to another. In such cases, the different peaks
of interest are being measured under different ICP conditions, so precision is compromised.

Low signal levels also should be a problem in ICP-MS, since there is only one opportu-
nity to measure each atomic ion. Further, the relatively low efficiency of most ICP-MS
instruments, estimated quantitatively above, means that only about one atom in every mil-
lion or so is detected.

In contrast to ICP-AES, neutral species cannot be detected in ICP-MS, limiting its diagnos-
tic utility. Also, no spatial averaging is possible; instead, a fixed spatial location, typically
10 mm above the load coil, must be selected. As a result, it is not straightforward to use spatial
averaging or to employ spatial behavior as a diagnostic. Recent studies involving modulation
of the central-gas flow in the ICP, however, might offer a solution to this limitation [22].

Lastly, it is undeniable that mass spectrometers are more complex and costly than emis-
sion spectrometers. They require vacuum pumps, entrance apertures, and ion optics with
which many chemists are not comfortable. Furthermore, unlike in an atomic emission
spectrometer, the sample is sent directly into an ICP-MS unit, and can erode, corrode, or
block orifices, collect on ion optics, and foul detectors. Moreover, an ion beam cannot be
visually inspected, a fact that complicates alignment and instrument troubleshooting.

1.4.3 ICP limitations

Of course, some of the present limitations in ICP-AES and ICP-MS arise from the source
itself. Some of these limitations are compiled in Table 1.7.
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Table 1.6 Weaknesses of atomic MS

● Sequential isotopic measurements
● Limited speed (for speciation, etc.)
● Low signal levels (1 count per atom)
● Low efficiency (1 atom in 107 detected)
● Cannot ‘see’ neutrals
● No spatial averaging in plasma
● Complexity (vacuum, contamination, etc.)
● Cost

Table 1.7 Source limitations

● High background (in AES)
● Limited signal levels 
● Spectral interferences
● Matrix interferences

– Incomplete atomization
● Speciation capability

– Virtually full atomization
● Precision, stability
● Sample-utilization efficiency
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From the standpoint of AES, and as detailed earlier, the intense and complex back-
ground of the ICP promotes spectral interferences, constrains detection limits, and neces-
sitates the use of costly high-resolution spectrometers. At the same time, signal levels
generated by the plasma are undesirably low, especially for atomic MS, in which each 
ion can be detected only once. In part, this limited signal arises from inefficiencies in 
the sample-introduction equipment, but is also an unavoidable consequence of sample
dilution that occurs when an aerosol is introduced into the high gas flows typical of
an ICP. Moreover, there is the added complication of collecting a large solid angle of radi-
ation in AES or in efficiently extracting ions into a mass-spectrometer interface for MS
detection.

Spectral interferences, too, are a consequence of imperfections in the ICP. In AES, such
interferences arise from the large number of spectral lines emitted by each element and by
emission features of the plasma support gas, of sample-matrix components, and of atmos-
pheric constituents entrained into the plasma. In ICP-MS, such interferences more com-
monly develop from overlaps between isotopic peaks of interest and those from
polyatomic species generated from the sample material or, commonly, from a combination
of atoms from the sample and the argon support gas.

Matrix interferences also affect both MS and AES, but for different reasons and in dif-
ferent ways. To some extent, such interferences arise from the fact that sample atomization
is incomplete, even in a source with as high a thermal temperature as the ICP. More impor-
tantly, atomization is not consistent and varies from sample to sample and between sam-
ples and standards. Other matrix interferences arise in AES because of changes in plasma
excitation conditions that the sample matrix generates and in MS because of ‘space charge’
effects. Such effects essentially involve Coulombic repulsion among ions in the beam
extracted from the ICP. Because of the high ion currents in such a beam, positively charged
sample ions can repel each other, so lighter ions are driven from the center of the beam and
experience lower transmission efficiency.

Speciation capability is also compromised when an ICP is used because atomization,
although not complete, is sufficient to mask the original chemical form in which an element
was introduced.

Limited precision also is a consequence of ICP shortcomings. Whether the measure-
ment be by AES or MS, typical precision values for the examination of a single spectral line
or a single isotope are on the order of 1–5% RSD, insufficient for many applications. Some
of this instability arises from the sample-introduction system, but some also from plasma
tail-flame waver and from vortex instabilities that surround the plasma and induce ‘whis-
tle’ noise in measured signals.

Lastly, and as outlined earlier, samples are not utilized as efficiently in the ICP as would
be desired. Although recent reports [23] indicate that as many as 1 atom in 1000 can be
detected by ICP-MS, few existing instrumental systems are capable of such performance.
Without doubt, the ICP is still a long way from providing the single-atom detection capa-
bility that many have sought [24].

Fortunately, there appear to be ways to retain the strengths compiled in Tables 1.3 
and 1.5 but to overcome the weaknesses outlined in Tables 1.4, 1.6, and 1.7. Some of
these potential solutions, listed in Table 1.8, suggest possible future directions in ICP 
spectrometry.

14 Inductively Coupled Plasma Spectrometry and its Applications
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1.5 Potential directions in ICP spectrometry

First, sample-introduction systems must be improved further. To be sure, dramatic strides
have been made in the last decade, in which it was rediscovered that reduced sample-solution
flows into a pneumatic nebulizer result in dramatic improvements in efficiency [25]. Yet,
many additional improvements are to be desired. For example, spray chambers with faster
wash-out times are needed [26], especially for coupling with inherently transient sample-
introduction techniques such as flow-injection [27]. Recent efforts to model spray cham-
bers in a fundamental way should help in this direction [28,29]. Such fast wash-out systems
should also generate higher peak signals and thereby offer better detection limits. In 
addition, a great deal more effort is needed in the area of solid-sample analysis, especially
when each sample must be analyzed in a three-dimensional spatial fashion. Greater knowl-
edge and improved systems for laser ablation [30–38] offer a temporary and partial solu-
tion; additional opportunity might exist because of recent developments in atmospheric-
pressure glow discharges designed for sample volatilization.

Alternatives for sources that produce a lower background or those that generate atomic
resonance lines directly, for AES applications, will be described in more detail below.

Atomization efficiency in the ICP could be enhanced and spectral background potentially
reduced by designing a source with an extended sample-residence time. Spatially extended
ICPs have already been explored [39,40] but it might be more efficient in some applications
to consider a completely enclosed source [41–43], one that uses a very low flow of argon [44],
or one in which atoms generated in an ICP-like source are extracted into a lower-pressure
volume in which residence time is increased [45]. Not only will such schemes likely improve
atomization efficiency, they will permit the AES-based measurement of atoms for longer
periods, thereby promoting sensitivity.

It has already been shown that some sources can be switched or tuned in operation to 
provide alternately an atomic or molecular mass spectrum [17–19]. There are additional
ways in which such source tuning might be employed to provide more information about
the chemical composition of the sample being analyzed. With the introduction of TOFMS
to the ICP arsenal, simultaneous-reading mass spectrometers are already available and have
shown their capability in measuring samples more rapidly, in providing high-precision,
multielement isotope ratios, and simplifying the measurement of transient samples 
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Table 1.8 Potential solutions

● Better sample-introduction systems
● Source with lower background (for AES)
● Atomic resonance-line source (for AES)
● Source with extended residence time
● ‘Switched’ sources for speciation
● Simultaneous-reading mass spectrometers
● Higher-resolution emission spectrometers
● Faster emission and mass spectrometers
● Intelligent instrumentation
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produced by flow-injection, laser ablation, ETV, or chromatography. These capabilities will
be offered also by a new generation of multi-channel mass spectrometers [46–53] similar in
concept to the multi-channel emission spectrometers that have long been on the market.

Similarly, the resolution of conventional emission spectrometers could be improved by
coupling them with auxiliary front-end or back-end devices. An obvious such device is a
Fabry-Perot (F-P) interferometer. However, such optical systems are ordinarily limited to
only a narrow range of wavelengths, beyond which the finesse of the interferometer, and
therefore its resolution, begin to suffer. Yet, alternative ways, to be described shortly, might
offer a solution.

Finally, faster and more intelligent emission and mass spectrometers seem likely to be
developed in the future. Continuing improvements in the speed and efficiency of multi-
channel photon detectors and advances in high-speed electronics useful for TOFMS and
simultaneous multi-channel mass spectrometers will likely change the face of the instru-
mentation market. Further, it seems reasonable that the diagnostic capability already
inherent in emission spectrometry be made available also for use by a mass spectrometer.
For example, a moderate-resolution emission spectrometer aligned to examine the ICP
itself or the ion beam extracted from it into the first stage of a mass spectrometer could be
used potentially to predict whether matrix or spectral interferences are likely to exist and,
if so, to devise a means to correct them.

Let us now revisit a few of the points listed in Table 1.8, in order to clarify and amplify
them. First, source background, whether from an ICP or another device, might be reduced
by a number of different approaches. In many cases, these approaches were described in
what would now be regarded as ancient literature. The interested reader, especially the
young spectrochemist, is therefore urged to examine this earlier literature for potential
clues about what might happen in the future. As a wise person once said, ‘Six months in the
laboratory can save you as much as an hour of library time’.

One possible approach to narrowing detected spectral lines is portrayed in Fig. 1.1.
Termed ‘selective spectral-line modulation’, this scheme provides an effective narrowing of
the spectral bandpass of any optical monochromator or spectrometer with which it is
combined. It involves interposing an atom reservoir between the emission source and the
detector. When the concentration of atoms in the reservoir is raised and lowered, atomic
absorption goes up and down accordingly. However, because only the absorption lines of
atoms in the reservoir undergo this modulation, only the resonance lines corresponding 
to those transitions will be similarly modulated. As a result, an alternating current (AC)
detector tuned to the atom-modulation frequency detects only spectral lines corresponding
to the atoms being modulated. As importantly, the effective bandpass of the modulation
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Figure 1.1 Schematic diagram of apparatus for performing selective spectral-line modulation.
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process is equal to the absorption line width of atoms in the reservoir, ordinarily much
narrower than a conventional monochromator or spectrometer can provide.

Of course, selective spectral-line modulation requires a modulated atom reservoir. Past
studies have shown that the reservoir can be constructed from flames, hollow cathode
lamps, or other kinds of glow discharges [54–58]. Understandably, however, it might be
difficult to fashion a modulated atom reservoir that covers the entire suite of elements
whose simultaneous determination is desired.

A similar but more direct approach would be to modulate the concentration of the ana-
lyte itself. In this concept, only the desired species (the analyte) would be modulated in
concentration, so a detector tuned to the modulation frequency would ignore any direct
current (DC) background or other species whose concentrations are not being varied.
Regrettably, no method for true analyte modulation has yet been devised; the closest strat-
egy is one that involves sample modulation [59]. Unfortunately, in sample modulation all
species present in the sample (including those that might cause spectral or matrix interfer-
ence) are modulated along with the analyte so that some selectivity is compromised.

A tandem source [16,45,60–63], shown in Fig. 1.2a and b, offers another potential 
solution to the source-background problem. In such a tandem source, shown in Fig. 1.2a,
two devices are connected in series, each of which is intended to perform a specific func-
tion that leads to signal generation in emission or MS. For example, the first source might
have the responsibility of converting a sample solution into free atoms useful for analysis,
while the second source has the job of exciting or ionizing the sample atoms. In such an
arrangement, each source can be tailored to perform its intended function with the great-
est possible effectiveness; the result might be improved atomization efficiency, higher sig-
nal levels, lower background, and the ability to perform speciation better. In the latter
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instance, the effective temperature (Tg) of the first source might be switched or tuned
between one mode in which samples are fully atomized and another in which they are
merely fragmented, so a fragmentation mass spectrum could be produced.

A modification of a tandem source, shown in Fig. 1.2b, involves introducing the effluent
from the first source into a second source held at reduced pressure. Of course, a vacuum
interface will be needed in this second arrangement, which might reduce efficiency some-
what. However, it is likely that the second source would exhibit under these conditions a
lower background emission and possibly more efficient excitation or ionization, depend-
ing on whether emission or MS is to be employed.

Another way to achieve lower backgrounds from even an existing source such as the ICP
would be to employ the selective-excitation scheme shown in Fig. 1.3. In this arrangement,
which depends on the availability of a group of narrow-band excitation sources, emission
from selected resonance lines in the atomization cell would be excited by external sources
tuned to each respective wavelength. Of course, those familiar with the history of atomic
spectrometry will realize that this arrangement is nothing more or less than atomic fluo-
rescence, which seemed at one time to be the likely successor to AAS. Now, however, recent
advances in solid-state laser technology [64–67] urges that the benefits of this arrangement
be reconsidered. AFS offers a number of important advantages over emission spectrome-
try, including a freedom from excited-state quenching effects, more intense spectral lines,
and a potentially lower background. Furthermore, as Fig. 1.3 suggests, light from all ele-
ments can be measured in a truly simultaneous fashion, by employing the charge coupled
and charge injection devices (CCD or CID) based spectrometers that are already available.

Another approach based on AFS is the resonance monochromator [68–71], diagrammed in
Fig. 1.4. In this case, fluorescence is not excited from atoms or ions in the ICP (or other atom-
ization source) but rather is used to narrow the bandpass of detected radiation. Broadband
light, emitted for example by an ICP in a conventional fashion, falls on an atom cloud, the con-
centration and composition of which is controlled. For example, if it is desired to determine
cadmium, the atom cloud would consistent entirely of cadmium atoms. As a result, the only
radiation seen at right angles to the incoming broadband light would be fluorescence 
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corresponding to the narrow spectral lines of cadmium. Any detector or spectrometer posi-
tioned in that direction would then be selective for cadmium and would be virtually free of
contributions from broadband light or other (non-cadmium) spectral features emitted by the
ICP. Also, the bandpass of the detected radiation will correspond to the absorption line width
of the cadmium atoms in the cloud, thereby further lessening the likelihood of spectral inter-
ference. Unfortunately, like the selective spectral-line modulation approach, the use of a reso-
nance monochromator necessitates that an atom cell be available that contains all the elements
whose determination is desired. Just as hollow cathode lamps are practically limited to emit-
ting the spectra of only a few elements at a time, the resonance monochromator is similarly
likely to be limited. For this reason, it might be desirable to employ as a resonance monochro-
mator an alternative form of atom reservoir such as a chemical flame. Although two ICPs
could also be employed, in the configuration termed ASIA (Atomizer, Source, ICP in AFS)
[72], this arrangement has the disadvantage that some background features from the source
ICP would be emitted also by the second source.

Let us now consider alternative spectrometers that might overcome some of the limita-
tions expressed in Table 1.4 and in part in Table 1.6. First, a miniaturized high-resolution
spectrometer might be fabricated in the fashion diagrammed in Fig. 1.5. In this concept, a
F-P interferometer is employed to achieve the narrow spectral bandpass desired in an emis-
sion spectrometer. Unfortunately, as was indicated earlier, such an interferometer produces
high resolution only when narrow-band, high-reflectivity multilayer dielectric coatings are
employed in its fabrication. In turn, such coatings usually restrict use of the device to a nar-
row range of wavelengths. In the interferometer of Fig. 1.5, however, each area element of the
two mirrors that constitute the interferometer is coated to provide high reflectivity for only
the narrow range of wavelengths surrounding the desired spectral-line. Finesse and trans-
mission at those wavelengths is therefore high. In addition, each corresponding location in
the array also is coated with its own multilayer interference filter, to eliminate intrusion of
other spectral lines from higher or lower order of the interferometer. This scheme depends,
of course, on light being transmitted through the interferometer in parallel rays; however,
that condition is a requirement for proper operation of the interferometer anyway. An array
detector placed behind the F-P mirror combination would then detect all the desired spectral
intervals at once.

Because the concept shown in Fig. 1.5 might be fabricated in a mass-produced 
fashion, it should not be prohibitive in cost. It should also be extremely robust, since 
spacing between the two mirrors and each of the transmitting elements can be fixed and
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therefore inherently very stable; the combination could then be affixed directly onto a
detector array.

In the realm of ICP-MS, it is appropriate to question whether alternative forms or com-
binations of mass spectrometers are likely to make inroads on the entrenched position of
the quadrupole and sector-field instruments now on the market. Three manufacturers now
offer TOFMS systems, but so far those units appear to be employed for specific applications,
such as when transient samples must be examined. Similarly, an ion-trap ICP mass spec-
trometer is commercially available, but sales to date appear to be low. The use of Fourier-
transform MS in conjunction with an ICP source has been explored, but the cost of such
systems seems prohibitive, and the dynamic range they offer is likely far too limited.

Perhaps the most promising alternative now on the scene is a sector-field spectrometer
coupled with an array detector. Such a combination has largely been used to examine a
broad mass range in a simultaneous fashion [13,46,47,49–53,73]. However, it could just as
well be utilized in a ‘sequential (or windowed) slew-scan’ manner [74], similar to that of
some commercial emission spectrometers. In this approach, a multi-channel array detec-
tor would examine a limited mass range at a time, with a high enough resolution (say,
R � 10 000) that mass-spectral overlaps are of little concern. After each spectral interval is
so examined, the spectrometer could be rapidly slewed to the next spectral region, and so
on. In this way, the dual benefits of high mass resolution and rapid mass-spectral acquisi-
tion would be realized.

Another potentially attractive combination is that of quadrupole MS and TOFMS. Such
a combination would offer tremendous flexibility. When full-mass-range, rapid spectral
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acquisition is needed, the quadrupole unit would function as either a band-reject filter or
a collision cell to remove undesired species (e.g. polyatomics) from a mass spectrum. The
collision cell would also serve to reduce the velocity of the incoming beam and thereby
improve the duty factor of TOFMS. At the other extreme, the same combination could be
used in a high-precision isotope-ratio mode on an element-by-element basis. In this mode,
the quadrupole mass filter would isolate the isotopes of a specific element for transmission
into the extraction zone of the TOFMS. The TOFMS would then deflect all ions except
those in the mass range transmitted by the quadrupole unit; as a result, the duty factor of
the TOFMS could be raised to approximately unity, so all the ions introduced into it could
be determined. Because each TOF mass spectrum would be extracted at the same moment
from the quadrupole filter, isotope-ratio precision should approach that limited by Poisson
statistics [75].

1.6 Concluding considerations

It is hoped that the foregoing discussion offers a few attractive alternatives for instrument
and technique development in the field of ICP spectrometry. Regrettably, perhaps, the nar-
rative no doubt raises more questions that it answers. A few explicit questions are those
that follow.

● Can ICP-AES remain competitive with ICP-MS?
● What is the future of ICP-TOFMS, ICP-ion trap MS, and ICP-array detector MS?
● Are there other sources that can compete with the ICP?
● How can speciation best be performed whether or not the ICP is retained as a dominant

source?
● What new applications areas will appear?

In trying to answer these questions, future spectrochemists face a number of dangers and
competing needs. They cannot afford to ignore applications, for if a method or new instru-
ment has no application, of what use is it? On the other hand, it is dangerous for those in
our field to become too wedded to applications; instrumentation and method develop-
ment will no doubt stagnate and our field will become one of strictly service to other com-
munities. Furthermore, we cannot afford to emphasize one source, one spectrometer, or
one method. The strength of analytical science is its flexibility and we must use that flexi-
bility to blaze new paths for the future.

We must not all follow the same paths. It is human nature, of course, and perhaps even
more so for physical scientists, to pursue the most recent developments. An example over
the last several years is the jump toward studying ion–molecule reactions that occur in 
collision and reaction cells used in ICP-MS. Slavish following of scientific trends is dan-
gerous because it discourages pursuit of new research directions and fosters only incre-
mental research gains. Because many people are working with the same instrumentation
and following the same research paths, each person’s goals must then of necessity be short
term, and increments in development correspondingly small. Overall, scientific trendiness
stifles innovation and creative thinking. This point was perhaps made best by the late
physicist Richard Feynman, who stated ‘In a less crowded field, among shorter yardsticks,
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a novelist would not just have seemed bigger, he would have been bigger.’ [76]. That is, in a
less crowded field, the novelist (read ‘scientist’) could attack bigger, less fragmented prob-
lems and thereby make more important gains.

There are clear paths downhill, reflected in statements witnessed at every conference, in
many discussions, and in some manuscripts. These statements are stifling, self-defeating,
and destructive: ‘We did that 15 years ago’, ‘The ICP is a solved problem’, ‘That will never
work’, ‘If it isn’t bioscience, it isn’t important’, ‘That’s outside my field of interest’, ‘It’s too
applied for me’, ‘It’s too fundamental for me’, ‘If I didn’t invent it, it’s not worth doing’. The
reader can no doubt add a few similar statements from personal experience.

On the other hand, we can all work to improve our field, to make it grow and retain its
vibrancy. We should strive toward instruments that diagnose and correct themselves. We
should aim for sub-micrometer spatial resolution in solids, in three-dimensions. We
should try to measure all, the signal from every element, from every isotope, all the time.
We should search for ways to take measurements even below the fundamental noise limit.
We should strive to devise a truly standardless method in ICP spectrometry, especially for
solids. And finally, we should try for truly multi-dimensional, information-rich analytical
schemes that employ the ICP and atomic spectrometry. In the future, I hope to see our
techniques and technologies utilized for the complete analysis of metalloproteins and to
witness the integration of informatics and atomic spectrometry. Human–computer inte-
gration to yield ‘artificial intuition’ seems possible and the use of atomic spectrometry in
space exploration appears to be inevitable.

In conclusion, it is useful to reiterate one of the earlier points made in this discussion, a
point perhaps made most forcefully in the 1965 survey of chemistry made by the National
Academy of Sciences of the United States (the ‘Westheimer report’). In that report it is
stated that ‘… many of the most important and original developments in chemistry will …
be unexpected’.
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Chapter 2

Fundamental Principles of Inductively
Coupled Plasmas

Jean-Michel Mermet

2.1 Principles of inductively coupled plasma generation

A plasma is an ionized gas that is macroscopically neutral (i.e. with the same number of
positive particles (ions) and negative particles (electrons)). If a monoatomic gas, X, is used,
a plasma can be described by the following equilibrium:

where Xn� is an ion with n charges and e is the electron. Some properties of ideal gases such
as the pressure and the volume still apply in contrast to other properties such as the vis-
cosity and the thermal conductivity that significantly differ from those of ideal gases,
because of the presence of charged particles. When argon is used as the inductively coupled
plasma (ICP) plasma gas, the only Ar ions that are observed are the singly ionized Ar ions.

In contrast to a flame, it is necessary to supply an external energy in the form of an elec-
trical field in order to ionize the gas and to sustain the plasma, which, in turn, will transmit
part of this energy to the sample to atomize, ionize and excite it. Plasmas may be classified
according to the kind of electrical field that is used to create and sustain the plasma:

● direct current plasma (DCP) is obtained when a direct current field is established across
electrodes,

● ICP is obtained when a high-frequency (hf) field is applied through a coil,
● microwave-induced plasma (MIP) is obtained when a microwave field is applied to a cavity.

Historically, the DCP was the first described and commercialized plasma. However, the
ICP is currently the most commonly used plasma because of some unique properties.
Originally, the ICP was designed for the production of crystals [1,2]. The first analytical
applications of the ICP were published in 1964 [3] and 1965 [4]. Various names were used
(e.g. induction-coupled plasma spectrometric excitation source [4], hf plasma source [5],
induction plasma [6], induction-coupled, radio-frequency (rf) plasma torch [7]), before
the term ICP and its corresponding acronym, ICP, were used [8].
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The gas that is used to generate the plasma (plasma gas) is argon. Like any noble gas,
argon is a monoatomic element with a high ionization energy (15.76 eV), and is chemically
inert. Consequently:

(i) a simple spectrum is emitted by argon in contrast to a flame where primarily molecular
spectra are observed;

(ii) argon has the capability to excite and ionize most of the elements of the Periodic Table;
(iii) no stable compounds are formed between argon and the analytes.

It should be noted, however, that some unstable molecular excited or ionized species can
be formed within the plasma (e.g. ArH). They usually dissociate after their de-excitation.
Argon is also the cheapest noble gas, as its concentration in the air is 1%. The only limita-
tion in using argon is the poor thermal conductivity of this gas compared with molecular
gases such as nitrogen and hydrogen.

The hf field is produced by a rf generator (see Chapter 3) and accelerates the electrons.
These electrons will ionize the plasma gas:

e � Ar → Ar� � e � e

Then, through the process of radiative recombination, the argon ions are recombined with
electrons to lead to excited argon atoms and to a significant background:

Ar� � e → Ar* � h�

This background is mainly produced by the process of radiative recombination in the
ultraviolet (UV) region, while bremsstrahlung must also be taken into consideration in the
visible part of the spectrum [9,10]. Except for the resonance lines that are located at
106.7 nm and 104.8 nm, there are no argon atomic lines below 300 nm.

In atomic emission spectrometry (AES), a source will have actually two roles: the first
step consists of the atomization of the sample to be analyzed so as to obtain free analyte
atoms, usually in the ground state, the second step consists of a partial ionization of the ana-
lyte atoms, and of the excitation of the atoms and the ions to higher-energy states. The
plasma acts as reservoir of energy provided by the rf field, and transfers this energy to an
analyte, M. It should be noted that the atomization of a sample is a relatively long process
(of the order of a few ms), while ionization and excitation are very fast processes. Various
ionization and excitation processes have been suggested [11–33] resulting from the presence
of species that are obtained during the plasma generation. The major species are not only
the argon ions, Ar�, and the electrons, e, but also the excited argon atoms, Ar*, with the spe-
cial case of the metastable levels, Arm [11,13,23,34]. The main ionization processes are:

the charge-transfer ionization,

Ar� � M → M�* � Ar

the electron-impact ionization,

e (fast) � M → M� � e (slow) � e (slow)
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the Penning ionization,

Arm � M → M�* � Ar

while the main excitation processes for the analyte atom are:

the electron impact excitation,

e � M → M* � e

and the ion–electron radiative recombination,

M� � e → M�* � h�

It has been possible to explain the observation of species such as Mg�* through the charge
transfer process [21,27,30], but no general evidence has been given so far to explain the
processes involved for each element. However, some simple rules can be given. Ionic lines
will be more sensitive than atomic lines when their sum of ionization and excitation ener-
gies is below the ionization energy of Ar (i.e. 16 eV) [21]. This is the case for elements such
as Al, Ba, Be, Ca, Ce, Co, Cr, Fe, Hf, Hg, In, Ir, La (and rare earths), Mg, Mo, Nb, Ni, Os, Pb,
Sc, Sn, Sr, Ta, Th, Ti, U, V, W, Y, Zn, and Zr. Al is a good example of this rule, since the only
ionic line that fulfills this requirement is the Al II 167 nm line, which is the most sensitive
Al line [21]. In contrast, atomic lines are the most sensitive ones for elements such as Ag,
As, Au, B, Bi, Ga, Ge, K, Li, Na, Rb, S, Sb, Se, and Si. Usually, the use of atomic lines lead to
a degradation of the sensitivity. Only a few elements exhibit atomic and ionic lines of sim-
ilar sensitivities, Cu, Pd, Pt, Rh, and Ni.

2.2 Equilibrium in a plasma

Two laws are used to describe equilibrium in a plasma: the Boltzmann law to describe the
equilibrium between the population of the various levels within the same ionization state,
including both excited and ground states, and the Saha law to describe the equilibrium
between the population of two successive ionization states.

If we consider the population nm and nk of the excited level Em and Ek, respectively, their
ratio can be given by the Boltzmann law:

(2.1)

where k is the Boltzmann constant (k � 1.380 � 10�23 J K�1 � 0.695 cm�1 K�1 �
8.617 � 10�5 eV K�1), T is the temperature of the radiation source (called here the excita-
tion temperature) and g is the statistical weight (g � 2 J �1, J being the total electronic
angular momentum quantum number). As the population of excited levels is proportional
to the exponential of (�E), the population decreases very rapidly when E increases. The
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use of a plasma permits the obtaining of a high excitation temperature, typically between
3500 and 7000 K, which will increase the population of the upper levels. In the case of the
ground state, E � 0, and:

(2.2)

In order to relate nm to the total population of the levels of the atom (or the ion), N

N � n0 � n1 � … � nm � … (2.3)

it is possible to sum the terms such as gm � exp (�Em/kT) for all possible levels and to define
the partition function, Z, as follows:

(2.4)

The Boltzmann law is modified to:

(2.5)

The partition function is, therefore, a function of T. However, in the range of temperatures
observed in an ICP (i.e. 3000–7000 K), this variation may be small or negligible.

The Saha equation is:

(2.6)

where k and h are the Boltzmann and Planck constants (h � 6.626 � 10�34 J s �
3.336 � 10�11 cm�1 s), respectively, Eion is the ionization energy between the q and q � 1
ionization states, m0 is the electron mass, and Z is the partition function. When the densi-
ties are expressed in m�3, the Z equation becomes:

(2.7)

The temperature used in the Saha equation is called the ionization temperature.
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2.3 Line intensities

If the transition occurs between an upper level, Em and a lower level Ek, radiation is emit-
ted whose frequency � is given by:

h� � Em � Ek (2.8)

where h is the Plank constant. In AES, wavelength � is commonly used instead of frequency
with:

(2.9)

where c is the velocity of light (c � 299 792 458 m s�1). Wavelengths used to be expressed in
angström (Å). They should be expressed in nm (10�9 m).

Quantitative analysis will be possible if the intensity of the line can be related to the con-
centration of the emitting species. The intensity of a line is proportional to:

(i) the difference in energy between the upper level, Em, and the lower level, Ek, of the
transition,

(ii) the population of electrons, nm, in the upper level, Em,
(iii) the number of possible transitions between Em and Ek per unit time. This value is

expressed by the transition probability A, and has been defined by Einstein. There-
fore, the intensity I is proportional to:

I � (Em � Ek) Anm (2.10)

As seen above, it is possible to relate the population nm to the total population N through
the Boltzmann equation. The intensity of a line can be, therefore, written as:

(2.11)

where � is a coefficient to account for the emission being isotropic over a solid angle of 4�
steradian.

When a radiation source is stable enough to exhibit a constant temperature, the function
of partition, Z, will remain constant, and the number of atoms (or ions) N will be propor-
tional to the concentration, c. For a given line of the element to be analyzed, gm, A, �, and
Em are constant. Therefore, I is proportional to c, which makes it possible to conduct quan-
titative analysis. In this instance, relative quantitative analysis is conducted. It should be
noted that, in the case of a constant concentration of the analyte, any small variations in
the characteristics of the plasma source can lead to a variation in the temperature, and a
subsequent variation in the line intensity, because of the change in the population of the
excited level. When considering the resonance Al I 396.15 nm line (Em � 25 347 cm�1), an
increase of 100 K in the temperature of the radiation source will correspond to an increase
in the exponential term (�Em/kT) of about 50% and 5% at 3000 and 6000 K, respectively.
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This explains why good stability of the source characteristics (i.e. forward power and gas
flow rates), is required so as to obtain good repeatability and reproducibility and to avoid
any drift of the analytical signal.

2.4 Line profiles

The line profile is the distribution of the spectral intensity within the line. The maximum
value of the line profile function is the peak intensity, and the shape of the line profile is
usually represented by the width measured at half the maximum intensity. This line width,
	�, is also called the full width at half maximum (FWHM). The wing of the line is the part
of the line profile that is below 1% of the maximum intensity. Two major causes of line
broadening explain the physical line widths, 	�L, observed for analyte lines in an ICP: the
Doppler effect and the collisional broadening. The Doppler effect originates from the motion
of the emitting particles, because of the kinetic temperature of the media. The velocity, v,
of the particles is related to the kinetic temperature, Tkin:

(2.12)

where m is the mass of the emitting particle. The FWHM corresponding to the Doppler
effect, 	�D is then:

(2.13)

where M is expressed in atomic mass unit.
The lowest values of the Doppler FWHMs are then for heavy elements and for wave-

lengths in the UV, such as Au II 200.08 nm (0.8 pm), Cd I 228.80 nm (1.2 pm), and Ba II
233.53 nm (1.2 pm) while the largest values are for light elements (e.g. Be II 313.11 nm
(5.9 pm)). The actual range is 0.8–6 pm.

Collisional broadening results from the collisions between the analyte ions and atoms and
the neutral Ar atoms. This broadening is also called pressure broadening, because its magni-
tude depends on the number of collisions, and therefore, on the pressure. Calculation is far
more complex than for the Doppler effect. Calculations are usually based on the hypothesis
of a Van der Waals potential; that is, the shift of the circular frequency of the emitting atoms
is inversely proportional to r6, r being the distance between the analyte and argon atoms [35].
The a-parameter described the ratio between the two FWHM values:

(2.14)

The a-parameter varies for most lines between 0.1 and 0.5 [35–36]. These a-values mean
that the FWHM resulting from the pressure broadening, 	�VdW, is lower than that
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observed for the Doppler effect. In other words, the Doppler effect predominates at the
FWHM level. An example of calculation is given in Fig. 2.1 for the Ca I 422.7 nm line.
Compared to the values previously mentioned, the physical line width resulting from the
two effects is then 0.9, 1.5, and 1.5 pm for the Au II 200.08 nm, Cd I 228.80 nm, and Ba II
233.53 nm lines, respectively, which is close to the Doppler FWHM values. In marked con-
trast, the pressure broadening is predominant along the wing of the lines because of the
Lorentzian shape of the pressure broadening, while the Doppler broadening is described
by a Gaussian profile. This contribution of the pressure broadening can be significant [35],
even far from the central wavelength (Fig. 2.2). A consequence is that the wing intensity
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from a sensitive line emitted by a major element can be significant compared to that of an
analyte line located in its vicinity. Moreover, this can result in a background that is curved.

Stark effect results from the electrical field produced by the charged particles. The effect
is very strong on hydrogen lines, in particular on the H
 486.1 nm line (see Section 2.7),
and significant on some Ar lines located in the 500–600 nm region. Only a few lines from
other elements are sensitive to the Stark effect (e.g. the Mg I 237.6 nm line). Computation
led to a Stark FWHM of 26 pm for this line, while the Doppler FWHM and the pressure
broadening FWHM were 2.8 and 5.2 pm, respectively. In this case, the Doppler broadening
was the smallest effect [35].

It should be noted that, in some cases, hyperfine structure can be observed for some
analytical lines. Some classical examples are the Bi I 206.17 nm and the Ho II 374.82 nm
lines, with a physical line width of 13.5 and 32.6 pm, respectively, while the Doppler width
was only 0.8 and 1.7 pm, respectively [36].

The values of the physical line widths generally observed in the ICP can lead to specifi-
cations for the practical resolution of the dispersive system. Ideally, a practical resolution
of less than 1 pm should be necessary to fully resolve the narrowest lines. In any case, two
lines with a similar intensity could be totally resolved if they would be separated by a dis-
tance of at least 2 pm. Actually, the best commercially available systems provide a resolu-
tion in the UV around 5 pm [37], which means that a full separation is obtained for lines
with a distance of at least 10 pm.

2.5 Temperature definitions

Several temperatures have been previously mentioned: the kinetic temperature, Tkin, which
corresponds to the motion of the particles, the excitation temperature, Texc, which describes
the Boltzmann equilibrium, and the ionization temperature, Tion, which describes the Saha
equilibrium. It is necessary to add the electron temperature, Te, which is related to the
velocity of the free electrons. The rotational temperature, Trot, is related to the vibra-
tional–rotational excitation of molecules or radicals that are still present in the ICP, such as
N2

� and OH. The rotational temperature is often assumed to be similar to the kinetic tem-
perature (see Section 2.11).

Plasmas are composed of species with a very large difference in mass: the electrons and
the heavy Ar particles. Following energy deposition through the hf field, the two species
will exhibit fast relaxation processes towards two different Maxwellian distributions, that
is, two different kinetic energies with Te and Tkin, the kinetic temperature of the electrons
and the heavy particles, respectively. The second process where the two sub-systems would
tend to thermal equilibrium with only a single temperature is usually very slow due to the
poor efficiency of the energy transfer between the electrons and the heavy particles.
The ICP belongs to the category of thermal plasmas where there is a correlation between
the behavior of the electrons and the heavy particles (i.e. Tkin tends to Te). Thermal plas-
mas should be close to being in local thermodynamic equilibrium (LTE) (i.e. all the 
temperatures should be similar). Practically, this is not the case and it is observed that (see
Section 2.11):

Trot � Texc � Tion � Te
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Although knowledge of the various temperatures is not sufficient to explain the various
processes in the ICP, their measurements are most helpful for the optimization of the
plasma conditions so as to obtain good analytical performance in terms of atomization,
excitation, and ionization processes.

2.6 Temperature measurements

Two different types of spectrometric methods can be used for temperature measurements:
passive methods where no interaction with the plasma is produced, and active methods
where a perturbation is brought to the plasma, generally by means of a laser [38]. Measure-
ment of line emission intensities and line profiles belong to the former category, while laser
scattering belongs to the latter one. Usually, passive methods can be applied to at least some
commercially available ICP systems, while active methods require sophisticated devices
and can only be used in some dedicated laboratories [39].

2.6.1 Kinetic temperature measurement

The kinetic temperature, Tkin, can be obtained by measuring the Doppler width. However,
some requirements must be fulfilled:

(i) The Doppler effect must be predominant at the FWHM level.
(ii) The a-parameter value must be known in order to calculate the contribution of the

pressure broadening in the physical line width.
(iii) The practical resolution of the dispersive system should be lower than the physical line

width.

These requirements explain why a limited number of lines can be used for this purpose,
because the practical resolution of the commercially available ICP spectrometers is 5 pm at
the best. Practically, only lines such as the Be I 234.61 nm [36] are used.

The first step is to measure the practical resolution (or instrumental broadening) of the
dispersive system near 230 nm. The experimental (or effective) line width, 	�exp, is related
through a quadratique function to the physical line width, 	�L, and to the practical reso-
lution, 	�ins:

(2.15)

When the physical line width is known, it is then easy to deduce the value of the practical
resolution from that of the experimental line width. Practically, because 	�ins is higher
than 5 pm, the use of a narrow line such as the Cd I 228.80 nm line (	�L �1.5 pm) makes
it possible to obtain directly the value of 	�ins from 	�exp, because the value of 	�L

becomes negligible. Once 	�ins has been determined, it is then possible to measure the
physical line width of the Be I 234.61 nm line using the same relation:

(2.16)	 � 	 � 	l l lL exp
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Then, it remains to determine the contribution of the Doppler effect in the physical line
width, knowing that the a-parameter is 0.1 in the case of the Be I 234.61 nm line [36].

The relation between the physical line width, the Doppler width and the pressure width
is given by:

(2.17)

It can be then easily deduced that for the Be I line:

(2.18)

From Equations (2.13), (2.16), and (2.18), it can be obtained, with M � 9.01:

(2.19)

when 	�ins �� 	�exp (Cd I 228). For example, if 	�exp (Be I 234) � 7 pm and 	�exp (Cd I
228) � 5 pm, Tkin is then equal to 6700 K.

2.6.2 Rotational temperature measurement

The rotational fine structure of electronic bands such as B2�
u �X2�

g for N2
� (first nega-

tive system) and A2� � X2� for OH can be used to determine the rotational temperature.
To resolve the band structure, a scanning monochromator is required (i.e. a sequential sys-
tem), with the best possible resolution (i.e. 5 pm). For a transition J�–J�, the intensity of a
rotational line can be expressed as a function of either the oscillator strength, SJ, or the
probability transition, AJ:

(2.20)

(2.21)

where � is the wavenumber of the line, and B� is the rotational constant belonging to the
vibrational quantum number �. The oscillator strength, SJ, is equal to:

SJ � K� � K� � 1 (2.22)

In the case of N2
�, two branches can be used for temperature measurements, the P and the

R branches. Unlike the use of high-resolution Fourier transform spectrometry [40], the
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use of dispersive systems with a resolution higher than 5 pm does not permit to resolve the
hyperfine splitting of either the P or R branches, for example the P1, P2, and Q12 in the P
branch [41–44].

It is possible to determine the rotational temperature from Equations (2.20) and (2.22)
by plotting Log[I/(K� � K� � 1)] vs K�(K� � 1). Practically, the value of SJ, K� � K� � 1,
is expressed as a function of the quantum number K�, K� being the assignment of the lower
state, with K� � K� �1 for the P branch, and K� � K� � 1 for the R branch.

SJ (P branch) � 2K� (2.23)

SJ (R branch) � 2(K� � 1) (2.24)

Similarly, the value of K�(K� � 1) can be expressed as a function of K�. In the case of the 
P branch:

K�(K� � 1) � K�(K� � 1) (2.25)

and for the R branch:

K�(K� � 1) � (K� � 1)(K� � 2) (2.26)

It is then possible to plot the intensity vs K� for the P branch:

(2.27)

and for the R branch:

(2.28)

The value of the slope is:

(2.29)

The slope is equal to �1.296/T when a decadic logarithm is used. Practically, the (0–0) band
is used, with a bandhead located at 319.4 nm. Wavelengths of the rotational lines are available
as a function of the K� values for the R and P branches [45,46], and are given in Table 2.1. The
R branch is used up to K� � 20, while the P branch is used above K� � 18–20, and up to
K� � 35 [41]. It should be noted that, because of the even–odd alternation, line intensities
with odd K� must be multiplied by 2.

The OH spectra is more complex, because five main branches, O, P, Q, R, S can be observed
with a total of 12 branches. Practically, the R2 and Q1 branches of the (0–0) are used
[42–44,47,48]. Line assignments, wavelengths, energies [49], and transition probabilities [50]
are available and are given in Table 2.2. Equation (2.21) is then used and the temperature is
obtained from the plot of Log(I�/A) vs E, and the slope is �0.625/T when the energies are
expressed in cm�1.
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Alternative species have been used for the measurement of rotational temperature, in
particular CH4 [51] and N2 [52–54].

2.6.3 Excitation temperature

The excitation temperature is deduced from the line intensity relation (Equation (2.11)).
Although an absolute line intensity measurement could be performed, alternative methods
are preferred, because of the difficulty of measuring absolute line intensity: calibration of
the optical system, computation of the number density of the emitting species. Practically,
the so-called Boltzmann plot and the line pair intensity ratio are the most commonly used
method.

38 Inductively Coupled Plasma Spectrometry and its Applications

Table 2.1 K� values, corresponding wavelengths (nm), and SJ values of the (0–0) band of the first negative
system of N2

�, for the P and R branches, which are used for the determination of rotational temperatures

P branch R branch

K� � SJ � K�(K� � 1) � SJ � (K� � 1)(K� � 2)

6 390.49 56
7 390.40 72
8 390.29 90
9 390.19 110

10 390.08 132
11 389.97 156
12 389.85 182
13 389.73 210
16 389.33 306
18 391.35 306 389.04 380
20 391.30 380 388.74 462
21 391.29 420 388.58 506
22 391.25 462
23 391.20 506
24 391.15 552
25 391.10 600
26 391.04 650
27 390.97 702
28 390.91 756
29 390.84 812
30 390.76 870
31 390.68 930
32 390.60 992
33 390.51 1056
34 390.41 1122
35 390.31 1190
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2.6.3.1 Boltzmann plot

The Boltzmann plot is based on the use of lines of a given element within the same ioniza-
tion state. In this case, it is not necessary to know the value of the number density and of
the partition function and a relative measurement of line intensities is sufficient. The tem-
perature can be deduced from the plot of:

(2.30)

and the slope is equal to �0.625/Texc when E is expressed in cm�1 and equal to �5040/Texc

when E is expressed in eV. It should be noted that the oscillator strength, f, can also be 
used instead of the transition probability, A. It is then necessary to plot Ln(I�3/gf ) vs Eexc.
An accurate determination of the excitation temperature is obtained when a large range of
excitation energies is used, and when the values of the transition probabilities are accu-
rately known. Usually, the relation is applied over a small range of wavelengths, so that the
wavelength response of the dispersive system can be considered constant.

Ln vs exc
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gA
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l

Fundamental Principles of Inductively Coupled Plasmas 39

Table 2.2 Assignment, wavelengths (nm), energies (cm�1) and transition probabilities, A, values
(108s�1) for the R2 and Q1 branches of the OH (0–0) band used for rotational temperature measurements

R2 branch Q1 branch

K � E A � E A

1 308.405 32 542 2.7 307.844 32 475 0.0
2 308.023 32 643 5.7 307.995 32 543 17.0
3 307.703 32 778 8.9
4 307.437 32 947 12.8 308.328 32 779 33.7
5 308.520 32 948 42.2
6 308.734 33 150 50.6
7 306.918 33 650 24.8
8 309.239 33 652 67.5
9 309.534 33 952 75.8

10 309.859 34 283 84.1
11
12
13 306.967 35 912 49.1 311.022 35 462 100.6
14 307.114 36 393 53.2 311.477 35 915 108.8
15 307.303 36 903 57.2 311.967 36 397 125.2
16 307.553 37 440 61.3 312.493 36 906 133.3
17 307.807 38 004 65.3 313.057 37 444 141.5
18 308.125 38 594 69.3 313.689 38 008 149.6
19 308.489 39 209 73.4 314.301 38 598 157.7
20 308.901 39 847 77.4
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In the case of argon, lines in the 340–700 nm range have been used [12,41,51,55–60]. How-
ever, this range corresponds to a rather small range in energy (i.e. 107 500–124 750 cm�1).
In other words, the obtaining of a good accuracy for the argon excitation temperature is rather
problematic. This is probably an explanation for the scarcity of results based on the argon
species. Transition probability values for argon can be taken from the compilation of Furh and
Wiese [61].

Practically, excitation temperatures are determined using injected elements. The most
commonly used element is neutral iron [42,48,56–59,62–74], because the atomic lines
exhibit a wide range of energy and are located at closely spaced wavelengths. Many Fe I lines
are present in the 350–400 nm range. Moreover, reasonably reliable transition probabilities
are available [75]. A selection of Fe I lines with corresponding �, g, Eexc, and A values are
given in Table 2.3. Note that the use of high energy excitation levels higher than 35 000 cm�1

is not recommended, because of some possible curvatures of the Boltzmann plot [63].

2.6.3.2 Line pair method

An alternative to the Boltzmann plot is the use of the line pair intensity ratio method. Two
lines of the same elements in the same ionization state are used. The excitation tempera-
ture can be easily deduced from the ratio of the two line intensities, I1 and I2:

(2.31)

with k � 0.695 cm�1 K�1 � 8.617 � 10�5 eV K�1, and e � 2.302. The subscripts 1 and 2
refer to the first and second line intensities, respectively. Log stands for logarithm to the
base 10, and Ln for the natural logarithm.
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Table 2.3 Selection of atomic Fe lines, excitation energies, Eexc (cm�1),
statistical weights of the upper excited level, g, and transition probabilities,
A (108s�1) for the determination of excitation temperature

Wavelength (nm) Eexc g A

370.925 34 329 7 0.156
371.993 26 875 11 0.162
372.256 27 560 5 0.0497
372.762 34 547 5 0.225
373.332 27 666 3 0.062
373.486 33 695 11 0.902
373.713 27 167 9 0.142
374.826 27 560 5 0.0915
374.978 34 040 9 0.764
375.823 34 329 7 0.634
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When E is given in cm�1:

(2.32)

(2.33)

When E is given in eV:

(2.34)

(2.35)

The line pair method is less accurate than the Bolztmann plot. This method is mostly used to
follow any possible relative variation of the excitation temperature. The accuracy is improved
when the excitation energy difference is the largest possible. Several test elements have been
suggested, including Fe and Ti. The Ti II 322.284 nm and the Ti II 322.424 nm lines can be
used because these two lines exhibit a large energy difference, 31 114 and 43 781 cm�1,
respectively). Using the transition probabilities given in [76], Equation (2.33) becomes:

(2.36)

2.6.4 Electron temperature

Near 430 nm, the continuum results mainly from the radiative recombination process. It is
possible to access to the electron temperature, Te, by measuring the ratio of an argon line
intensity, Iline, to the intensity of the adjacent continuum, Icont [9,10,77]. A simplified rela-
tion between the line-to-continuum intensity ratio is:

(2.37)

where Am is the transition probability of the argon line, gm is the statistical weight, Em is the
excitation energy, Eion is the ionization energy, Zion is the partition function of the argon
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ion, Cr is a constant, and � is a correction factor that depends on the wavelength and the
temperature. Usually the adjacent continuum is used, which means that the same wave-
length, �, can be used. The term 	� is the spectral bandpass of the system, when the con-
tinuum intensity is measured. Equation (2.37) is usually applied for the Ar I 430 nm line
and the adjacent continuum, because its transition probability is known with accuracy.
The values of Am, gm, Em, Eion, Zion, Cr, and � are 0.31 � 106 s�1, 14.51 eV, 15.76 eV, 5.5,
2.005 � 10�5, and 1.8, respectively. Equation (2.37) becomes:

(2.38)

where 	� is expressed in nm.

2.7 Electron number density measurement

One of the most commonly used measurement of the electron number density is based on
the Stark broadening of the H
 486.1 nm line. Stark broadening is caused by the interaction
of the electric field generated by the electrons and ions of the plasma and the emitting
atoms. Stark broadening is very sensitive for the Balmer series lines of hydrogen, particu-
larly the H
 486.1 nm line, and, to a less extent on argon lines in the 500–600 nm range.
From Kepple and Griem [78], a relation can be written between the FWHM (nm) due to
the Stark effect, 	�S, and the electron number density (m�3):

	�s � 2.50 � 10�14�1/2ne
2/3 (2.39)

For Te �10 000 K, ne �1021 m�3, which are typical values observed in an ICP, �1/2 is equal
to 0.0803 and the corresponding 	�S is 0.2 nm (i.e. 200 pm). It should be noted that the
Doppler effect is 27 pm, assuming a kinetic temperature of 6000 K. For dispersive systems
with an instrumental broadening in the range 5–10 pm, Stark effect is then predominant
over the Doppler and instrumental broadening. However, for ne � 1020 m�3, 	�S � 50 pm.
In this case, Doppler broadening cannot be longer neglected.

Several computations have been described in the literature [79,80] that relate the electron
number density to the Stark FWHM. One of them [80] includes the variation of T. However,
these various computations do not lead to drastically different results. The key point is the
accurate measurement of the FWHM. The H
 line exhibits a central dip when its width is
larger than 200 pm and an asymmetry of the two maximums on each side of the dip. The
lower wavelength side shows a higher maximum. This is why in the computation proposed
by Czernichowski and Chapelle [80], the FWHM is obtained by doubling the semi-half
width taken on the lower wavelength side of the H
 line.

log ne �22.578 � 1.478 log 	� � 0.144(log 	�)2 � 0.1265 log Te (2.40)

where 	� is expressed in nm and ne in m�3.
Moreover, the value of the background may be difficult to determine, because the true

continuum is located far from the central wavelength. A more sophisticated approach is
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the fitting of the experimental line profile to the theoretical Stark-broadened profile.
Algorithms have been described [81] and the corresponding computer program has been
made available [82]. Some examples of the use of the H
 line for ICP diagnostics are given
in [38,56,58,59,83–85].

2.8 Ionic to atomic line intensity ratio

Most of the measurements previously described cannot easily be conducted on a commer-
cially available ICP system. This is why there is a demand for simple experiments, which can
provide information about the operating conditions of the ICP. A popular measurement is the
use of the intensity ratio between an ionic line and an atomic line of the same element. The
aim is to compute a theoretical ratio assuming LTE, and to compare an experimental ratio to
it. Usually, atomic lines are not very sensitive to a change in the excitation conditions, while
ionic lines are. Their ratio permits the normalization of the behavior of the ionic line com-
pared to the atomic line. If the two lines are closely spaced in terms of wavelength, the ratio is
independent of the detector conditions (e.g. voltage for a photomultiplier tube (PMT)).

Using the Saha equation, where Te is involved, and the line intensity relationship where
Texc is involved via the Boltzmann function, the ionic to atomic line ratio Ii/Ia can be deduced:

(2.41)

where Eexc is the excitation energy, and Eion is the ionization energy. When LTE is assumed,
Te � Texc � T. The a and i subscripts refer to the atomic and ionic lines, respectively.

Among the possible elements, magnesium has often been used [13,37,48,56,58,59,63,65,
83,86–111] with the following line selection: Mg II 280.270 nm (or Mg II 279.553 nm) and 
Mg I 285.213 nm. An advantage of this selection is the closeness of the excitation energies of
the atomic and ionic lines, 35 051 and 35 669 cm�1, respectively. This makes the influence of
the second exponential, 0.91 for T equal to 10 000 K, 0.88 for T equal to 7000 K, almost negli-
gible. Moreover, the accuracy on gA values is acceptable [112] with gA equal to 5.32 � 108s�1

and to 14.85 � 108s�1 for Mg II 280.270 and Mg I 285.213, respectively. The conversion from
the Mg II 279.553 line intensity to the Mg II 280.270 line intensity is obtained by dividing the
line intensity by 2, since these two lines have almost the same A values and Eexc, 35 761 cm�1

for Mg II 279.553, and differ only by the g values, 4 and 2 for Mg II 279.553 and Mg II 280.270,
respectively. The wavelength closeness of the Mg I 285 and the Mg II 280 nm lines usually
avoids a wavelength response correction. However, in particular with echelle grating-based
dispersive systems, a correction may be necessary. This correction can be easily determined by
measuring the background at the two different locations.

Assuming LTE, there is a relation between T and ne and from the relation 2.37, the Mg II
280.270 nm/Mg I 285.213 nm line intensity ratio is then

(2.42)
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A theoretical Ii/Ia ratio is deduced as a function of ne (Table 2.4). Under the LTE assumption,
the value of the ratio varies between 10 and 14 over the range of ne normally observed in an
ICP. Practically, the experimental ratio varies in the 1–14 range. When the experimental
ratio is above a value of 8, so-called robust conditions are obtained, which means that com-
plete atomization, excitation, and ionization processes are expected. Under these operating
conditions, which usually correspond to a high rf power and a low carrier gas flow rate
[48,108], matrix effects are minimized. In marked contrast, when the ratio is below a value
of 4, processes are not optimized and the ICP is subject to large matrix effects. The use of the
Mg ratio can also be applied to the injection of organic solvents [113]. The ratio makes it
possible to locate the axial position where the vaporization and atomization have reached
completion, and to determine the solvent loading to obtain a robust ICP [113].

Although the Mg II/Mg I ratio has been widely used, it may be suggested some alterna-
tive line pairs (Table 2.5).

2.9 Active methods

Active methods are based on the interaction of light with the plasma. Most often the light
is emitted by a laser, which means that the light is not only monochromatic, but also is
localized in a narrow beam with a high power density. By crossing the observation axis
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Table 2.4 Temperature T (K), electron number density (m�3) and Mg II
280.270 nm/Mg I 285.213 nm line intensity ratio computed assuming LTE

T ne (m�3) Ii/Ia

6500 1.01 � 1020 10.8
7000 2.83 11.4
7500 6.90 12.1
8000 1.51 � 1021 12.7
8500 3.01 13.4
9000 5.57 14.1
9500 9.70 14.8

10 000 1.60 � 1022 15.4

Table 2.5 Various line pairs for the study of the ionic-to-atomic line intensity ratios

Energy sum (eV) Excitation energy (eV)

Cd II 226.502 14.47 Cd I 228.802 5.42
Cr II 267.716 12.92 Cr I 357.868 3.46
Ni II 231.604 14.03 Ni I 232.138 5.61
Pb II 220.353 14.79 Pb I 217.000 5.71
Zn II 206.200 15.40 Zn I 213.857 5.80
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with that of the laser beam, small probing volumes can be achieved, which leads to local-
ized determination of plasma characteristics. Two major techniques have been used, laser-
induced fluorescence spectrometry and laser-based light scattering.

2.9.1 Laser-induced fluorescence

Laser-induced fluorescence permits the measurement of several characteristics [114] of
the ICP such as excited atom lifetimes [115,116], collisional processes [116], spatial distri-
butions [117,118], influence of easily ionizable elements [119,120], study of aerosol trans-
port rate [100] and clouds produced from single droplets [121], study of power-modulated
ICP [99,122], study of excitation and ionization processes [123], and number densities, in
particular atoms in a ground state [124]. The use of high spectral irradiance lasers permits
the saturation of the atomic transition, which means that the fluorescence yield becomes
independent on the laser power and of radiationless de-excitation processes. Analyte num-
ber species can be then determined from laser-induced saturated atomic fluorescence [39].

2.9.2 Light scattering

Light scattering is the deflection of light by particles from the main direction of the beam.
The particles can be heavy (e.g. neutral argon) or light (such as electrons). Two main types
of scattering are used for plasma diagnostics, Rayleigh scattering, and Thomson scattering.

Rayleigh scattering occurs when the dimensions of the particles are small compared with
the wavelength of the laser. Rayleigh scattering can be explained by classical physics, and the
scattered intensity varies as 1/�4. Rayleigh scattering is proportional to the concentration of
scattered species (i.e. ground-state argon atoms in an ICP). The contribution of excited
argon atoms is weak. Because the ideal-gas law may be applied to a plasma, the gas temper-
ature is then deduced from the argon atom number density [39,125]. In the case of heavy
particles such as argon atoms, the thermal velocity can be neglected, particularly when com-
pared with that of electrons. Therefore, the scattered signal is not broadened. The measur-
ing system must be calibrated by using at least two volumes of argon gas at different but
well-known temperatures. Gas at room temperature is relatively easy to obtain, but the
obtaining of a well-thermostatted argon volume at higher temperatures is more problem-
atic [125]. This problem has been overcome by using a different gas such as helium [125],
whose Rayleigh cross-section is well known. As in any scattering measurements, the chal-
lenge is the detection of a very weak light intensity compared with the incident beam. Any
stray light must be minimized, and taken into consideration during the calibration process.
Measurement of Rayleigh scattering is not trivial, which explains why it is reserved to
research laboratories with sophisticated equipments [38,39,126]. Rayleigh scattering along
with Raman scattering has been used for the study of air entrainment in the ICP [127].

Thomson scattering is the scattering of incident light by free electrons. In contrast to
Rayleigh scattering, theory of Thomson scattering is far more complex [128]. The intensity
of the scattered signal is related to the concentration of electrons in the probed volume.
Because of the high velocity of the electrons, 4 � 105 m s�1 [39], the scattered photons are
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significantly Doppler-shifted. If the electrons exhibit a Maxwellian velocity distribution, a
broadening of the scattered signal is observed. This Thomson scattering spectrum is cen-
tered at the incident wavelength radiation and has a Gaussian shape. The width of the
Thomson scattering spectrum is related to the electron energy while the integrated spec-
trum is proportional to the electron number density. Therefore, Thompson scattering
makes it possible to determine both electron number density and electron energy distri-
bution. The electron temperature can be then deduced from the slope of the plot of the
natural logarithm of the scattered intensity vs the square of the wavelength shift (i.e. ln � vs
	�2) [39,129,130]. Because of the very weak scattered intensity and the corresponding
noise in the wings of the Thomson scattering spectrum. Consequently, electron tempera-
ture is obtained with less confidence than electron number density [129]. Dedicated designs
of the optical system have been described [38,39,126,131] to accommodate the weak scat-
tered signal, the stray light, and the noise. They are usually based on the use of a detector
array to measure the Thomson scattering spectrum on each side of the incident wavelength.
The central channel can be used to measure the non-broadened Rayleigh scattering. Large
scattering angles are used in order to minimize the so-called scattered parameter, which is
related to the deviation of the velocity from a Gaussian distribution, and which leads to a
distortion of the spectrum [131]. Calibration of the Thomson scattering effect can be con-
ducted by using Rayleigh scattering [132] or Raman scattering [133].

The power of Thomson and Rayleigh scattering has been demonstrated [38,130,
134–136] and compared to passive methods [38]. Influence of the power [130], of the gen-
erator frequency [136] and spatial distribution of the electron and gas temperatures [134]
have been then studied. Although sophisticated and time-consuming, laser scattering-
based methods have significantly improved knowledge of ICP characteristics.

2.10 Spatial profiles

Because of the presence of the central channel and the deposition of the rf energy at the edge
of the plasma, large temperature and number density gradients are observed. When a lateral
viewing is carried out, a probing volume is then observed, and the value of the signal inten-
sity is averaged over the probed volume. When the observation is scanned over a lateral
coordinate, x, at a given observation height, the lateral signal intensity, I(x), is related to the
radial intensity, I(r), r being the radial coordinate, through the Abel integral equation:

(2.43)

where R is the radius of the plasma. The intensity, I(r) can be then deduced from the inten-
sity, I(x), via the Abel inversion:
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Usually, the integral is evaluated numerically [9,84,98,99,137–139]. However, the plasma
must be perfectly symmetric. In the case of an asymmetric plasma, the mathematical treat-
ment is more complex [140]. Abel inversion is not an easy process, and cannot usually be
performed on a commercially available ICP system. Moreover, considering the narrow size
of the central channel, acceptable results without Abel inversion can be obtained concern-
ing the radial profile of characteristics linked to the analyte. The use of absorption or fluo-
rescence measurements makes it possible to overcome the problem of Abel inversion.
Absorption measurements were used to describe the influence of easily ionizable elements
on analyte signals. Three-dimensional profiles were then obtained [149], giving evidence of
the change in the spatial distribution of the analyte. Similarly, the use of laser-excited fluo-
rescence permitted the determination of the spatial profiles of analyte species [117,118].

Spatial profiles [24,25,28,53,55,56,59,60,62,64,67,70,74,77,85,98,99,108,113,117,118,
141–176] can be related to the signal intensities and to the plasma characteristics (i.e. tem-
peratures and number densities). In the case of line intensities [25,28,108,113,117,118,
142–145,147–159,161,162,164,166–171,173,174,176], the most commonly used measure-
ment is the vertical profile of the signal along the axis of the plasma. These vertical profiles
are very useful to understand the appearance of the various species in the plasma (e.g. Ref.
[25]) and to optimize the observation height to obtain the best signal-to-background ratio.
When dealing with the observation height, a problem is the spatial reference. The top of
the load coil is widely used, but there is no direct relation between this position and mech-
anisms in the plasma. Alternative references have been suggested, such as the injection of
a visible emitting species (e.g. Na) [177], the crossing between an atomic line and an ionic
line of the same element [155] and the 306.4 nm OH bullet [173]. An interesting applica-
tion of vertical profiles was the concept of cross-over point [108,148,158,168]. When an
element such as Na is added to an analyte, usually the Na effect corresponds to an enhance-
ment of the analyte at low observation heights, and to depressive effects at high observa-
tion heights. This results in the presence of a cross-over point where the Na effect
disappears. Unfortunately, this cross-over point is related to both the element and the ana-
lyte line. Moreover, under robust conditions [108], a constant shift of the vertical profiles
is observed along the observation height instead of the cross-over point.

Lateral profiles are very useful in the case of axial viewing, not only to optimize the signal-
to-background ratio but also to study the effects of easily ionizable elements on the analyte
signals [106]. It should be noted that most elements exhibit a maximum at the axis posi-
tion, while a few elements such as As and Se show a small dip at the axis position.

Similarly, spatial profiles of the various temperatures and number densities, in particu-
lar the electron number density have been performed [24,53,55,56,59,60,62,64,67,70,77,
84,85,146,151,159,160,163,172,175]. However, the use of laser-based scattering measure-
ments described previously, although very complex, seems to be an attractive alternative to
overcome the need for Abel inversion [125–136].

2.11 Temperatures and electron number densities 
observed in analytical ICPs

Both the temperatures and the electron number densities are dependent on the operating
conditions of the plasma, in particular the forward power and the carrier gas flow rate, on the
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solvent loading, on the torch design, inner diameter of the injector, and the generator char-
acteristics (frequency). The actual range of the various temperatures that have been observed
in ICPs is given in Fig. 2.3. It can be seen that Te � Tion � Texc while Tkin � Trot. Regardless
of the type of temperature, an increase is usually observed when the power increases, the car-
rier gas decreases, and the generator frequency decreases (e.g. Ref. [136]). A similar trend is
observed for the electron number density. These results mean that some apparent small
changes in the operating conditions can lead to a totally different plasma in terms of kinetic
and excitation temperatures, tolerance to solvent loading, and therefore matrix effects. This
is why the concept of robustness has been introduced to describe operating conditions,
namely high power and low carrier gas flow rate, which leads to high temperatures, electron
number densities and ionic line to atomic line intensity ratio, and consequently which min-
imizes matrix effects due to the plasma conditions [48,102,104,108,113].

2.12 Plasma perturbation

The rf energy is provided to the electrons, which, in turn carry this energy through the
plasma via collisional processes and ionize the Ar atoms. The use of steady-state operating
conditions does not provide information about the kinetics of energy delivery to the plasma
and the transport inward and upward of the species responsible for excitation. An alterna-
tive is the use of plasma perturbation to study the energy transfer from the load coil to the
analyte [178–195]. Power modulation has been used for this purpose. The first work was
making use of a sinusoidally modulated power [178]. Although this modulation can be eas-
ily obtained by using a waveform generator, complex time-dependent signals were observed
[178]. Pulsed modulation was then preferred in order to obtain a fact decrease in the power.
The power could be switched off, but only during a limited period of time (e.g. 200 �s) so
as to reignite the plasma [181]. An alternative was the use of a so-called step function, which
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corresponds to a switch between a high and low level of power; for example, 1000 and
250 W [179], or 1000 and 500 W [180]. Moreover, with such a modulation or interruption,
in addition to plasma relaxation, plasma re-excitation could also be studied [180].

Diagnostics were conducted by observing the decay of various test elements, such as an
Ar line, which represents the time-behavior of the plasma, and analyte lines. In order to
follow the propagation of the energy, spatially resolved measurements were performed.
Time-dependence of the excitation temperature could also be followed [178]. In particu-
lar, the temporal study of the ratio of the electron temperature to the kinetic temperature
made it possible to define regions where the energy was coupled to the plasma [182].

Some conclusions can be driven from these experiments:

(1) Different time-dependent behavior was observed between Ar lines and analyte lines
[187]. Several processes were suggested to explain the Ar decay lifetime: ambipolar dif-
fusion, thermal conduction, quenching by the surrounding nitrogen, and ion–electron
recombination [179].

(2) The emission signals were out of phase with the applied power wave form.
(3) The emission responded more rapidly after a power interruption than after a power

increase [180,181].
(4) The decay times were height dependent [99,178–181].
(5) The coupling of energy was still occurring below and above the load coil [99,184,186].
(6) Evidence was given for the ionization of Mg� by the charge transfer process [99,187].
(7) Evaporation of the aerosol droplets and carrier gas flow rate had a significant influence

on the response of elements such as Li [190] and could also be an explanation of the
different behavior with Ar lines.

(8) The electrons were kept at higher temperatures than the heavy particles, which means
that a heating process was occurring, through for instance a three-body recombination
process [38].

Plasma perturbation was also used in the case of atomic absorption spectrometry
[194,195] and for analytical applications with laser-induced fluorescence [192,193].

2.13 Multiline diagnostics

Since the beginning of the studies on ICP-AES, non-spectral matrix interferences and
mechanisms have been the subject of numerous publications. However, until recently, these
studies have been based on the use of sequential optical systems or conventional polychro-
mators (i.e. optical systems equipped with PMTs). Because a sequential system was inher-
ently slow, and usually a single line per element was available on a polychromator, studies
were performed by using one or two lines per element. It was rather difficult to deduce
definitive conclusions from previously published works, because of a large variety of lines
and elements that were used, without mentioning different operating parameters and even
torch configurations. It is even probable that the generator design and its tuning play a role
in the magnitude of matrix effects. In any case, matrix effects appeared to be complex.

The introduction of segmented charge-coupled device (CCD) detectors in the 1990s
permitted the use of two to five lines per element. Matrix effect studies based on such 
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optical system have shown that conclusions were depending on line selection. Moreover,
even lines close in excitation energies could exhibit different behaviors. The current avail-
ability of solid-state detectors such as CCD or charge injection devices (CID) that permit
the acquisition of the entire UV-visible spectra has totally modified the way of conducting
diagnostics in ICP-AES. It is then possible to perform experiments based on the use of a
large number of lines, then covering a large range of excitation energy [196–198].

Selection of elements with line-rich spectra such as Co, Cr, Mn … makes it possible to
improve our understanding of matrix effects. It is then possible to study the effects as a
function of the operating parameters, and to confirm the interest of using so-called robust
conditions, along with a study of the influence of the sample introduction system. It
becomes obvious that the excitation energy is not the only parameter to consider. When
studying multiplets, it may be seen that the optical transition may also play a significant
role. By comparing the behavior of ionic lines to that of atomic lines, it is also possible to
provide evidence of some excitation/ionization processes.

References

1. Reed, T.B. (1961) Induction coupled plasmas. J. Appl. Phys., 32, 821–824.
2. Reed, T.B. (1961) Growth of refractory crystals using the induction plasma torch. J. Appl. Phys.,

32, 2534–2535.
3. Greenfield, S., Jones, I.Ll. and Berry, C.T. (1964) High-pressure plasmas as spectroscopic emis-

sion sources. Analyst, 89, 713–720.
4. Wendt, R.H. and Fassel, V.A. (1965) Induction coupled plasma spectrometric excitation source.

Anal. Chem., 37, 920–922.
5. Hoare, H.C. and Mostyn, R.A. (1967) Emission spectrometry of solutions and powders with a

high-frequency plasma source. Anal. Chem., 39, 1153–1155.
6. Biancifiori, M.A. and Bordonali, C. (1967) Utilizzazione di unplasma ad induzione nell’ analisi

di tracce per assorbimento atomico (Utilization of an induction plasma in the analysis of traces
by atomic absorption). La Metall. Ital., 8, 631–638.

7. Veillon, C. and Margoshes, M. (1968) An evaluation of the induction-coupled, radio frequency
plasma torch for atomic emission and atomic absorption spectrometry. Spectrochim. Acta, 23B,
503–512.

8. Miller, R.C. and Ayen, R.J. (1969) Temperature profiles and energy balances for an inductively
coupled plasma torch. J. Appl. Phys., 40, 5260–5273.

9. Batal, A., Jarosz, J. and Mermet, J.M. (1981) A spectrometric study of a 40 MHz ICP. VI. Argon
continuum in the visible region of the spectrum. Spectrochim. Acta, 36B, 983–992.

10. Bastiaans, G.J. and Mangold, R.A. (1985) The calculation of electron density and temperature in
Ar spectroscopic plasmas from continuum and line spectra. Spectrochim. Acta, 40B, 885–892.

11. Mermet, J.M. (1975) Sur les mécanismes d’excitation des éléments introduits dans un plasma
HF d’argon. C.R. Acad. Sci. Paris, Série B, 281, 273–275.

12. Mermet, J.M. and Trassy, C. (1977) Etude de transferts d’excitation dans un plasma induit par
haute fréquence entre gaz plasmagène et éléments introduits. Rev. Phys. Appl., 12, 1219–1222.

13. Boumans, P.W.J.M. and DeBoer, F.J. (1977) An experimental study of a 1 kW, 50 MHz RF induc-
tively coupled plasma with a pneumatic nebulizer, and a discussion of experimental evidence for
a nonthermal mechanism. Spectrochim. Acta, 32B, 365–395.

14. Blades, M.W. and Hieftje, G.M. (1982) On the significance of radiation trapping in the induc-
tively coupled plasma. Spectrochim. Acta, 37B, 191–197.

50 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 50



15. Batal, A. and Mermet, J.M. (1982) Influence of the collision processes on the energy range of
analytical lines in ICP-AES. Can. J. Spectrosc., 27, 37–45.

16. Schram, D.C., Raaijmakers, I.J.M.M., van der Sijde, B., Schenkelaars, H.J.W. and Boumans, P.W.J.M.
(1983) Approaches for clarifying excitation mechanisms in spectrochemical excitation sources.
Spectrochim. Acta, 38B, 1545–1557.

17. de Galan, L. (1984) Some considerations on the excitation mechanism in the inductively cou-
pled argon plasma. Spectrochim. Acta, 39B, 537–550.

18. Mills, J.W. and Hieftje, G.M. (1984) A detailed consideration of resonance radiation in the argon
inductively coupled plasma. Spectrochim. Acta, 39B, 859–866.

19. Eljoundi, A., Batal, A. and Mermet, J.M. (1985) Dielectronic recombination in the zinc spectrum
observed in inductively coupled plasma atomic emission spectrometry. Spectrochim. Acta, 40B,
1007–1011.

20. Hieftje, G.M., Rayson, G.D. and Olesik, J.W. (1985) A steady-state approach to excitation mech-
anisms in the ICP. Spectrochim. Acta, 40B, 167–176.

21. Goldwasser, A. and Mermet, J.M. (1986) Contribution of the charge-transfer process to the exci-
tation mechanisms in inductively coupled plasma atomic emission spectroscopy. Spectrochim.
Acta, 41B, 725–739.

22. Rayson, G.D. and Hieftje, G.M. (1986) A steady-state approach to evaluation of proposed exci-
tation mechanisms in the analytical ICP. Spectrochim. Acta, 41B, 683–697.

23. Hart, L.P., Smith, B.W. and Omenetto, N. (1986) Evaluation of argon metastable number den-
sities in the inductively coupled plasma by continuum source absorption spectrometry.
Spectrochim. Acta, 41B, 1367–1380.

24. Davies, J. and Snook, R.D. (1986) Spatial emission characteristics and excitation mechanisms in
the inductively coupled plasma. A review. J. Anal. Atom. Spectrom., 1, 325–330.

25. Furuta, N. (1986) Spatial emission distribution of Y0, Y I, Y II and Y III radiation in an induc-
tively coupled plasma for the elucidation of excitation mechanisms. Spectrochim. Acta, 41B,
1115–1129.

26. Marichy, M., Mermet, M. and Mermet, J.M. (1987) Relationship between detection limits and
mechanisms in inductively coupled plasma atomic emission spectrometry. J. Anal. Atom. Spectrom.,
2, 561–565.

27. van der Mullen, J.A.M., Raaijmakers, I.J.M.M., van Lammeren, A.C.A.P., Schram, D.C., van der
Sijde, B. and Schenkelaars, H.J.W. (1987) On the charge transfer in an inductively coupled argon
plasma. Spectrochim. Acta, 42B, 1039–1051.

28. Rayson, G.D., Parisi, A.F. and Hieftje, G.M. (1989) Spatially resolved measurements as a vehicle
for studying atomization mechanisms in an inductively coupled plasma. Spectrochim. Acta, 44B,
999–1008.

29. Huang, M., Yang, P.Y., Hanselman, D.S., Monnig, C.A. and Hieftje, G.M. (1990) Verification of a
Maxwellian electron-energy distribution in the inductively coupled plasma. Spectrochim. Acta,
45B, 511–520.

30. Farnsworth, P.B., Smith, B.W. and Omenetto, N. (1991) An investigation of the balance of charge
exchange between Mg and Ar ions in the inductively coupled plasma. Spectrochim. Acta, 46B,
831–841.

31. Ogilvie, C.M. and Farnsworth, P.B. (1992) Correlation spectroscopy as a probe of excitation and
ionization mechanisms in the inductively coupled plasma. Spectrochim. Acta, 47B, 1389–1401.

32. Fey, F.H.A.G., Benoy, D.A., van Dongen, M.E.H. and van der Mullen, J.A.M. (1995) A model for
the behaviour of analyte in the inner channel of an inductively coupled plasma. Spectrochim.
Acta, 50B, 51–62.

33. Schram, D.C., van der Mullen, J.A.M., de Regt, J.M., Benoy, D.A., Fey, F.H.A.G., de Grootte, F.
and Jonkers, J. (1996) Fundamental description of spectrochemical inductively coupled plasma.
J. Anal. Atom. Spectrom., 11, 623–632.

Fundamental Principles of Inductively Coupled Plasmas 51

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 51



34. Uchida, H., Tanabe, K., Nojiri, Y., Haraguchi, H. and Fuwa, K. (1980) Measurement of meta-
stable argon in an inductively coupled plasma by atomic absorption spectroscopy. Spectrochim.
Acta, 35B, 881–883.

35. Batal, A. and Mermet, J.M. (1981) Calculation of some line profiles in ICP-AES assuming a Van
der Waals potential. Spectrochim. Acta, 36B, 993–1003.

36. Boumans, P.W.J.M. and Vrakking, J.J.A.M. (1986) The widths and shapes of about 350 prominent
lines of 65 elements emitted by an inductively coupled plasma. Spectrochim. Acta, 41B, 1235–1275.

37. Mermet, J.M. and Poussel, E. (1995) ICP emission spectrometers: 1995 figures of merit. Appl.
Spectrosc., 49, 12A–18A.

38. de Regt, J.M., de Groote, F.P.J., van der Mullen, J.A.M. and Schram, D.C. (1996) Comparison of
active and passive spectroscopic methods to investigate atmospheric inductively coupled plas-
mas. Spectrochim. Acta, 51B, 1371–1383.

39. Sesi, N.N., Hanselman, D.S., Galley, P., Horner, J., Huang, M. and Hieftje, G.M. (1997). An imaging-
based instrument for fundamental plasma studies. Spectrochim. Acta, 52B, 83–102.

40. Ishii, I., Cai, M., Montaser, A., Palmer, B.A. and Layman, L.R. (1994) Rotational temperatures of
argon–nitrogen ICP discharges measured by high-resolution Fourier transform spectrometry.
Spectrochim. Acta, 49B, 1111–1119.

41. Abdallah, M.H. and Mermet, J.M. (1978) The behavior of nitrogen excited in an inductively cou-
pled argon plasma. J. Quant. Spectrosc. Ra., 19, 83–91.

42. Abdallah, M.H. and Mermet, J.M. (1982) Comparison of temperature measurements in ICP and
MIP with Ar and He as plasma gas. Spectrochim. Acta, 37B, 391–397.

43. Raeymaekers, B., Broekaert, J.A.C. and Leis, F. (1988) Radially resolved rotational temperatures
in nitrogen–argon, oxygen–argon, air-argon and argon inductively coupled plasmas. Spectrochim.
Acta, 43B, 941–949.

44. Ishii, I. and Montaser, A. (1991) A tutorial discussion on measurements of rotational tempera-
ture in inductively coupled plasmas. Spectrochim. Acta, 46B, 1197–1206.

45. Childs, W.H.J. (1932) Pertubation and rotation constants of some first negative nitrogen bands.
Proc. R. Soc. Lond. Ser-A., 137, 641–661.

46. Coster, D. and Brons, F. (1932) Die negativen Stickstoffbanden. Z. Physik., 73, 747–774
47. Abila, P.A. and Trassy, C. (1989) Rotational temperatures and LTE in argon ICP. Mikrochim. Acta,

3, 159–168.
48. Novotny, I., Fariñas, J.C., Wan J.-L., Poussel, E. and Mermet, J.M. (1996) Effect of power and 

carrier gas flow rate on the tolerance to water loading in inductively coupled plasma atomic
emission spectrometry. Spectrochim. Acta, 51B, 1517–1526.

49. Dieke, G.H. and Crosswhite, H.M. (1962) The ultraviolet bands of OH. fundamental data.
J. Quant. Spectrosc. Radiat. Trans., 2, 97–199.

50. Hui, A.K., McKeever, M.R. and Tellinghuisen, J. (1979) Temperature of Tesla discharges from
OH A → X intensity measurements. J. Quant. Spectrosc. Radiat. Trans., 21, 387–396.

51. Alder, F. and Mermet, J.M. (1973) A spectroscopic study of some radiofrequency mixed gas
plasma. Spectrochim. Acta, 28B, 421–433.

52. Seliskar, C.J., Miller, D.C. and Fleitz, P.A. (1987) ICP rotational spectroscopic temperature deter-
mination using N2 and N2

�. Appl. Spectrosc., 41, 658–660.
53. Hasegawa, T. and Winefordner, J.D. (1987) Spatially resolved rotational and vibrational temper-

atures of a neutral nitrogen molecule in the inductively coupled plasma. Spectrochim. Acta, 42B,
637–649.

54. Marawi, I., Bielski, B.A., Caruso, J.A. and Meeks, F.R. (1992) Measurements of inductively cou-
pled plasma temperatures: comparison of N2 rotational temperatures with optical pyrometry.
J. Anal. Atom. Spectrom., 7, 899–903.

55. Kornblum, G.R. and de Galan, L. (1974) Arrangement for measuring spatial distributions in an
argon induction-coupled RF plasma. Spectrochim. Acta, 29B, 249–261.

52 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 52



56. Mermet, J.M. (1975) Comparaison des températures et des densités électroniques mesurées sur le
gaz plasmagène et sur des éléments excités dans un plasma HF. Spectrochim. Acta, 30B, 383–396.

57. Kalnicky, D.J., Kniseley, R.N. and Fassel, V.A. (1975) Inductively coupled plasma optical emis-
sion spectroscopy. Excitation temperatures experienced by analyte species. Spectrochim. Acta,
30B, 511–525.

58. Kalnicky, D.J., Fassel, V.A. and Kniseley, R.N. (1977) Excitation temperatures and electron num-
ber densities experienced by analyte species in inductively coupled plasma with and without the
presence of an easily ionized element. Appl. Spectrosc., 31, 137–150.

59. Jarosz, J., Mermet, J.M. and Robin, J. (1978) A spectrometric study of a 40-MHz inductively cou-
pled plasma. III. Temperatures and electron number density. Spectrochim. Acta, 33B, 55–78.

60. Uchida, H., Tanabe, K., Nojiri, Y., Haraguchi, H. and Fuwa, K. (1981) Spatial distributions of
metastable argon, temperature and electron number density in an inductively coupled argon
plasma. Spectrochim. Acta, 36B, 711–718.

61. Furh, J.R. and Wiese, W.L. (1995–1996) Atomic transition probabilities: CRC Handbook of
Chemistry and Physics, 76th edn, CRC Press, Boca Raton, FL.

62. Kornblum, G.R. and De Galan, L. (1977) Spatial distribution of the temperature and the num-
ber densities of electrons and atomic and ionic species in an inductively coupled RF argon
plasma. Spectrochim. Acta, 32B, 71–96.

63. Alder, J.F., Bombelka, R.M. and Kirkbright, G.F. (1980) Electronic excitation and ionization tem-
perature measurements in a high-frequency inductively coupled plasma source and the influ-
ence of water vapor on plasma parameters. Spectrochim. Acta, 35B, 163–175.

64. Kawaguchi, H., Ito, T. and Mizuike, A. (1981) Axial profiles of excitation and gas temperatures in
an inductively coupled plasma. Spectrochim. Acta, 36B, 615–623.

65. Capelle, B., Mermet, J.M. and Robin, J.P. (1982) Influence of the generator frequency on the
spectral characteristics of inductively coupled plasma. Appl. Spectrosc., 36, 102–106.

66. Faires, L.M., Palmer, B.A., Engleman Jr, R. and Niemczyk, T.M. (1984) Temperature determina-
tions in the inductively coupled plasma using a Fourier transform spectrometer. Spectrochim.
Acta, 39B, 819–828.

67. Furuta, N. (1985) Spatial profile measurement of ionization and excitation temperatures in an
inductively coupled plasma. Spectrochim. Acta, 40B, 1013–1022.

68. Blades, M.W. and Caughlin, B.L. (1985) Excitation temperature and electron density in the
inductively coupled plasma – aqueous vs organic solvent introduction. Spectrochim. Acta, 40B,
579–591.

69. Walker, Z. and Blades, M.W. (1986) Measurement of excited state level populations for atomic
and ionic iron in the inductively coupled plasma. Spectrochim. Acta, 41B, 761–775.

70. Ishii, I., Golightly, D.W. and Montaser, A. (1988) Radial excitation temperatures in argon–nitrogen
inductively coupled plasmas. J. Anal. Atom. Spectrom., 3, 965–968.

71. Murillo, M. and Mermet, J.M. (1989) Improvement of the energy transfer with added-hydrogen
in inductively coupled plasma atomic emission spectrometry. Spectrochim. Acta, 44B, 359–366.

72. Nixon, D.E. (1990) Excitation modulation by water: effects of desolvatation on line intensities,
temperatures and ion–atom ratios produced by inductively coupled plasmas. J. Anal. Atom.
Spectrom., 5, 531–536.

73. Montaser, A., Ishii, I., Palmer, B.A. and Layman, L.R. (1990) Line widths and temperatures of
Ar–N2 inductively coupled plasma discharges measured by high-resolution Fourier transform
spectrometry. Spectrochim. Acta, 45B, 603–612.

74. Kitagawa, K. and Horlick, G. (1992) Deviation of the level populations of iron atoms and ions
from the Boltzmann distribution in an inductively coupled plasma. Part 1. Spatial and power
dependences. J. Anal. Atom. Spectrom., 7, 1207–1219.

75. Fuhr, J.R., Martin, G.A. and Wiese, W.L. (1988) Atomic transition probabilities – iron through
nickel: a critical compilation. J. Phys. Chem. Ref. Data, 17(4) (suppl. 4).

Fundamental Principles of Inductively Coupled Plasmas 53

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 53



76. Wiese, W.L. and Fuhr, J.R. (1975) Atomic transition probabilities for scandium and titanium.
J. Phys. Chem. Ref. Data, 4, 263.

77. Galley, P.J. and Hieftje, G.M. (1993) Tomographically resolved ionization temperatures and elec-
tron densities in the inductively coupled plasma determined by the line-to-continuum method.
Spectrochim. Acta, 48B, E1725–E1742.

78. Kepple, P. and Griem, H.R. (1968) Improved Stark profile calculations for the hydrogen lines H�,
H
, H� and H�. Phys. Rev., 173, 317–325.

79. Hill, R.A. (1967) Fractional-intensity widths and Stark broadening formulas for the hydrogen
Balmer lines. J. Quant. Spectrosc. Radiat. Trans., 7, 401–410.

80. Czernichowski, A. and Chapelle, J. (1983) Etude expérimentale de l’élargissement Stark de la raie
430.01 nm de Ar I. Acta Phys. Pol., A63, 67–75.

81. Chan, S.K. and Montaser, A. (1989) Determination of electron number density via Stark broad-
ening with an improved algorithm. Spectrochim. Acta, 44B, 175–184.

82. Zhang, H., Hsiech, C., Ishii, I., Zeng, Z. and Montaser, A. (1994) Revised, fast, flexible algorithms
for determination of electron number densities in plasma discharges. Spectrochim. Acta, 49B,
817–828.

83. Caughlin, B.L. and Blades, M.W. (1984) An evaluation of ion-atom emission intensity ratios and
local thermodynamic equilibrium in an argon inductively coupled plasma. Spectrochim. Acta,
39B, 1583–1602.

84. Walters, P.E., Gunter, W.H. and Zeeman, P.B. (1986) Electron density characterization of 27.1
and 50 MHz inductively coupled plasmas by means of Abel corrected Stark broadened Hbeta
line profiles. Spectrochim. Acta, 41B, 133–141.

85. Olesik, J.W., Den, S.-J. and Bradley, K.R. (1989) An instrumental system for simultaneous 
measurement of spatially resolved electron number densities in plasmas. Appl. Spectrosc., 43,
924–932.

86. Mermet, J.M. and Robin, J. (1975) Etude des interférences dans un plasma induit par haute
fréquence. Anal. Chim. Acta, 75, 271–279.

87. Abdallah, M.H., Mermet, J.M. and Trassy, C. (1976) Etude spectrométrique d’un plasma induit
par haute fréquence. II. Etude de différents types d’effets interéléments observés. Anal. Chim.
Acta, 84, 329–339.

88. Savage, R.N. and Hieftje, G.M. (1980) Vaporization and ionization interferences in a miniature
inductively coupled plasma. Anal. Chem., 52, 1267–1272.

89. Blades, M.W. (1982) Some considerations regarding temperature, electron density, and ioniza-
tion in the argon inductively coupled plasma. Spectrochim. Acta, 37B, 869–879.

90. Caughlin, B.L. and Blades, M.W. (1985) Analyte ionization in the inductively coupled plasma.
Spectrochim. Acta, 40B, 1539–1554.

91. Rezaaiyaan, R. and Hieftje, G.M. (1985) Analytical characteristics of a low-flow, low power
inductively coupled plasma. Anal. Chem., 57, 412–415.

92. Farino, J., Miller, J.R., Smith, D.D. and Browner, R.F. (1987) Influence of solution uptake rate on
signals and interferences in inductively coupled plasma optical emission spectrometry. Anal.
Chem., 59, 2303–2309.

93. Webb, B.D. and Denton, M.B. (1987) Effect of torch size on a 148 MHz inductively coupled
plasma atomic emission spectrometry. Part 2. Noise power studies and interferences effects. J.
Anal. Atom. Spectrom., 2, 21–26.

94. Michaud-Poussel, E. and Mermet, J.M. (1987) Study of low-power 100 MHz inductively coupled
plasma with special reference to the role of the frequency. Spectrochim. Acta, 42B, 1163–1168.

95. Mermet, J.M. (1989) Ionic to atomic line intensity ratio and residence time in inductively cou-
pled plasma-atomic emission spectrometry. Spectrochim. Acta, 44B, 1109–1116.

96. Smith, T.R. and Bonner Denton, M. (1989) LTE conditions within the central channel of the
plasma. Appl. Spectrosc., 43, 1385–1387.

54 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 54



97. Boumans, P.W.J.M. (1989) Detection limits for lines widely differing in hardness and intensity
ratios of ionic to atomic lines measured in 50 and 100 MHz inductively coupled plasmas.
Spectrochim. Acta, 44B, 1285–1296.

98. Olesik, J.W. and Den, S.J. (1990) Effect of central gas flow rate and water on an argon induc-
tively coupled plasma: spatially resolved emission, ion-atom intensity ratios and electron num-
ber densities. Spectrochim. Acta, 45B, 731–752.

99. Olesik, J.W. (1990) Spatially and temporally resolved emission and fluorescence in a power
modulated inductively coupled plasma. Spectrochim. Acta, 45B, 975–995.

100. Bates, L.C. and Olesik, J.W. (1990) Effect of sample aerosol transport rate on inductively cou-
pled plasma atomic emission and fluorescence. J. Anal. Atom. Spectrom., 5, 239–247.

101. Mermet, J.M. (1991) Use of magnesium as test element for inductively coupled plasma atomic
emission spectrometry diagnostics. Anal. Chim. Acta, 250, 85–94.

102. Poussel, E., Mermet, J.M. and Samuel, O. (1993) Simple experiments for the control, the evalu-
ation and the diagnosis of inductively coupled plasma sequential systems. Spectrochim. Acta,
48B, 743–755.

103. Matousek, J.P. and Mermet, J.M. (1993) The effect of added hydrogen in electrothermal vapor-
ization inductively coupled plasma atomic emission spectrometry. Spectrochim. Acta, 48B,
835–850.

104. Fernandez, A., Murillo, M., Carrion, N. and Mermet, J.M. (1994) Influence of operating condi-
tions on the effects of acids in inductively coupled plasma atomic emission spectrometry.
J. Anal. Atom. Spectrom., 9, 217–221.

105. Carré, M., Lebas, K., Marichy, M., Mermet, M., Poussel, E. and Mermet, J.M. (1995) Influence
of the sample introduction system on acid effects in inductively coupled plasma atomic emis-
sion spectrometry. Spectrochim. Acta, 50B, 271–283.

106. O’Hanlon, K., Ebdon, L. and Foulkes, M. (1996) Effect of ionizable elements on solutions and
slurries in an axially viewed inductively coupled plasma. J. Anal. Atom. Spectrom., 11, 427–436.

107. Dubuisson, C., Poussel, E. and Mermet, J.M. (1997) Comparison of axially and radially viewed
inductively coupled plasma atomic emission spectrometry in terms of signal-to-background
ratio and matrix effects. J. Anal. Atom. Spectrom., 12, 281–286.

108. Romero, X., Poussel, E. and Mermet, J.M. (1997) The effect of sodium on analyte ionic line
intensities in inductively coupled plasma atomic emission spectrometry. Spectrochim. Acta, 52B,
495–502.

109. Cabalin, L.M. and Mermet, J.M. (1997) Use of normalized relative line intensities for qualita-
tive and semiquantitative analysis in inductively coupled plasma atomic emission spectrome-
try using a custom segmented-array charge-coupled device detector. Part III: Application to
laser ablation. Appl. Spectrosc., 51, 898–901.

110. Sartoros, C., Alary, J.F., Salin, E.D. and Mermet, J.M. (1997) An expert system program for ICP-
AES system diagnosis. Spectrochim. Acta, 52B, 1923–1927.

111. Dubuisson, C., Poussel, E., Mermet, J.M. and Todoli, J.L. (1998) Comparison of the effect of
acetic acid with axially and radially viewed inductively coupled plasma atomic emission spec-
trometry: influence of the operating conditions. J. Anal. Atom. Spectrom., 13, 63–67.

112. Wiese, W.L., Smith, M.W. and Miles B.M. (1969) Atomic Transition Probabilities, Vol. 2, Sodium
Through Calcium, National Standard Reference Data Series, National Bureau Standards,
Washington DC.

113. Weir, D.G. and Blades, M.W. (1994) Characteristics of an inductively coupled argon plasma oper-
ating with organic aerosols. Part 2. Axial profiles of solvent and analyte species in a chloroform-
loaded plasma. J. Anal. Atom. Spectrom., 9, 1323–1334.

114. Omenetto, N., Nikdel, S., Bradshaw, J.D., Epstein, M.S., Reeves, R.D. and Winefordner, J.D.
(1979) Diagnostic and analytical studies of the inductively coupled plasma by atomic fluores-
cence spectrometry. Anal. Chem., 51, 1521–1525.

Fundamental Principles of Inductively Coupled Plasmas 55

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 55



115. Uchida, H., Kosinski, M.A., Omenetto, N. and Winefordner, J.D. (1983) Time resolved fluores-
cence in an argon inductively coupled plasma: determination of excited atom lifetimes.
Spectrochim. Acta, 38B, 529–532.

116. Uchida, H., Kosinski, M.A., Omenetto, N. and Winefordner, J.D. (1984) Studies on lifetime
measurements and collisional processes in an inductively coupled argon plasma using laser
induced fluorescence. Spectrochim. Acta, 39B, 63–68.

117. Huang, X., Yeah, K.S. and Winefordner, J.D. (1985) Spatial distribution profiles of Ca, Cu and
Mn atoms and ions in an inductively coupled plasma by means of laser excited fluorescence.
Spectrochim. Acta, 40B, 1379–1386.

118. Gillson, G. and Horlick, G. (1986) Comparison of atomic fluorescence and atomic emission spa-
tial distribution profiles in the inductively coupled plasma. Spectrochim. Acta, 41B, 1323–1346.

119. Gillson, G. and Horlick, G. (1986) An atomic fluorescence study of easily ionizable element
interferences in the inductively coupled plasma. Spectrochim. Acta, 41B, 619–624.

120. Omenetto, N., Leong, M., Stevenson, C., Vera, J., Smith, B.W. and Winefordner, J.D. (1988)
Fluorescence dip spectroscopy of sodium atoms in an inductively coupled plasma. Spectrochim.
Acta, 43B, 1093–1100.

121. Olesik, J.W., Kinzer, J.A. and McGowan, G.J. (1997) Observation of atom and ion clouds pro-
duced from single droplets of sample in inductively coupled plasmas by optical emission and
laser-induced fluorescence imaging. Appl. Spectrosc., 51, 607–616.

122. Turk, G.C. (1992) Laser-induced fluorescence of atoms in a power-modulated inductively cou-
pled plasma for trace detection and diagnostic study. Appl. Spectrosc., 46, 1223–1225.

123. Omenetto, N. and Matveev, O.I. (1994) Time-resolved fluorescence as a direct experimental
approach to the study of excitation and ionization processes in different atom reservoirs.
Spectrochim. Acta, 49B, 1519–1535.

124. Gillson, G. and Horlick, G. (1986) Characterization of ground state analyte neutral atoms and
ions in the inductively coupled plasma using atomic fluorescence spectrometry. Spectrochim.
Acta, 41B, 1299–1321.

125. Marshall, K.A. and Hieftje, G.M. (1987) Measurement of true gas kinetic temperatures in an
inductively coupled plasma by laser-light scattering, J. Anal. Atom. Spectrom., 2, 567–571.

126. Huang, M., Marshall, K.A. and Hieftje, G.M. (1985) An apparatus for measuring Thomson
scattering from an inductively coupled plasma. Spectrochim. Acta, 40B, 1211–1217.

127. de Regt, J.M., de Groote, F.P.J., van der Mullen, J.A.M. and Schram, D.C. (1996) Air entrainment
in an inductively coupled plasma measured by Raman and Rayleigh scattering. Spectrochim. Acta,
51B, 1527–1534.

128. Huang, M. and Hieftje, G.M. (1985) Thomson scattering from an ICP. Spectrochim. Acta, 40B,
1387–1400.

129. Marschall, K.A. and Hieftje, G.M. (1988) Thomson scattering for determining electron con-
centrations and temperatures in an inductively coupled plasma. 1. Assessment of the technique
for a low-flow, low-power plasma. Spectrochim. Acta, 43B, 841–849.

130. Huang, M. and Hieftje, G.M. (1989) Simultaneous measurement of spatially resolved electron
temperatures, electron number densities and gas temperatures by laser light scattering from the
inductively coupled plasma. Spectrochim. Acta, 44B, 739–749.

131. Marschall, K.A. and Hieftje, G.M. (1988) Thomson scattering for determining electron con-
centrations and temperatures in an inductively coupled plasma. 2. Description and evaluation
of a multichannel instrument, Spectrochim. Acta, 43B, 851–865.

132. Huang, M., Marshall, K.A. and Hieftje, G.M. (1986) Electron temperatures and electron num-
ber densities measured by Thomson scattering in the inductively coupled plasma. Anal. Chem.,
58, 207–210.

133. de Regt, J.M., Engeln, R.A.H., de Groote, F.P.J., van der Mullen, J.A.M. and Schram, D.C. (1995)
Thomson scattering experiments on a 100 MHz inductively coupled plasma calibrated by
Raman scattering. Rev. Sci. Instrum., 66, 3228–3233.

56 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 56



134. Huang, M., Hanselman, D.S., Yang, P. and Hieftje, G.M. (1992) Isocontour maps on electron
temperature, electron number density and gas kinetic temperature in the Ar inductively cou-
pled plasma obtained by laser-light Thomson and Rayleigh scattering. Spectrochim. Acta, 47B,
765–785.

135. Hanselman, D.S., Sesi, N.N., Huang, M. and Hieftje, G.M. (1994) The effect of sample matrix
on electron density, electron temperature and gas temperature in the argon inductively coupled
plasma examined by Thomson and Rayleigh scattering. Spectrochim. Acta, 49B, 495–526.

136. Huang, M., Lehn, S.A., Andrews, E.J. and Hieftje, G.M. (1997) Comparison of electron concen-
trations, electron temperatures, gas kinetic temperatures, and excitation temperatures in argon
ICPs operated at 27 and 40 MHz. Spectrochim. Acta, 52B, 1173–1193.

137. Mermet, J.M. and Robin, J. (1973) Etude de l’inversion d’Abel en vue de la mesure de la répar-
tition de température dans un plasma inductif. Rev. Int. Htes Temp. Réfract., 10, 133–139.

138. Blades, M.W. and Horlick, G. (1980) Photodiode array measurement system for implementing
Abel inversion on emission from an inductively coupled plasma, Appl. Spectrosc., 34, 696–699.

139. Choi, B.S. and Kim, H. (1982) On Abel inversions of emission data from an inductively coupled
plasma. Appl. Spectrosc., 36, 71–74.

140. Blades, M.W. (1983) Assymetric Abel inversions on inductively coupled plasma spatial emis-
sion profiles collected from a photodiode array. Appl. Spectrosc., 37, 371–375.

141. Kornblum, G.F. and de Galan, L. (1977) A study of the interference of cesium and phosphate in
the low-power inductively coupled radio frequency argon plasma using spatially resolved emis-
sion and absorption measurements. Spectrochim. Acta, 32B, 455–478.

142. Kawaguchi, H., Ito, T., Ota, K. and Mizuike, A. (1980) Effects of matrix on spatial profiles of
emission from an inductively coupled plasma. Spectrochim. Acta, 35B, 199–206.

143. Omenetto, N., Nikdel, S., Reeves, R.D., Bradshaw, J., Bower, J.N. and Winefordner, J.D. (1980)
Relative spatial profiles of barium ion and atom in the argon inductively coupled plasma as
obtained by laser-excited fluorescence. Spectrochim. Acta, 35B, 507–517.

144. Horlick, G. and Blades, M.W. (1980) Clarification of some analyte emission characteristics of
the inductively coupled plasma using emission spatial profiles. Appl. Spectrosc., 34, 229–233.

145. Koirtyohann, S.R., Jones, J.S., Jester, C.P. and Yates, D.A. (1981) Use of spatial emission profiles
and a nomenclature system as aids in interpreting matrix effects in the low-power argon induc-
tively coupled plasma. Spectrochim. Acta, 36B, 49–59.

146. Kawaguchi, H., Ito, T. and Mizuike, A. (1981) Axial profiles of excitation and gas temperatures
in an inductively coupled plasma. Spectrochim. Acta, 36B, 615–623.

147. Blades, M.W. and Horlick, G. (1981) The vertical spatial characteristics of analyte emission 
in the inductively coupled plasma. Spectrochim. Acta, 36B, 861–880.

148. Blades, M.W. and Horlick, G. (1981) Interferences from easily ionizable element matrices in induc-
tively coupled plasma emission spectroscopy – a spatial study. Spectrochim. Acta, 36B, 881–900.

149. Rybarczyk, J.P., Jester, C.P., Yates, D.A. and Koirtyohann, S.R. (1982) Spatial profiles of interele-
ment effects in the inductively coupled plasma. Anal. Chem., 54, 2162–2170.

150. Roederer, J.E., Bastiaans, G.J., Fernandez, M.A. and Fredeen, K.J. (1982) Spatial distribution of
interference effects in ICP emission analysis. Appl. Spectrosc., 36, 383–389.

151. Furuta, N. and Horlick, G. (1982) Spatial characterization of analyte emission and excitation
temperature in an inductively coupled plasma. Spectrochim. Acta, 37B, 53–64.

152. Horlick, G. and Furuta N. (1982) Spectrographic observation of the spatial emission structure
of the inductively coupled plasma. Spectrochim. Acta, 37B, 999–1008.

153. Nojiri, Y., Tanabe, K., Uchida, H., Haraguchi, H., Fuwa, K. and Winefordner, J.D. (1983)
Comparison of spatial distributions of argon species number densities with calcium atom and
ion in an inductively coupled argon plasma. Spectrochim. Acta, 38B, 61–74.

154. Walters, P.E., Long, G.L. and Winefordner, J.D. (1984) Spatially resolved concentration studies of
ground state atoms and ions in an ICP: saturated absorption spectroscopic method. Spectrochim.
Acta, 39B, 69–76.

Fundamental Principles of Inductively Coupled Plasmas 57

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 57



155. Anderson, T.A., Burns, D.W. and Parsons, M.L. (1984) The use of emission spatial profiles for
the establishment of an internal reference point in ICP-AES. Spectrochim. Acta, 39B, 559–566.

156. Houk, R.S. and Olivares, J.A. (1984) General calculations of vertically-resolved emission pro-
files for analyte elements in inductively coupled plasmas. Spectrochim. Acta, 39B, 575–587.

157. Niebergall, K., Brauer, H. and Dittrich, K. (1984) Equidensitometry – a method for plasma
diagnostics. 13. Investigations of the spatial emission distribution of different spectral lines in
an ICAP. Spectrochim. Acta, 39B, 1225–1237.

158. Rezaaiyaan, R., Olesik, J.W. and Hieftje, G.M. (1985) Interferences in a low-flow, low-power
inductively coupled plasma. Spectrochim. Acta, 40B, 73–83.

159. Furuta, N., Nojiri, Y. and Fuwa, K. (1985) Spatial profile measurements of electron number
densities and analyte line intensities in an inductively coupled plasma. Spectrochim. Acta, 40B,
423–434.

160. Caughlin, B.L. and Blades, M.W. (1985) Spatial profiles of electron number density in the
inductively coupled plasma. Spectrochim. Acta, 40B, 987–993.

161. Long, S.E. and Browner, R.F. (1986) Influence of water on the spatial excitation behaviour of
selected elements in the inductively coupled plasma. Spectrochim. Acta, 41B, 639–649.

162. Choot, E.H. and Horlick, G. (1986) Vertical spatial emission profiles in Ar–N2 mixed gas induc-
tively coupled plasma. Spectrochim. Acta, 41B, 889–906.

163. Choot, E.H. and Horlick, G. (1986) Spatially resolved electron density measurements in Ar,
N2–Ar and O2–Ar ICPs using a photodiode array detection system. Spectrochim. Acta, 41B,
935–945.

164. Hasegawa, T. and Winefordner, J.D. (1987) Spatial distributions of atomic and molecular
species in the inductively coupled argon plasma. Spectrochim. Acta, 42B, 773–789.

165. Houk, R.S., Schoer, J.K. and Crain, J.S. (1987) Deduction of arbitrary excitation temperatures
for various analyte species in inductively coupled plasmas from vertically-resolved emission
profiles. Spectrochim. Acta, 42B, 841–852.

166. Fogg, T.R. (1988) Simple ICP spatial profiles: optimization of observation position. Appl.
Spectrosc., 42, 170–172.

167. Kolczynski, J.D., Pomeroy, R.S., Jalkian, R.D. and Bonner Denton, M. (1989) Spatial and spec-
tral imaging of plasma excitation sources. Appl. Spectrosc., 43, 887–891.

168. Olesik, J.W. and Williamsen, E.J. (1989) Easily and noneasily ionizable element matrix effects in
inductively coupled plasma optical spectrometry. Appl. Spectrosc., 43, 1223–1232.

169. Li, K.P., Hwang, J.D. and Winefordner, J.D. (1990) Studies of chemical interferences in an
inductively coupled plasma using moment analysis of space-resolved emission profiles. Anal.
Chem., 62, 1233–1238.

170. van Berkel, W.W., Balke, J. and Maessen, F.J.M.J. (1990) Introduction of analyte-loaded
poly(dithiocarbamate) into inductively coupled argon plasmas by electrothermal vaporization.
Spatial emission characteristics of the resulting dry plasmas. Spectrochim. Acta, 45B, 1265–1274.

171. Fister III, J.C. and Olesik, J.W. (1991) Vertical and radial emission profiles and ion-atom inten-
sity ratios in inductively coupled plasmas: the connection to vaporizing droplets. Spectrochim.
Acta, 46B, 843–850.

172. Xiao Jian., Li Qingyan., Li Wenchong., Qian Haowen., Tan Jingyuan, and Zhang Zhanxia
(1992) Matrix effects of easily ionized elements on the spatial distribution of electron number
densities in an inductively coupled plasma using an optical fibre probe and a photodiode array
spectrometer. J. Anal. Atom. Spectrom., 7, 131–134.

173. Galley, P.J. and Hieftje, G.M. (1993) The OH ‘bullet’ – a promising spatial reference for the
inductively coupled plasma. J. Anal. Atom. Spectrom., 8, 715–721.

174. Weir, D.G. and Blades, M.W. (1994) Characteristics of an inductively coupled argon plasma
operating with organic aerosols. Part 1. Spectral and spatial observations. J. Anal. Atom.
Spectrom., 9, 1311–1322.

58 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 58



175. Weir, D.G.J. and Blades, M.W. (1994) The response of the inductively coupled plasma argon
plasma to solvent plasma load: spatially resolved maps of electron density obtained from the
intensity of one argon line. Spectrochim. Acta, 49B, 1231–1250.

176. Mao, X. and Russo, R.E. (1997) Optimization and calibration of laser ablation-inductively 
coupled plasma atomic emission spectrometry by measuring vertical spatial intensity profiles.
J. Anal. Atom. Spectrom., 12, 177–182.

177. Koirtyohann, S.R., Jones, J.S. and Yates, D.A. (1980) Nomenclature system for the low-power
argon inductively coupled plasma. Anal. Chem., 52, 1966–1968.

178. Parisi, A.F. and Hieftje, G.M. (1986) Fundamental studies in the ICP using a sinusoidally mod-
ulated power input. Appl. Spectrosc., 40, 181–185.

179. Parisi, A.F., Rayson, G.D., Hieftje, G.M. and Olesik, J.W. (1987) Temporally and spatially resolved
studies in an amplitude modulated inductively coupled plasma. Spectrochim. Acta, 42B, 361–376.

180. Olesik, J.W. and Bradley, K.R. (1987) Analyte excitation in the inductively coupled plasma stud-
ied by power modulation. Spectrochim. Acta, 42B, 377–392.

181. Farnsworth, P.B., Rodham, D.A. and Ririe, D.W. (1987) The use of time and space-resolved
emission data for fundamental studies of a pulsed ICP. Spectrochim. Acta, 42B, 393–406.

182. Bydder, E.L. and Miller, G.P. (1988) A relaxation method for determining state of equilibrium
and temperature ratio Te/Tg in an argon ICPT. Spectrochim. Acta, 43B, 819–829.

183. Bydder, E.L. and Miller, G.P. (1988) An experimental study of asymmetry in an argon 
inductively coupled plasma torch using a relaxation method. Spectrochim. Acta, 43B,
1431–1442.

184. Bydder, E.L. and Miller, G.P. (1989) Excitation and kinetic equilibria in an argon inductively
coupled plasma torch. 1. Coolant flow only. Spectrochim. Acta, 44B, 165–174.

185. Miller, G.P. (1989) Excitation and kinetic equilibrium in an argon inductively coupled plasma.
2. Introduction of aerosol flow. Spectrochim. Acta, 44B, 395–410.

186. Miller, G.P. (1990) A theoretical evaluation of the relaxation method in determining the tem-
perature ratio Te/Tg in an inductively coupled plasma. Spectrochim. Acta, 45B, 329–331.

187. Fey, F.H.A.G., Stoffels, W.W., van der Mullen, J.A.M., van der Sijde, B. and Schram, D.C. (1991)
Instantaneous and delayed responses of line intensities to interruption of the RF power in an
argon inductively coupled plasma. Spectrochim. Acta, 46B, 885–900.

188. Miller, G.P. (1991) A method for observing changes in radiative losses from an inductively cou-
pled argon plasma. Spectrochim. Acta, 46B, 1253–1262.

189. Miller, G.P. (1992) Long-term intensity oscillations in a pulsed inductively coupled plasma.
Spectrochim. Acta, 47B, 1013–1022.

190. Fey, F.H.A.G., de Regt, J.M., van der Mullen, J.A.M and Schram, D.C. (1992) The effect of evap-
oration on the analyte emission intensities during power interruption in an inductively cou-
pled plasma. Spectrochim. Acta, 47B, 1447–1459.

191. Fey, F.H.A.G., Benoy, D.A., de Regt, J.M., van der Mullen, J.A.M. and Schram, D.C. (1993)
Numerical simulation of the response of Li state densities to power interruption in an induc-
tively coupled plasma. Spectrochim. Acta, 48B, 1579–1592.

192. Turk, G.C., Yu, LiJian., Watters Jr, R.L. and Travis, J.C. (1992) Laser-induced ionization of
atoms in a power-modulated inductively coupled plasma. Appl. Spectrosc., 46, 1217–1222.

193. Turk, G.C. (1992) Laser-induced fluorescence of atoms in a power-modulated inductively cou-
pled plasma for trace detection and diagnostic study. Appl. Spectrosc., 46, 1223–1225.

194. Rayson, G.D. and Shen, D.Y. (1992) Application of an inductively coupled argon plasma 
axial viewing absorption technique using a power modulated plasma. Spectrochim. Acta, 47B,
553–559.

195. Hensman, C.E., Drake, L.R. and Rayson, G.D. (1997) Characterization of analyte absorption
profiles in a power-amplitude modulated inductively coupled argon plasma. Spectrochim. Acta,
52B, 503–515.

Fundamental Principles of Inductively Coupled Plasmas 59

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 59



196. Chan, G.C.-Y. and Hieftje, G.M. (2004) Using matrix effects as a probe for the study of the
charge-transfer mechanism in inductively coupled plasma-atomic emission spectrometry.
Spectrochim. Acta, 59B, 163–183.

197. Iglésias, M., Vaculovic, T., Studynkova, J., Poussel, E. and Mermet, J.M. (2004) Influence of the
operating conditions and of the optical transition on non-spectral matrix effects in inductively
coupled plasma atomic emission spectrometry. Spectrochim. Acta, 59B, 1841–1850.

198. Chan, G.C.-Y. and Hieftje, G.M. (2004) Experimental evidence of state-selective charge transfer
in inductively coupled plasma-atomic emission spectrometry. Spectrochim. Acta, 59B,1007–1020.

60 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_002.qxd  8/18/06  4:44 PM  Page 60



Chapter 3

Basic Concepts and Instrumentation for
Plasma Spectrometry

Steve J. Hill, Andrew Fisher and Michael Foulkes

3.1 Detection limits and sensitivity

3.1.1 ICP-Atomic emission spectrometry

When an analyte, in aerosol form, enters the central channel of the inductively coupled
plasma (ICP) a number of processes occur. The sample desolvates, the matrix decomposes
and the resulting analyte and solvent vapour undergoes excitation to produce molecular,
atomic and ionic species in various energy states. Some of this energy is released in the
form of electromagnetic radiation, of a wavelength that is characteristic of the emitting
species. It is this latter property of the plasma that is utilised for analytical purposes in the
ICP-emission spectrometer.

From an extended form of the Einstein equation, an expression for the absolute inten-
sity (Iqp) of a spontaneous emission line originating from an electronic transition from a
higher state q to lower state p can be shown to be [1]:

(3.1)

where d is the depth of source, �qp is the transition frequency, Aqp is the line transition
probability, h is Planck’s constant and Nq the number of excited level species. The relation-
ship between Nq, Aqp and Iqp, for a given analyte emission line, �qp, illustrates the fun-
damental reliance on the number of emitting species, Nq, giving rise to that absolute
intensity. This number is dependent on the energy transferred to the analyte and in an IC
plasma this energy originates from the high temperatures maintained (c. 6000–8000 K).
For the purposes of simplification, if it is assumed that some local thermodynamic equi-
librium (LTE) is present in a plasma, then Nq is related to temperature (T) through the
Boltzmann distribution:
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Where Nt is the total number of analyte species (atom or ion), gq is the statistical weight of
the level q, Z(T) is the partition function (itself dependent on temperature), k is the
Boltzmann constant and Eq is the excitation energy of the level q [1].

However, there are many factors to be considered when the sensitivity, that is the net
response per unit quantity of analyte, and the absolute detection limit of an element is to
be measured instrumentally. Assuming the most intense interference-free analyte line is
chosen (thereby maximising sensitivity for a set of given conditions), then these factors
include: The physical state of the sample and the sample introduction system, the plasma
operating conditions and finally the arrangement of the wavelength selection and detec-
tion unit. This latter unit (mono- or polychromator) introduces its own set of limiting fac-
tors and these include the small angle of collection of radiation by the entrance optics of
the spectrometer (dependent on slit height and widths), losses of intensity due to absorp-
tion and scattering by the transmission optics and path length medium, and the efficiency
of the electronic detector employed. The compromise between the use of small entrance
and detector slit widths (to produce a suitable band-pass for line resolution), and the
absolute intensity of radiation reaching the detector is an inherent problem with the gen-
eral design of mono- and polychromator systems. As stated, these factors take account only
of the ‘collection of radiation’ between the plasma and the detector.

The means by which the sample is introduced to the plasma, the sample introduction sys-
tem, plays an equally important, if not greater part, in the overall efficiency of the instru-
ment [2,3]. Pneumatic nebulisation and spray chamber systems, for example, are noted for
their poor analyte mass transport capabilities (1–2%). In many cases, the conditions used
for carrier gas and liquid sample flows are a compromise for a given sample introduction
arrangement. In addition, the bore of the injector, the carrier and auxiliary gas flows, the
forward power of the generator, the plasma viewing-orientation (radial or axial) and even
spray chamber temperature affect both the noise and sensitivity of the instrument. It is lit-
tle wonder that ‘run of the mill’ laboratory measurements are sometimes made well away
from the optimum conditions for these instruments. The problem is compounded by the
fact that, in terms of an ‘instrumental response’, many of the multivariate parameters
employed are interdependent. For comparisons between various ICP spectrometers to be of
practical use, ‘optimisation’ is essential; the figure of merit to be tailored accordingly; that is,
sensitivity using signal and background levels, limits of detection (LODs) using signal and
noise levels. Both values will give a measure of the performance of the instrument. If the
noise component is small and approximately constant for a set of analyte lines then the link
between sensitivity (S) for a given line (net signal-to-concentration ratio) and the LOD
expressed in terms of concentration can be shown to be:

(3.3)

where sd is the standard deviation of the noise of the signal and the value of 3 dictates a
confidence interval (CI) of 99.7% (see below). Instrument manufacturers now offer sys-
tem programmes as an aid to optimising performance. The figure of merit and the variable
parameters should however be carefully chosen.

A scrutiny of atomic spectrometry articles shows that interpretation of the term ‘LOD’
is variable and the value obtained may include the whole procedure (i.e. sampling, sample

LOD
3sd

�
S
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preparation, introduction technique and analyte measurement). The LOD of an individual
analytical procedure is ‘the lowest amount of an analyte in a sample that can be detected
but not necessarily quantified as an exact value’ [4]. In the ‘Guidelines for Achieving
Quality in Trace Analysis’ [5] the LOD is expressed as ‘the concentration CL or quantity qL

derived from the smallest measure XL that can be detected with reasonable certainty for a
given procedure. The value XL is given by the following equation:

(3.4)

where Xbl is the mean of the blank measures, Sbl is the standard deviation of the blank
measures and K is a numerical factor chosen according to the CI required’ [6].

‘Instrumental LODs’ should be identified as a separate set of data. The instrumental
LOD may be defined as that quantity of the element which gives rise to a reading equal to
three times the standard deviation of a series of at least ten determinations (n � 10) at or
near the blank level [1]. From both a realistic and a practical point of view, these measure-
ments should be made using the intensity from the analytical line of interest at or around
the limit of determination (see below). The noise component associated with an on-peak
measurement is therefore included in the determination, rather than just the blank which
contains little or no analyte signal. The on-peak stability is therefore taken into account
and a more reliable measure of LOD is obtained. As shown, the use of three times the stand-
ard deviation to give a CI, assuming a normal distribution, of 99.7% is preferred. It should
be noted that the number of determinations, n, has a bearing on the confidence limit val-
ues. Low values of n will effectively change the probability factor associated with that of a
‘normal’ distribution and hence change the ‘simple’ standard deviation calculated. This
must be taken into account [7]. Correction is performed using the values from t factor
tables of CI vs degrees of freedom (n � 1).

(3.5)

where � � the limiting value and X � the mean analyte value.
The concept of the detection limit has been discussed in various publications, some in

greater detail than others. One earlier work of note [8] expresses the LOD as the statistical
figure of merit that appraises an analytical method for the smallest detectable concentra-
tion, CL, or absolute amount, qL, of an analyte. As shown in Equations (3.3) and (3.4), the
analyte signal is to be distinguished from the background fluctuations by employing a suit-
able statistical confidence to the value. However, the detection limit (CL) may also be expressed
in terms of the net signal-to-background ratio (SBR) [8]:

(3.6)

where K is a statistical constant (either 2 or preferably 3), %RSDB is the relative standard
deviation of the fluctuations of the background expressed as a percentage; and C0 is the
concentration of the analyte giving rise to the SBR [8]. SBR is a dimensionless quantity and
detection limits calculated using this approach have a reduced dependence on various
instrumental parameters. This allows some comparisons to be made between instruments.
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One other work of note discusses the analytical performance of the ICP in detail and
again considers both the fundamental concepts and practical limitations involved [9].

Many of the parameters that govern sensitivity and LOD in ICP-AES are common to the
ICP-mass spectrometer. However, those particular parameters which relate to mono- and
polychromator systems in ICP-AES should be substituted for and re-evaluated in terms of,
the mass collection and filtering processes employed in ICP-MS. For example, the loss of
emission intensity suffered by a monochromator are analogous, in simple terms, to those
losses of ion intensity associated with the physical gas sampling at the plasma–sampler
interface and the quadrupole filter [10]. The definitions relating to ‘instrumental’ figures of
merit (the LOD, limit of determination, stability and sensitivity) remain the same; being
independent of the instrument employed.

3.1.2 Limit of determination

A note on the limit of determination should be made here to clarify the term. For an indi-
vidual analytical procedure it is considered to be the lowest amount of an analyte in a sample
which can be quantitatively determined with suitable uncertainty. For practical purposes, it
may be taken as the amount that is equivalent to 10 times the signal-to-noise ratio [5].

3.1.3 Axial systems

Recent developments in optical emission spectrometry have led to a range of commercially
available axially viewed instruments [11]. By collecting analyte emission from the central
channel of the plasma but viewed down the tail flame (i.e. end-on), it is shown that lower
LODs are obtained. In this instrument, the torch assembly and plasma are, in most cases,
turned through 90° to become horizontal, with the tail flame pointing towards the collec-
tion optics. A shear gas is usually employed to cut the tip of the tail flame. This produces a
flattened cross-sectional profile to clear the optical and thermal paths for axial viewing and
also a means of dissipating the hot gases which are now directed at the spectrometer. One
design also incorporates a cooled cone with a sampling orifice and counter flow of argon.
These shield the spectrometer and help disperse the optically thick cooled plasma gases,
which contain lower energy state analytes that can absorb analyte emission. More analyte
emitting species are being viewed in an axial orientation than in the radial system, which
results in an increase in collection efficiency. The radial system however, takes full advan-
tage of the optically thin profile of the plasma. The ability to vary the height at which the
emitting species are viewed also allows spatially dependent interferences to be avoided or
reduced (e.g. easily ionisable element, EIE, effects)[12]. Viewing axially removes this degree
of freedom, and by also introducing an optically thicker, end-on profile may impose some
limitations on the concentration range and matrix type that may be introduced for 
interference-free analyte determination. The use of larger bore injectors, tailored interface
designs and close attention to the operating conditions of the plasma’s power and gas flows
can address a number of these effects. Detection limits from axial viewing are stated to be
improved by a factor of 5 to 10 (although comparisons between truly optimised systems
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are not always seen and the matrices employed are sometimes simple). The performance
characteristics of this instrumental arrangement have been well documented in the ‘litera-
ture’ and its advantages and disadvantages discussed [13,14].

3.1.4 The sample introduction system

The sample introduction system is known to be an important factor when particular detec-
tion limits are required [2]. The conventional pneumatic nebuliser, as stated, is rarely greater
than 2% (usually nearer 1%) efficient in terms of the mass transport (mass of analyte trans-
ported to the plasma per unit mass of analyte introduced from the sample, expressed as a %).
Consequently, these systems have been the focus of research for many years in an attempt to
increase the number of analyte species reaching the plasma (and hence increase the sensi-
tivity) and in reducing the noise characteristics associated with them. One problem with
increasing the sample mass transport efficiency is the effect of also increasing the solvent load
in the plasma which can lead to gross instability and matrix effects [15,16]. A pneumatic nebu-
liser, for example, concentric glass, high solids, cross-flow, etc., produces a range of aerosol
particle sizes. This distribution is dramatically changed by the spray chamber–injector
assembly [17], giving rise to a much reduced transport efficiency. This assembly also pro-
duces a smaller and narrower aerosol particle size distribution. One consequence of this is a
reduction in the noise associated with the aerosol–plasma interaction. Sensitivity has there-
fore been increased and LODs lowered by developing sample introduction systems that
increase the analyte mass transport while reducing both the particle size of the aerosol and
the associated solvent carrier load.

Systems which offer improvements in these parameters cover a range of designs and
approaches:

(i) The ultrasonic nebuliser utilises the piezo-electric effect from a specially prepared crys-
tal to produce an aerosol with a very small and narrow particle size distribution
(approximately �2 �m). The result is that, with a greatly reduced rejection of aerosol
particles by the spray chamber–injector assembly, the mass transport efficiency is
improved by over an order of magnitude [18]. Such an increase would severely load the
plasma based on a normal liquid flow rate of 0.5–1.0 ml min�1. However, with a com-
bination of reduced sample flow rate and solvent vapour removal, either by ‘in-line
heating and condensing’ or by membrane separation, only micro-crystallites and/or
ultra-small aerosol particles reach the plasma. The noise characteristics associated with
aerosol particles is consequently much reduced and together with the increased num-
ber of analyte particles reaching the plasma, the LOD is much improved (c. 100 times).
The inherent benefits of this sample introduction system for organic matrices is obvi-
ous and those loading problems associated with liquids of high vapour pressure are
very much reduced (if not negated); thereby extending the analytical range of the
instrument. This system is not however without its problems. Memory effects associ-
ated with sample concentration and with complex matrices can be seen [19].

(ii) LODs are notably lowered if an analyte of interest can be transformed to the gaseous
state. Such is used in the hydride, cold vapour or alkylation systems as shown; for
example, in the determination of arsenic mercury and cadmium [20–22]. In each case
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the major analyte loss processes within the sample introduction system are removed.
Three points should be noted:
(a) in hydride and alkylation systems, gaseous by-products are generated, often in

high quantities which can load and de-stabilise the plasma,
(b) the chemistry of the generation technique may suffer interferences some of which

are quite severe, due to the presence of certain metal ions in the matrix; for 
example, transition ions, in particular the platinum group metals (PGMs),

(c) only certain elements and particular oxidation states of these elements will form
stable volatile hydrides and alkyls.

(iii) If the normal nebuliser, spray chamber and torch assembly is replaced by a direct
injection nebuliser (DIN) system, improvements in LOD may be seen [23]. Some
designs are termed direct injection high-efficiency nebulisers (DIHENs), to denote
their ‘higher efficiency’ [24]. Generally, in this sample introduction system, the liquid
sample is transported via a stabilised high performance, low flow pump to a capillary
or micro-nebuliser of the ‘venturi’ design situated within the injector of the plasma
torch. Small quantities (�l min�1) are delivered to the DIN and the aerosol produced
by a concentric argon gas flow is directed to the central channel of the plasma. The earl-
ier designs of DIN required great attention to detail in setting up, with the liquid sam-
ple to carrier gas flow ratio being critical; in order to produce an aerosol of very small
particle size and to limit noise characteristics. Interestingly, this type of nebuliser was
used on the first ICPs [25] but was abandoned at the time because of its delicate con-
struction. Its re-introduction has been brought about because of more robust designs.

(iv) Two further approaches to direct injection systems can be considered and these rely on
modifications of the aerosol production process. If a capillary is heated electrother-
mally so as to raise the temperature substantially above the boiling point of the liquid
sample, a combined aerosol–vapour phase is produced when a suitable carrier gas flow
is employed. Alternatively, if a high voltage is applied to a capillary carrying a liquid
sample, it is possible to produce a finely divided aerosol within a gas flow that is sta-
bilised by electrostatic repulsion. In the former case the nebulisation system is termed
as a ‘thermospray’ [26] and in the latter, ‘electrospray’ [27]. In both cases, the analyte
can be introduced directly to the plasma using a similar solvent delivery and gas carry-
ing system to that of the DIN and consequently improvements in the LOD are noted,
if attention is paid to those same critical parameters required for use with the DIN.
More recently, higher flow thermosprays have been developed which has resulted in
the need for a desolvation step prior to introduction to the plasma [28].

The sample introduction systems discussed here are not restricted to ICP-emission instru-
ments and can be used to improve sensitivity and lower the LOD for mass spectrometric
instruments as well.

3.1.5 Detectors

The use of photomultiplier tubes (PMTs), together with their inherent limitations; that is,
non-uniform spectral response, rate-dependence (counts per second) and physical size, in
ICP spectrometers has been eroded by the introduction and availability of segmented charge
coupled, charge coupled and charge injection devices (SCDs, CCDs and CIDs, respectively)
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[29]. The modern echelle spectrometer design, when coupled with these higher efficiency,
mega-pixel devices, produces a compact polychromator with most of the advantages expected
of this detector design. The benefits available include: (i) the simultaneous measurement 
of analytes, internal standards and background allowing a variety of correction techniques
[30]), (ii) the simultaneous acquisition and storage of emission data from a sample in one
run, covering the entire spectral range (or part) of the polychromator and (iii) the possibil-
ity of using non-rate dependent total counting statistics. These detectors offer improvements
in the LOD of analytes through improved stability, sophisticated noise-correction techniques
and photon integration.

The ion-detection system in ICP-mass spectrometry (e.g. electron multipliers, Faraday
cups and Davy collectors, etc.), is a topic area in its own right, taking into account ion-
collection-focusing trains, amplifier modules and specialist programmes [31].

Table 3.1 displays typical LODs for the elements obtained using radial and axial-viewed
ICP-AES in comparison with the plasma mass spectrometric technique.
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Table 3.1 General limits of detection for the elements using the most sensitive line in 
ICP-AES and most abundant isotope in quadrupole ICP-MS

Analyte Axial ICP-AES/�g dm�3 Radial ICP-AES/�g dm3 ICP-MS/ng dm�3

Al 0.9 5 50
Sb 3 20 5
As 3 12 10
Ba 0.03 0.15 1
Be 0.05 0.1 1
Bi – 10 1
B – 3 70
Cd 0.2 1 5
Ca 0.01 0.1 500
Ce – 100 1
Cr 0.5 2 5
Co 0.4 2 1
Cu 0.9 1.5 5
Ge – 100 50
Au – 25 5
In – 100 1
Fe 0.3 1 100
La – 6 5
Pb 1.5 7 1
Li 0.06 1 5
Mg 0.05 0.3 50
Mn 0.1 0.3 5
Hg – 20 1
Mo 0.5 1 5
Ni 0.7 4 5
Pd – 70 5
Pt – 30 5
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3.2 Accuracy and precision

While there are a number of ways of expressing accuracy [5], the simplest practical state-
ment may be considered as the closeness to the true or accepted value of an analyte con-
centration. If the ability to obtain a representative sample is not in question, then the
reasons for deviation from this ‘true value’, from a purely instrumental stand-point, are
many and varied, and often place an analyst’s experience in the front line.

Precision can be defined as ‘the closeness of agreement between the results obtained
applying the experimental procedure several times under prescribed conditions’ [5]. From
an instrumental point of view, the stability requirements of those operating parameters
previously discussed have a direct bearing on the precision of an analytical measurement.
In practical terms, small variations in, for example, the forward power, nebuliser gas and
liquid sample flow rates, can result in a change of sensitivity for an analytical line (or ion)
[8]. The rate at which these operating parameters change compared with the duration and
rate of analyte detection/data acquisition (integration times, period between measure-
ments, etc.) will govern, to a greater extent the precision of a measurement [32].

A general note should be made here when considering accuracy. The incorporation of
quality control checks within a full ‘assurance’ regime is necessary for the monitoring of an
instrument’s performance and for the validation of any analytical procedure. The use of
simple check standards for set-up procedures together with the use of suitable matrix
matched certified reference materials during analytical runs will provide the analyst with a
measure of confidence for any determination undertaken. The importance of such a qual-
ity regime cannot be over-stressed [33].
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Table 3.1 (Continued)

Analyte Axial ICP-AES/�g dm�3 Radial ICP-AES/�g dm3 ICP-MS/ng dm�3

K 0.3 4 500
P 4 20 1000
Se 4 16 50
Si – 5 1000
Ag 0.5 1 5
Na 0.2 2 50
Rb 1 5
Sr 0.02 0.2 1
S 4 15 50 000
Te – 20 50
Tl 2 15 1
Sn 2 7 5
Ti 0.5 2 50
W – 20 5
U – 400 1
V 0.7 2 5
Zn 0.2 1 5
Zr – 5 5
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Improvements in precision can be obtained by the use of a suitable internal standard (IS).
The purists criteria can be applied (as described later in Section 3.2.3) for IS selection, also
allowing corrections to be made to the analytical accuracy. This requires ratioing of an analyt-
ical signal to an IS which has very similar characteristics to that of the analyte of interest (e.g.
use of an atom or ion line, ionisation energy, emission wavelength, etc.). The introduction of
CCDs and CIDs as emission detectors for the echelle (and similar) spectrometer, allows simul-
taneous multi-element internal standardisation measurements to be made. When linked in
‘real-time’, corrections for transient parameter fluctuations result in improved precision [34].

When considering mass spectrometric techniques, the purist’s list should be extended to
include an IS of similar mass. However, one technique that can greatly improve (when cor-
rectly applied) both precision and accuracy in ICP-MS measurements is isotope dilution
analysis (IDA). The spiking of a sample with an analyte of interest is known as a standard
addition procedure. If the spike contains the analyte but with an enriched isotopic abun-
dance then a measure of the isotope ratios can be used to calculate the concentration of the
analyte present. This procedure employs both internal standardisation and internal com-
pensation as a means of correction [35].

3.2.1 Instrumental drift

The complexity inherent in the current designs of optical emission and mass spectrometers
results in an instrument that is dependent on precision mechanical, optical and electronic
engineering for its efficient performance. This performance will be severely degraded if
attention is not paid to control of the inter-dependent multivariate parameters that give rise
to instrumental drift. Manufacturers link performance with the thermal stability of the
instrument’s environment. Temperature fluctuations can cause severe instrumental drift
and some measure to compensate (at least partly) for these effects can be incorporated in
the overall design. While both mono- and polychromator optical systems for example are
usually made as temperature compensated and controlled units, the need to site the instru-
ment in a temperature-controlled room, isolated from vibration must be considered.

Stable power generators, gas and liquid flows are important in reducing instrumental
drift effects. The advent of solid-state generators, mass-flow controllers, precision pumps
and stepper motor systems have allowed improvements in stability to be realised.

The incorporation of wavelength correction techniques in the design of the optical train
helps to reduce severe drift effects within the optical spectrometer (e.g. separate mercury
monitoring line to give regular internal wavelength calibration). Poor on-peak stability can
seriously affect accuracy and LODs, and long-term tests using a number of lines covering
the entire wavelength range of the instrument should be part of any performance evalu-
ation. The use of temperature control units for circulating the coolant water extends the
stability of an instrument.

Due to the presence of both long- and short-term drift effects in instruments, which may
themselves be progressive or cyclic, a continuous internal monitoring/standardisation process
is required in order to maintain accuracy [36]. In the absence of all other interferences, suit-
able IS added to the sample and continuously monitored would be an adequate approach. The
echelle polychromator-detector designs offer the means to address a number of the stated sta-
bility problems, however the sources of these problems should not be forgotten.
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The stability of the plasma mass spectrometer is dependent on the same criteria as its
optical cousin in terms of instrumental drift. However, its measurement of the extended
lower concentration range (�g L�1 and ng L�1 levels) and the presence of a low pressure
mass filter impose stricter requirements on stability. Hence, the use of internal standardisa-
tion to correct for drift is of paramount importance in this technique [37]. In the presence
of other interferent effects (e.g. spectral and matrix related) the requirements for internal
standardisation become more complex and are considered under their respective headings.
In addition, a number of thermally controlled units are used to improve stability. One
important parameter to consider is the spray chamber temperature as this affects the mass
transport of the sample. A spray chamber coolant supply is also of benefit when dealing
with non-aqueous (i.e. organic), samples. Any reduction in the organic solvent tempera-
ture results in a reduction in the plasma solvent vapour load.

3.2.2 Matrix effects

The efficiency with which an instrument handles a sample matrix and isolates the analytes
of interest is important. The mass transport efficiency from a pneumatic nebuliser spray
chamber arrangement is, in part, dependent on the viscosity, surface tension, vapour pres-
sure and density of the liquid sample. Their effect on aerosol formation should not be triv-
ialised and has been the focus of a number of studies [2,15,16,38]. Hence, calibration using
standards that are matrix-matched to samples can be an important factor to consider. The
use of an IS to correct for these transport effects must be chosen with care. The IS and stan-
dard additions (SA) techniques may not always correct the final analyte value. This is par-
ticularly so for plasma emission and post-plasma sampling systems, such as ICP-MS where
particular ‘plasma processes’ come into prominence. In terms of sample introduction sys-
tem transport effects only, these correction techniques (IS and SA) are efficient.

3.2.3 Plasma effects

It is known that the higher temperature of the argon plasma, c. 6000 K, is responsible for the
reduction of those major chemical interferences often seen in simpler flame emission and
absorption instruments. Its greater efficiency for matrix destruction and for producing atomic
and ionic species for spectral detection or mass sampling is a consequence of this higher ther-
mal environment. However, the plasma is spatially inhomogeneous and, for example, the peak
viewing height for optical emission of an analyte in a radial view system will vary depending
on a number of interdependent parameters; that is, the three gas flows, forward power, the
sample matrix, sample flow and whether an atom or ion line is employed for detection. The
latter parameter displays this spatial dependence to a marked degree. For a given analyte under
a given set of conditions, the position for peak emission will generally be in the order: atomic
species (very low down in the plasma), ionic species (higher up) and the possibility of atomic
species again (very high up). This effect may be rationalised in respect of the vertical change in
gas kinetic temperature Tk and electron density of the central channel, the residence time for
the species in the plasma and the excitation and ionisation energies of the analyte (the hard
and soft line criteria)[8,39]. The reasons for careful choice of IS, to correct for plasma-based
effects and to account for analyte characteristics and matrix-related processes, therefore
becomes apparent in the ‘light’ of these variables.
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A purist’s criteria for selection of an IS would, as stated previously, include the use of the
same line type (either ion or atom) as that of the analyte(s) of interest, an ionisation energy
(IE) that is close to the analyte’s and a similar emission wavelength. Frequently however,
these criteria cannot always be met and a compromise with other parameters is often made.

The problems are compounded when physical post-plasma sampling techniques are
employed, as in ICP-MS. The presence of certain matrix species at the plasma-sampling
interface can modify the analyte ion concentration; a consequence of plasma potential and
space charge effects [40]. Internal standardisation for this technique is often centred on the
use of similar mass range isotopes and those of comparable IE to that of the analyte of
interest. The practical result is that more than one ‘IS’ is chosen for the determination of a
series of analytes.

3.2.4 Spectral effects, interferences and background correction

Modern optical emission spectrometers utilise a sophisticated range of mono- and poly-
chromators to select the analyte line of interest. The term ‘element specific detection’ has to
be carefully employed however because of those interferences which may result, even in the
absence of an analyte. From research using UV-Visible Fourier Transform spectrometers [41,
42] it can be shown that fewer ‘real’ line overlaps occur even in the presence of line broaden-
ing phenomena such as that attributed to the Doppler and Lorentz effects. The compromise
between the intensity of a specific line reaching the detector and the resolution, previously
discussed, results in possible line overlap. This sets some of the gross effects of line coinci-
dence firmly under the heading of instrumental broadening (i.e. a mono- and polychroma-
tor-based effect). It is also important to remember that molecular species can result in a
spectral interference. The presence of OH, PO and SO in high concentrations in a matrix, for
example, can contribute to emission in particular regions both in terms of wavelength and
vertical position in the central channel, giving rise to structured background effects.
Wavelength response information at and around the analyte line of interest can help to visu-
alise the line profile and the effects of the limits of resolution (shoulder/wing effects and even
gross broadening) and may allow suitable background points to be chosen for ‘net signal’
correction. The importance of ‘net’ signal measurement cannot be overemphasised. Correc-
tion for the background emission being raised because of the concomitant matrix composi-
tion, as presented, must be considered in all measurements. However, when severe spectral
line overlap and molecular emission occurs, then correction using background points, inter-
nal standardisation or SA will not be effective. While some reduction from molecular emis-
sion may be achieved by judicious use of vertical profiles (if this parameter is available!) in
the plasma, for major effects an alternative line is best chosen.

3.2.5 Dynamic range

The argon ICP is a spatially inhomogeneous (in terms of electron density and ‘tempera-
ture’), partially ionised gas. When the nebuliser gas flow punches a hole through the plasma
and produces an annulus, this spatial inhomogeneity is increased. The energy transfer
processes which create and stabilise the ‘fireball’ (that outer region where the electron dens-
ity and temperature are greatest) are extended to include the central channel. The velocity
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profile of this channel gives rise to a plasma ‘tube’ of reduced electron density and ‘tempera-
ture’; effectively a ‘cooler’ region [43]. The result from having an efficient atomising and
exciting plasma which is cooler at the centre, is that in ICP-AES an optically thin profile is
produced, and self-absorption effects are greatly reduced. The dynamic range for linear
calibration of an analyte is therefore typically more than four orders of magnitude.

The ICP is also an efficient ioniser. The number of excited species present (electrons, Ar�
,

etc.) which produce analyte ions, greatly exceed those of the analyte itself. Consequently, the
dynamic range experienced in ICP-MS is also large and can extend to over five orders of mag-
nitude. The sensitivity of the two instruments are however notably different. Efficient post-
plasma sampling when combined with variable mass filtering and sensitive ion detectors,
allows an analyte concentration range from ng dm�3 up to 100s of mg dm�3 to be measured.
The optical emission spectrometer, in contrast, usually extends from the low �g dm�3 to 10s
of mg dm�3 concentration range for a given line. These limits are of course dependent on the
analyte sample type and introduction system used. To extend the range for an analyte at
higher concentration, an alternative, less sensitive line can be chosen. The advantages of the
newer design of polychromator-detector, that allows simultaneous measurements to be made
across their spectral range, come into their own, under these conditions.

3.2.6 ICP-MS

The problems associated with the plasma matrix and analyte processes and with spectral
interference are also of major concern in mass spectrometric post-plasma sampling systems.
A typical quadrupole mass analyser exhibits certain practical limitations of resolution
(0.1–0.5 AMU). When this resolution is high there is an effect on the number of ions reach-
ing the detector (i.e. they decrease). Hence, the inverse effect seen in ICP-AES between reso-
lution and light detection has some analogies in ICP-MS. As a result, spectral overlap for ions
of similar mass, be they element or molecular based (termed isobaric and polyatomic,
respectively) is possible. Tables of coincidence are well documented by manufacturers and
researchers [44,45]. Examples of this coincidence for isobaric phenomena are 113Cd and
113In, and 40Ca and 40Ar. For polyatomic phenomena, examples include 40Ar35Cl� on 75As�,
40Ar16O� on 56Fe� and 35Cl16O� on 51V�. While in general, an alternative isotope can be 
chosen, some analytes are mono-isotopic (e.g. 75As and 59Co) or may only provide isotopes
of low abundance. This usually requires a change to special operating conditions or some
modification of the plasma mass spectrometer (e.g. use of a mixed gas system like N2) [46],
or the use of a coupled technique such as HPLC-ICP-MS [46]. Such modifications can, how-
ever, lower the sensitivity and raise the detection limit of the analyte(s) of interest.

Developments in multi-pole mass filter design (e.g. hexapole, octapole, etc.), have
attempted to address the limitations imposed by resolution, with varying success. An alter-
native approach to removing interferences has been the development of the reaction or col-
lision cell interface. This utilises a multi-pole, high-frequency (hf) ion-residence cell, which
allows certain gases to be introduced (e.g. CH4, NH3, He, H2, etc.), in order to interact with
sampled portions of the analyte-containing plasma. Concomitant interfering species are
removed, allowing post-cell sampling for the analyte of interest [47,48]. Detection limits for
these instruments depends on the cell and gas system used and the analyte and matrix under
investigation. However, typical values range from 10s of ppb down to sub-ppt. In this form,
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the multi-element capability of the ICP-MS is usually compromised, but not always [48].
To date, few instruments, if any, match that of the high-resolution sector field ICP-MS.
Combined magnetic and electrostatic focusing remove many of the concomitant mass
problems, but their cost together with the technical expertise required to operate them still
place these instruments in the specialist field.

3.3 Multi-element capability and selectivity

The ICP has made a major impact in analytical atomic spectrometry because of its multi-
element capabilities. On its own the plasma is not element selective. The property of effi-
ciently producing excited atomic and ionic species from most samples in various forms
and with the reduced interferent effects compared with other techniques, allows access to
most elements of the Periodic Table. There are however some exceptions. These result, in
part, from practical constraints associated with the general operating conditions or cost.
The use of aqueous solutions, often stabilised with acids such as HNO3 and HCl, together
with the need to operate at atmospheric pressures negates the routine estimation of car-
bon, nitrogen, oxygen and hydrogen. The older design of mono- and polychromator, even
with a purging or vacuum facility, would rarely exceed the range 160–800 nm and in many
instruments this range was much reduced; thereby restricting access to some emission
lines. A few elements; for example, F, Cl and Br, and the noble gases are poorly excited or
ionised unless an alternative plasma gas is used (e.g. He). Given these relatively few excep-
tions, it is not surprising that instruments based on the argon plasma have already made
their mark in the modern analytical laboratory. It is, however, of note that the modern
polychromator with a pixel based detector in ICP-emission spectrometry is extending the
range of line capabilities further. One instrumental system covers the range 130 to over
1000 nm; thereby allowing halogen emission lines to be accessed.

The selectivity of a plasma instrument is brought about by the coupling with either opti-
cally (using a mono- or polychromator) or mass spectrometrically (using a quadrupole filter)
isolation devices. Both these instruments have already been discussed in terms of their bene-
fits and limitations. The selectivity of both instruments can be extended (and enhanced), if a
separation technique is employed as part of the sample introduction system. Gas chromato-
graphic and high performance liquid chromatography (HPLC) systems effectively couple
with ICP-AES and ICP-MS; resulting in a rather large element-specific detector. Their com-
bined analytical power becomes greater, allowing elemental speciation studies (i.e. the chem-
ical form of the element), to be performed. When the impressive separation obtained with
capillary electrophoresis, in terms of speed and resolution, is combined with the element spe-
cific and sensitive ICP-MS, then a potentially powerful analytical tool is obtained. Although
coupled techniques are continually under development [49,50] and in some cases, their full
capabilities have yet to be realised, much research interest lies in this area.

3.4 Instrumental overview

A schematic view of an ICP-AES instrument is shown in Fig. 3.1. It consists of a radio-
frequency (rf) generator, a sample introduction system, a torch where the plasma is formed,
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a spectrometer that isolates the wavelength/wavelengths required during the analysis, a
detector and a read-out device. Each of these parts will be discussed in more detail below.

3.5 Radio-frequency generators

The rf generator is a device that is used to provide the power required for the generation
and sustaining of the plasma discharge. The power required for atomic emission spec-
trometry (AES) measurements ranges between 600 and 1800 W, depending on the sample
to be analysed, the dimensions of the torch, etc. Although many generators have the cap-
acity to reach up to at least 2000 W. Typical operational powers required for the analysis of
aqueous-based solutions range from 950 to 1400 W. Higher powers may be required for the
analysis of samples presented in organic solvents. The same instrumentation may be used
to sustain an ICP for use with atomic fluorescence measurements, although modifications
to the torch box would be required. For atomic fluorescence measurements to be made, a
much lower power is generally required (300–750 W). Although many generators are cap-
able of reaching these power levels with a great deal of accuracy and precision, others may
not be calibrated for this range and these, at best, would lead to irreproducible results. The
power is transferred to the argon gas by a water-cooled copper load coil that surrounds the
end of the torch. The number of turns on the coil is variable, but most commercial instru-
ments use between two and five turns. There have been reports in the literature though of
seven-turn coils being used.

The frequency of operation of the generator in most commercial instruments is either
27.12 or 40.68 MHz, although instruments have been produced that used much higher fre-
quencies (e.g. 56, 64 or even 148 MHz). The 40.68 MHz generators are generally regarded as
offering improved coupling efficiency, which leads to a higher temperature and improved
plasma robustness and stability. This means that the plasma is likely to be more tolerant 
of samples introduced in organic solvents or of the presence of gases other than argon 
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Figure 3.1 A schematic diagram of a generalised ICP-AES instrument.
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(e.g. hydrogen produced as a by-product during hydride generation sample introduction). In
addition, because the coupling efficiency is improved, the 40.68 MHz generators produce a
robust and stable plasma at a lower power output. This leads to a lower background contin-
uum spectrum being produced and since the background signal is reduced, this often leads to
an improvement in LODs. The ‘skin-effect’ in rf plasmas means that a higher frequency of
generation gives a thinner plasma with a wider dynamic range. This is because if the plasma is
thinner, there is less self-absorption, lower backgrounds and fewer interferences. Most mod-
ern instruments have a coupling efficiency (i.e. the percentage of power actually reaching the
plasma) of 70–75%. Older generators were notoriously inefficient, with losses exceeding 50%
being experienced. Traditionally, the 27.12 MHz generators were used but, more recently,
many manufacturers have tended to utilise the advantages offered by the 40.68 MHz ones.

There are basically two types of generator, namely crystal controlled and free running.
In the former, a piezo-electric crystal (quartz or Rochelle salts) is sandwiched between two
metal plates. If a voltage is applied to the plates, the crystal will expand and contract with
the changing polarity. This is known as the piezo-electric effect. The natural frequency of
the expansion of the crystal is constant but is inversely proportional to the thickness of the
crystal. Most crystals are cut so that they have a natural frequency of 13.56 MHz. A fre-
quency multiplier (either �2 for the 27.12 MHz or �3 for the 40.68 MHz generators) gen-
erates power at the frequency required and buffer circuits and power amplification devices
then amplify the power output. A directional coupler measures both the forward and
reflected powers, an impedance matching network (impedance is a material’s resistance to
the flow of an electric current) and an induction coil are also part of the power supply to
the plasma. The impedance matching network usually operated using servo-driven cap-
acitors. For most sample types these work very well. However, for sudden changes of
impedance (e.g. a change between aqueous and organic solvent introduction), the imped-
ance matching network may not work sufficiently quickly to prevent plasma instability and
possible extinction. The power from these instruments may be stabilised to better than 1%
and so are extremely precise. The other kind of generator is of the free-running type. In
this type of generator, the frequency of operation is controlled by components within an
electrical circuit. Typically, a 40.68 MHz generator of this type will operate with a much
wider uncertainty on the frequency of the power output; with a range of 40.68 � 2 MHz
being common. Free-running generators have a matching network that has no moving
parts. This means that small changes in frequency brought about by sample solvents, etc.
are overcome by electronic tuning. This means that they respond much more rapidly to
rapid changes in impedance and hence plasmas formed from such generators are less likely
to be extinguished by the introduction of organic solvents. This type of generator uses
solid-state electronics and hence the need for bulky vacuum power amplifiers is removed.
As a result, modern, free-running generators tend to be much more compact (smaller)
than those of several years ago.

There are several different types of oscillator, including the Armstrong, the Hartley, the
Colpitts, although the Hartley is really an extension of the Armstrong and the Colpitts is a
further extension of this. The stability increases in the order Armstrong �Hartley �Colpitts.
Further information about rf generators may be found in the literature [8].

Generators may be either water- or air-cooled. Both have advantages and disadvantages.
The air cooling is obviously cheaper, but may not be as efficient. Cooling of the generators
is necessary to ensure that power drift (and hence signal drift) are kept to a minimum.
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3.6 Torches

When ICPs were first used for analytical measurements, there were two basic torch designs.
Although they were fundamentally the same, there was a very large difference in size, and also
in power and gas consumption. The differences between the Greenfield and the Fassel
torches are summarised in Table 3.2. Since the Fassel design is somewhat cheaper to operate,
manufacturers have almost exclusively used this style for 25 years, even though it does suffer
some drawbacks in terms of robustness when compared with the Greenfield style. A
schematic diagram of a typical torch is shown in Fig. 3.2. The torch consists of three concen-
tric tubes. The outer most one is termed the plasma or coolant gas and has a typical flow rate
of 11–14 l min�1 argon. It is from this gas flow that the plasma is formed. The 
second tube contains the intermediate or auxiliary gas, which flows at a rate of 0.5–2 l min�1
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Figure 3.2 Structure of an ICP torch.

Table 3.2 Comparison of Greenfield and Fassel style torches

Greenfield Fassel

Gas flow � 12–38 l min�1 Ar �20 – 70 l min�1 N2 Total gas flow � 13–18 l min�1 Ar
Large dimensions (coolant tube � 29 mm) Small dimensions (coolant tube � 20 mm)
Large injector size (at least 2 mm) Small size injector (1.5–1.8 mm)
High power requirement (several kW) Low power requirement (0.9–1.5 kW)
Robust – may cope with poor concentricity of Intolerant of other gases

tubes and tolerant of other gases
Expensive running costs Cheap running costs
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argon. The function of this gas is to lift the plasma away from the ends of the auxiliary and
injector tubes, hence preventing them from melting. The innermost tube contains the 
nebuliser/injector gas. This flows at a rate that is dependent on the type of nebuliser present,
but is a typically in the range 0.5–1.5 l min�1 argon. Although most commercial torches
resemble that shown in Fig. 3.2, some do have minor differences. Such minor differences
include an extended coolant tube that helps decrease the amount of emission from the OH
band and the insertion of a slot machined into the quartz coolant tube. This latter modifica-
tion prevents light being emitted from the plasma from being absorbed or diffracted away
from the detector. The one piece Fassel design also have the drawbacks of being difficult to
manufacture because of the concentricity required, are not usually resistant to corrosive sam-
ples; for example, those that have hydrofluoric acid present and, if damaged, they often need
replacing in their entirety or at least require repair from a skilled quartz worker. These draw-
backs have led some manufacturers to preparing partially or even fully demountable torches.
An example of such a device is shown in Fig. 3.3. The advantage of such a torch is that a dif-
ferent injector may be inserted depending on the sample type being analysed. Traditionally,
the injector tube was manufactured from quartz but, as discussed previously, this is not
resistant to hydrofluoric acid. Many manufacturers produce a range of injector type, some of
which are still prepared from quartz, others are made from alumina, others from a different
ceramic. As well as the different material used to manufacture the injector, the injector style
may also differ widely. A typical Fassel injector has a bore of 1.5–1.8 mm. This may block after
extended aspiration of samples with substantial amounts of dissolved/suspended solid
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material, leading to extensive signal drift. Injector tubes with a wider bore are less likely to
become blocked. These may therefore be used for much longer periods with this type of sam-
ple. The disadvantage of such injectors is that the cross section of the gas being pushed
through the plasma is much larger, and hence successfully ‘punching’ the plasma can become
troublesome. The internal shape of the injector can also affect the performance of the torch.
Some designs are shown in Fig. 3.4. Dissolved solid material may become de-solvated and
start to block some designs, especially those with sudden constrictions (e.g. design D). The
laminar flow injector (design A) will enable the plasma to be ‘punched’ more readily, whilst
its gently tapered design will inhibit blockage. The turbulent flow injector (design B) suffers
the drawback of being easily devitrified. This means that it will have a shorter lifespan than
other types. The effect of injector configuration has been exemplified recently in an article by
Nham and Wiseman [51] who developed a torch for use with an axial instrument that was
capable of aspirating 25% sodium chloride without blocking.

Several other modified or custom-built torches have been reported. These include fully
demountable ones [52–54] and the mini- or micro-torches, otherwise known as low-flow
torches. The advantage of the low-flow torches is that they consume substantially less argon
and hence are cheaper to operate. The dimensions of these torches are much smaller than
the standard ones, with the diameter of the coolant tube being 13 mm and the injector bore
being 0.75 mm for the mini-torch [55]. This torch operated at a power of 1 kW and used a
coolant flow of 8 l min�1 argon. The micro-torch was smaller still and had a diameter of
9 mm and operated with a gas flow of 6.4 l min�1 and at a power of 500 W [56]. The per-
formance of these torches in terms of figures of merit were similar to the standard versions,
but the reduced flow torches were more vulnerable to blockage from samples containing
1% m/m dissolved/suspended solid and also suffered from problems with respect to easily
ionised elements. Yabuta and co-workers [57] have also developed a low-flow torch, that
operates with a gas consumption of 5 l min�1 and may be used with either argon, or with
helium. The most recent advances in reduced gas flow torches have been summarised in a
recent article by Klostermeier et al. [58]. This article also described a torch for use with an
axial ICP-OES instrument that used a total of 1 l min�1 argon in the plasma gas channel, but
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with 40 l min�1 air as a coolant surrounding the whole torch. After ignition, the argon con-
sumption was reduced to only 0.6 l min�1. The power applied to form the plasma was in the
range 0.75–1.2 kW. LODs for seven elements were at or below the �g L�1 level. Another
approach to reducing argon consumption has been to use a water-cooled torch. This has
been far from common, but an article by De Loos-Vollebregt and co-workers described a
torch that used water as well as argon at a flow rate of 1.5 l min�1 as a coolant [59]. The
plasma required modifications to be made to the load coil and sample introduction system,
but at higher operating frequencies, the plasma yielded LODs similar to those obtained
using conventional instrumentation.

There are also some very specialised torches that can be used for direct sample insertion
or in-torch vaporisation. Here, a device onto which a sample has been placed, is inserted
through the injector tube of the torch so that it becomes adjacent to the plasma. The sam-
ple becomes increasingly hot until it vaporises directly into the plasma. The insertion
device is usually made either from graphite or from a very refractory metal. Examples of a
rhenium in-torch vaporisation device have been described recently by Karanassios and 
co-workers [60,61]. Alternatively, Skinner and Salin [62] described the use of an automated
pre-concentration system that deposited 15 ml of a solution metal chelates onto a direct
sample insertion device made from graphite. The nebuliser entered the torch through a slot
machined in the end of the coolant tube and sprayed the sample into the insertion device.
The device was then heated inductively to evaporate the solvent, the nebuliser then
removed, the plasma ignited and the cup raised into the plasma for AES analysis. Although
the procedure was very lengthy (lasting 21 min), improvements in LODs of up to 34 000
were obtained. Either of these devices may be used for the direct analysis of solid samples,
thereby avoiding the potential problems of contamination and the use of hazardous disso-
lution acids. Another advantage is that the sample has a 100% transport efficiency to the
plasma, rather than the 1–2% associated with conventional liquid nebulisation.

3.7 Spectrometers

3.7.1 Line isolation

The role of the spectrometer is to isolate the analytical wavelengths of interest from the light
emitted from the plasma source. The vast majority of these wavelengths lie in the region of
160–860 nm and therefore a spectrometer should ideally be capable of determining all wave-
lengths in this region. Sensitivity may be enhanced at wavelengths below 200 nm by flushing
the spectrometer with argon or nitrogen or by using a pump to evacuate it. This helps reduce
the ingress of oxygen which may otherwise absorb the light emitted in this region of the spec-
trum. Some of the lines that most benefit by this include As at 193.696 and 188.979 nm and
Al at 167.017 nm. Until the 1990s, the most common method for dispersion of the different
wavelengths was by use of a grating, although older instruments used a prism or filters. These
devices would enable only one wavelength to be focused to the detector at any one instant,
before rotating to a different angle, thereby enabling another wavelength to be monitored.
These devices therefore enable sequential monitoring of different wavelengths. Since the
1990s though, an alternate dispersion device has become used increasingly, since it enables
numerous wavelengths to be monitored simultaneously. This obviously speeds up the rate of
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analysis and also enables real-time background correction. The device is called an echelle
grating. This device will be discussed later in this section. Conventional gratings are usu-
ally of two sorts, ruled and holographic. They consist of a series of equidistant parallel
grooves cut at an angle into the surface of a mirror. This is called the blazing of a grating.
A schematic diagram of a blazed grating is shown in Fig. 3.5. The angle of the blaze deter-
mines the performance of the grating by reducing the problems associated with wave-
lengths of different orders overlapping. Light striking the grating will be diffracted to a
degree that is dependent on its wavelength. The coverage of the entire spectrum may
require the use of two different gratings. The density of the lines for ruled gratings is typ-
ically between 600 and 4200 lines mm�1 and it is this density of lines along with the focal
length of the spectrometer that will determine the resolution of the instrument. A ruled
grating is made by depositing a layer of aluminium on the grating blank and then using a
diamond tool to rule the lines. This forms a master grating from which copies can easily be
made. Modern instruments are more likely to use a holographic grating. This is made by
coating the blank grating with a photosensitive material and then projecting the interfer-
ence pattern of two coherent lasers to form the lines. The glass is then etched and the grat-
ing coated with aluminium to form a reflective surface. This type of grating is exceptionally
free of ‘ghosts’ (false lines), leading to excellent stray light properties. The echelle spec-
trometer makes use of both a prism and a grating. Although the grating has typically only
100 lines mm�1, it also has a larger angle of blaze. This means that it also has larger angles
of diffraction and can be used in several spectral orders. For enhanced light transmission
in the ultraviolet (UV) region, the prism is often replaced by a Schmidt cross-dispersion
device. Overall, the resolution of an echelle grating is approximately an order of magnitude
superior to most conventional gratings. A comparison of the two types is shown in Table
3.3. In every case, a line isolation device is present in all spectrometers.
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3.7.2 Monochromators

There are two broad classes of spectrometers in common use, namely monochromators and
polychromators. Traditionally, the large majority of spectrometers have been sequential in
nature; that is, they can only inspect one analytical wavelength at a time (hence the term
monochromator). They can however scan to other wavelengths fairly rapidly. Despite the
relative speed with which they can interrogate several lines, they are still much slower than
a simultaneous instrument (using a polychromator). This means that sample introduction
techniques that produce a transient signal (e.g. flow injection, laser ablation, electrothermal
vaporisation, etc.), may only produce a signal that lasts long enough to measure one analyte.
Repeat analysis of the same sample would have to be performed for other elements, which
would increase the analysis time dramatically. For laser ablation, where a small amount of
sample from one particular spot is used completely, the multiple sampling requirement may
mean that unless the sample is completely homogeneous, effectively a different sample is
analysed each firing of the laser. This means that surface mapping and depth profiling for
several elements is impossible.

Background correction is very simple, but it must be stressed that the background emis-
sion and the analyte emission are measured separately and at a different time. ‘True’ back-
ground correction is therefore not available for this type of spectrometer. They have the
advantage though of being able to scan to any wavelength between 160 and 860 nm so
absolutely every analyte wavelength within this region is available for interrogation. They
are also relatively cheap and simple to operate.

Monochromators come in two basic designs although others, far less common ones,
have been developed. The Ebert monochromator makes use of a single, large front-silvered
spherical mirror to focus the emitted radiation onto the grating and then re-focus only the
wavelength of interest to the detector. Although very successful, the manufacture of a large
single mirror was expensive and difficult. They have, therefore, largely been replaced by the
Czerny-Turner style monochromator that makes use of two smaller mirrors. Schematic
diagrams of these devices is shown in Fig. 3.6. Other monochromator devices have been
devised, but are rarely used. Examples include the Seya-Namioka, which is used almost
exclusively in the vacuum UV region (i.e. below 200 nm) and the Fastie-Ebert (which is 
a modified Ebert style). Boumans has given a good review of the optics of conventional
monochromators [8].
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Table 3.3 Comparison of echelle and conventional gratings

Feature Conventional Echelle

Focal length (m) 0.5 0.5
Groove density (lines/mm) 600–4200 75–100
Diffraction angle 10° 22’ 63° 26’
Spectral order 1 ~100
Resolution 62 400 75 8400
Resolving power (nm) 0.00481 0.000396
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3.7.3 Polychromators

The advantage of polychromators is that they are capable of determining several analytes
simultaneously. This has the advantages of giving a high sample throughput, lower running
costs and the capability of using real-time background correction. In addition, the use of an
IS is facilitated, which goes someway to overcome instrument drift and problems associated
with the nebulisation of samples and standards that have a different viscosity/surface ten-
sion. The traditional polychromator was based on the Paschen-Runge design (depicted in
Fig. 3.7). As can be seen, the line dispersive grating is still present, but rather than having
only one exit slit through which the wavelength of interest is focused to the detector, there
are several exit slits and several detectors all arranged at intervals around a Rowland circle.
In this design, the grating is fixed on the periphery of the Rowland circle (i.e. it does not
rotate). This means that the exit slits are therefore designed to allow only one specific wave-
length each through to its respective detector. Since there is only a finite amount of space
around the periphery of the Rowland circle, this means that the number of lines capable of
being determined simultaneously is limited. A maximum of approximately 60 lines may be
programmed at the time of manufacture, although most instruments use only about 30.
Since the Paschen-Runge polychromator is so inflexible, the choice of lines must be made
very carefully. If further lines are subsequently needed, then altering the device will prove
very costly in terms of both time and expense. As can be seen in Fig. 3.7, the grating is also
concave and the diameter of the Rowland circle is equal to the radius of curvature of the
grating. The normal detector for monochromators and for the Paschen-Runge polychro-
mator is the PMT. This will be discussed in more detail in the following section.

More recently, the echelle style polychromator has become extremely common with com-
mercial instrumentation. A schematic diagram of this device is shown in Fig. 3.8. An echelle
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instrument is far more flexible than the conventional Paschen-Runge polychromator. The
echelle grating operates as described previously and diffracts light towards a Schmidt cross-
disperser. This then separates the lines in the visible range of the spectrum from those in the
UV. Light passing through the open centre of the optic passes to a visible detector, whilst
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light reflecting from the surface of the disperser is sent to the UV detector. The surface of the
Schmidt cross-disperser is a coarse grating with approximately 350–400 lines mm�1 and
this separates the overlapping orders into a two-dimensional pattern, called either an echelle
pattern or echellogram. Another function of the Schmidt cross-disperser is to correct for the
spherical aberrations generated by the camera sphere mirror. An alternative to the Schmidt
disperser is a prism. A standard prism would lose considerable energy in the UV region, but
those made of calcium fluoride offer excellent UV efficiency. It achieves this because the sur-
face of the disperser also has a small waveform on it. Other parts of the UV channel include
a fold-flat mirror which deflects the UV light towards the detector and a field flattener
which is a lens that ensures a good focus for the entire UV wavelength range to the detector.
The visible channel of the spectrometer usually makes use of a prism to act as a further dis-
persion device. This too provides the two-dimensional echellogram and the light is focused
using a compound lens to the detector. Two detectors are therefore necessary to cover the
entire wavelength range of interest, one for the UV region and one for the visible. Instead of
a PMT, that is the most common type of detector for monochromators and the Paschen-
Runge polychromator, echelle spectrometers usually have a solid-state detector. There are
different types of these, but they will be discussed in more detail in the following section.

3.8 Detectors

3.8.1 Photomultiplier tubes

PMTs have been used for many years as detectors for ICP-AES instrumentation. They come
in two basic designs: side- and end-on viewed. An end-on viewed PMT is shown schemat-
ically in Fig. 3.9. It consists of a photo sensitive cathode and a series of dynodes, which are
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set at increasingly positive potentials until an anode is reached. Light exits the spectrometer
and strikes the cathode of the PMT. Since this is coated with a semi-conductor, it emits elec-
trons which are accelerated down the dynode chain. Each time an electron impacts with a
dynode, a number of secondary electrons are emitted. An avalanche effect is therefore estab-
lished, which amplifies the signal by a factor of approximately 108. By measuring the num-
ber of electrons arriving at the anode (i.e. the current), a proportional relationship between
this and the number of photons impinging on the cathode (which will be proportional 
to the concentration of the analyte emitting those photons) can be made. Several semi-
conductors have been used to coat the cathode. The most common has been gallium arsen-
ide, because this has a relatively uniform response over a wide spectral range. Materials such
as caesium–antimony or sodium–potassium–caesium–antimony compounds have also
been used. These have different responses over different areas of the spectrum. Solar blind
PMTs are specific for detection in the UV region. It should be noted that different semi-con-
ductors are being developed continually and are being applied to PMT technology. In gen-
eral, the goal is to improve the response time of the detector and to increase the dynamic
range, sensitivity and signal-to-noise ratio.

It has been found that the end-on PMTs have a higher quantum efficiency than the side-
on ones and therefore offer the opportunity for obtaining better LODs. The dark current
of a PMT is the signal generated in the absence of any photons. It is caused by thermal exci-
tation or by cosmic or radioactive rays. For superior LODs to be obtained, it is necessary to
have as low a dark current as possible. Often, increasing the voltage applied to the detector
increases the signal, but a concomitant increase in the dark current will manifests itself as
noise and hence no overall improvement in LOD is obtained.

3.8.2 Solid-state detectors

Some of these devices were first developed over 30 years ago, but it has been only in the last
15 years that they have been used for ICP-AES instrumentation, largely for the echelle style
spectrometers. The first generation of these was the one-dimensional photodiode array
(PDA). The detectors were in a fixed position (just like a PMT), but they were much smaller
and cheaper. Therefore, many more of them may be incorporated into a single instrument.
PDAs had typically 1024 miniature detectors spread over a distance of 5–7 cm, that were
capable of measuring energy over a wavelength range of 50–100 nm simultaneously. The
next generation was charge-transfer devices. Charge-transfer devices is a general term for a
selection of similar detectors. CCDs and CIDs have many similar attributes. Both use a
metal oxide semi-conductor (MOS) to collect photo-generated charges. A detailed descrip-
tion of how these devices work is beyond the scope of this text, but effectively the CCD is 
p-doped whilst the CID are n-doped, meaning that the CCD collects electrons, whilst the
CID collects holes. Early CCD detectors suffered from a problem of ‘blooming’. Analytes at
a very high concentration may overload a pixel and the charge would then spill over into
adjacent pixels. This could potentially affect the accuracy of the determination. This prob-
lem has largely been overcome now by the use of mega-pixel detectors or by segmented
CCD. SCDs are two-dimensional arrays of dimensions 13 � 18 mm. Unfortunately, they
have the limitation of having only relatively few pixels on their surface (a few thousand).
This means that although the whole spectral range can be covered, the number of analytical
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lines available are fairly limited. The analyst therefore does not have complete freedom of
line choice that PMT instruments could provide (e.g. if the concentration of one analyte
was so large that a very insensitive alternative line was necessary), but instead could deter-
mine several analytes simultaneously. It should be noted though that such a detector is
capable of determining three or four primary lines from each of approximately 70 analytes.
Other advantages of this are that it had true random-access readout, a high quantum effi-
ciency in the UV region and because it was segmented, there were no adjacent pixels for
blooming to occur. Most of the noise associated with a CCD system comes from the elec-
tronics, but it also has a component from the plasma. CID systems have a much higher
(�10) readout noise when compared with CCD, but do not suffer the problems of bloom-
ing. Therefore, many CID have a longer linear range when compared with CCD. The CID
detectors also facilitate non-destructive readout thus allowing high-intensity signals to be
acquired more frequently than lower-intensity signals which may be allowed to accumulate
for longer periods to provide better signal-to-noise performance.

Quantum efficiency can be improved in many ways, but the most elegant (and most
common nowadays) is by chemically removing the substrate layer (i.e. making it thinner),
mounting it upside down and then illuminating it from behind. This has the effect of increas-
ing the quantum efficiency, especially in the UV region, substantially. Front-illuminated
CCD may be virtually blind below 400 nm, but the thinned, back-illuminated CCD may
still have a quantum efficiency of about 40%, even at wavelengths as low as 200 nm. The
newest generation of detectors (CCDs) have an array of 512 � 2048 pixels (i.e. a total of
over 1 million pixels). These are powerful enough to determine any wavelength from
around 160 to over 800 nm and have an extremely low-noise amplifier.

An excellent review of solid-state detectors, how they operate, their characteristics, flaws,
etc. has been presented by Harnly and Fields [63]. Another excellent text discussing these
detectors has been published in a book edited by Sweedler et al. [64].

Overall, both PMT and charge-transfer devices offer advantages and disadvantages. The
PMT-based instruments tend to have lower background equivalent concentrations (and hence
better LODs), as well as longer linear ranges. However, unless a true polychromator is used,
PMT-operated instruments must act in a sequential manner. The poorer sensitivity of
charge-transfer devices means however that longer counting times are required to obtain
LODs equivalent to those obtained by a PMT. Therefore, although these devices are simultan-
eous, if low concentrations are being measured, it may take as long, if not longer to determine
six to eight analytes as for a PMT-based spectrometer. Therefore, at low concentration, sam-
ple introduction techniques that produce transient signals may be equally disadvantaged for
multi-element determination with both PMT and charge-transfer device detectors.

3.9 Nebulisers and spray chambers

This subject will be discussed in far more detail in Chapter 4. Essentially, the function of
the nebuliser is to transform a stream of liquid sample into a nebular, a mist of droplets.
There are numerous types of nebuliser available commercially. Some are specialised at the
introduction of samples that have a high content of dissolved solid material and others
specialise in samples that have a high level of suspended solid material. Either of these
types of sample can lead to blockage of some types of pneumatic nebuliser. Some nebulisers
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are self-aspirating (i.e. do not require the sample to be pumped to them), whereas others
require introduction via a peristaltic pump. Many nebulisers have an optimum sample
uptake rate of 1–1.5 ml min�1, whereas others can function perfectly adequately at an uptake
rate of 30–50 �l min�1. Some nebulisers are made of glass, but others are made from an
assortment of plastics so that samples containing corrosive acids may be aspirated. The
type of nebuliser used will depend largely on the sample type. Although, as a general fail-
safe, an analyst can use a plastic, high solids nebuliser and pump the sample to it at any rate
required, the performance in terms of noise characteristics, LOD, precision, etc., is likely 
to be affected adversely.

The spray chamber has two basic functions. One is to separate the large droplets formed
by the nebuliser from the smaller ones. The largest ones are removed to waste, whilst the
smaller ones are caught in the nebuliser gas flow stream and are transported to the plasma.
The transport efficiency will depend largely on the type of nebuliser and spray chamber
being used, but is typically 1–2% for an aqueous-based sample and somewhat higher for an
organic solvent. Too much solvent entering the plasma will lead to instability and possible
extinction. The other function of the spray chamber is to act as a dampener of any noise aris-
ing from sample introduction by a peristaltic pump. There are numerous types of spray
chamber. Some are made of glass, others from plastics such as Ryton, so that corrosive sam-
ples may be analysed. Some have a very large surface area and volume, where sample can
become trapped in dead-space, or where analyte can become adsorbed to the spray chamber
surfaces. These large chambers act as better noise dampeners, but may lead to long wash out
periods between samples. Others have a much smaller surface area and volume, and so they
are more likely to lead to improved sensitivity and wash-out characteristics, but may also lead
to a slightly noisier signal. Some spray chambers are surrounded by a jacket, through which
a coolant solution flows. This tends to lead to increased stability since changes in temperature
of the spray chamber will lead to differing amounts of sample nebular reaching the plasma.
Again, the analyst’s choice of spray chamber will depend largely on the application.

3.10 Read-out devices, instrument control and 
data processing

Detectors based on PMT devices produce an electrical current at the anode. This signal
must then be converted into a form that that may be used by either an analyst or a micro-
computer. The signal is processed by an electronic circuit before it is measured by the read-
out device. The electronic circuit amplifies the signal and then converts it via an analogue
to digital converter (A/D converter) into a digital signal before inputting it into a micro-
computer. It is the microcomputer that gives the read-out and processes all of the data.
Data processing hardware for solid-state detectors is largely the same as for the PMT. These
too need an A/D converter to produce data that may be understood by the computer.

Although many modern instruments have a powerful computing facility that stores
results and creates reports, the data produced by PMT-based instrumentation is somewhat
less flexible to manipulate post-analysis than those of the solid-state detectors. For instance,
although the PMT will have detected the emission intensity at a given wavelength and per-
haps also the background emission at adjacent wavelengths, it is very difficult to adjust the
wavelength of the background correction slightly, if the analysts suddenly realises that it was
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set incorrectly at the start of the experiment. In such cases, it may even be necessary to 
re-analyse the whole set of samples. For the solid-state detectors, especially the more recent
ones that have a huge number of pixels, it is far more simple to re-calculate data from an
experimental run without recourse to re-analysing the sample. Since an electronic photo-
graph is essentially taken, then close to the entire spectrum can be stored on the computer
and interrogated at a later date. This means that not only can background correction points
be moved slightly to facilitate re-calculation of a more accurate answer, but also semi-
quantitative data may be obtained for analytes that were not even on the original list. If for
instance an analyst determined Cd, Cu, Pb and Zn in a series of samples, but the customer
later asked for Mn too, then by simply inspecting a wavelength in the spectrum correspond-
ing to Mn and observing the size of the emission intensity, a reasonable estimate of the Mn
concentration can be made. This is especially true if one mixed standard containing all of
the analytes of interest is analysed so that the scale of the Mn signal may be compared with
those of the other analytes. This could potentially save the analyst a lot of time, and there-
fore money. Although this requires far more memory space on the computer, the advent of
ever more powerful computers is making this less of a problem.

As well as performing all the data manipulation and calculations, the computer also con-
trols the instrument data acquisition. Plasma conditions, that is power, gas flows, viewing
height (if a radial ICP is being used), etc. are all controlled by the computer. Optimisation
of these parameters is relatively straightforward if only one analyte is to be determined.
However, since different analytes will have different optima, then a suite of analytes will usu-
ally require a compromise set of conditions. Many modern instruments have built-in algo-
rithms that help the optimisation process. The computer will also control the autosampler
and, since many autosamplers are capable of on-line dilution, then working standards may
be made from one stock standard, and any sample found to have a greater concentration
than the top standard may be diluted and re-analysed without any input from the analyst.
Similarly, the computer may be programmed to run check standards intermittently. If these
are found to drift significantly, the autosampler can be instructed to re-calibrate and then
re-start analysing those samples that were after the last good check standard. Often, there are
several other options available at this stage, so the analyst may choose the most favourable
option from the outset. The computer therefore enables completely automated operation of
the instrument. Once the data has all been acquired and the computer has performed the
relevant calculations, including the calculation of concentrations, standard deviation and
precision, the computer is also responsible for generating a report. The relevant data must
therefore be easily down-loadable into standard word-processing and graphics packages.

Some instruments have software packages that are dedicated to the acquisition and data
processing of chromatography data. Since speciation is an ever-increasing part of analyt-
ical chemistry, software specifically designed to measure time-resolved signals should be
present. At worst, the instrument should have the facility to attach a chart recorder or an
integrator so that a hard copy of a chromatogram can be obtained.

3. 11 Radial and axial plasmas

Traditionally, radial (side-viewed) plasmas were the norm, however in recent years, the use
of axial (end-on viewed) plasmas have become very much more popular. In general, the
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components of each are the same, with both requiring a generator, a sample introduction
system, a spectrometer, a detector and a data processing unit. The axial-viewed plasma
requires either a perpendicular ‘shear gas’ flow that removes much of the cooler tail flame,
hence removing the part of the plasma where most self-absorption occurs or, in some 
models, a cooled cone interface may be used. A schematic diagram of the shear gas interface
is shown in Fig. 3.10. Both techniques have had their disadvantages; for example, the shear
gas adds to the expense of gas consumption, whereas the cooled cone interface may suffer
blockage if a sample with a very high dissolved (or suspended) solid content is analysed.
These problems have largely been overcome now, with many instruments using air as the
shear gas and reports of the cooled cone interfaces being capable of analysing 5% sodium
chloride solution without blockage. The use of air as the shear gas will however preclude the
use of lines below 190 nm. If the Al line at 167 nm is to be measured, then a shear gas of
nitrogen or argon will be required. Since the flow rate of the shear gas is typically
15–20 l min�1, the gas expense would be increased considerably. The cooled cone interface
uses a counter flow of argon at 2.5 l min�1 to displace the tail flame of the plasma away from
the optical path, resulting in a longer linear range, fewer interferences and minimising wear
on the interface and transfer optics. Overall, the axial plasma offers the advantage of
improved LODs (typically by 4–10-fold), because the viewing volume has increased sub-
stantially. Historically, it was thought that by viewing the plasma end-on, that the dynamic
range would decrease because of greater self-absorption (i.e. the plasma would be optically
thick). Similarly, it was thought that there would also be a greater potential for interferences
to be present and that axial systems would be limited to analysing very simple matrices (e.g.
drinking water). Although it is true that the radial system gives the analyst more freedom in
determining which part of the plasma the light is sampled from (which would enable them
to overcome spatially dependent interferences) the problems forecast for the axial systems
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have not really transpired. There has been some debate in the literature however on whether
or not one configuration is any more prone to interference than the other [13,14].

3.12 Instrumentation for high-resolution spectrometry

Resolution is usually measured on the line width at half of the peak intensity. An article by
Mermet has discussed the qualities related to spectra acquisition [65]. Most commercial
instrumentation uses a focal length of between 0.50 and 0.75 m, and this supplies adequate
resolution for most applications. Some instruments provide a longer focal length (e.g.
1.5 m), and these are more highly resolving, and hence suffer from fewer interferences.
The determination of extremely line-rich analytes such as the rare earth elements or the
actinides is an example, where peak overlap (interference) may occur. Resolving powers of
60 000 are typical for smaller monochromators, whereas an echelle style polychromator has
a resolution of 10 times this. A 1.5 m monochromator may have a resolution of close to
500 000, depending on the number of lines blazed onto the grating. Some laboratories have
reported the use of enormous monochromators (i.e. ones that have a focal length of 10 m).
Although these are highly resolving, they obviously have limited use because of their sheer
size and weight (they can weigh well over 100 kg). Long focal length monochromators must
also be thermostated to a very precise temperature (�0.6°C) if large signal drift is not to be
observed. Similarly, they are very susceptible to problems caused by vibration and are not
suited to field or on-line applications. They do, however, cover large areas of the spectrum
and are therefore flexible with the number of lines they can monitor. As an application,
Zamzow and co-workers reported the use of an instrument that was sufficiently resolving 
to be able to separate the wavelengths associated with different isotopes of U around the
424.437 nm line [66]. There are other methods of obtaining high-resolution results.
Baldwin et al. [67] described the use of an acousto-optic tunable filter (AOTF) interferom-
eter used in combination with a Fabry-Perot interferometer. These two solid-state compo-
nents were both developed for the communications industry, but offer several advantages
for high-resolution spectroscopy when compared with the long focal length monochroma-
tors. Included in these advantages are their compact nature (�0.5 m), weight (�10 kg) and
stability to both thermal and vibrational change. The AOTF acts as a pre-filter to select a
narrow wavelength range from the polychromatic beam entering it. The output from the
AOTF then enters the Fabry-Perot interferometer, where it is split into component wave-
lengths with very high resolution. The detailed description of how both components work
may be found in the article by Baldwin and co-workers and the references therein.

It is worth noting that, as well as using sophisticated high-resolution instrumentation,
interferences may be overcome by use of a chemometric technique such as Kalman filter-
ing. An article by VanVeen and De Loos Vollebregt used Kalman filtering and found that it
was far superior to the three-point background correction system and that LODs were
improved by up to two orders of magnitude [68].

3.13 Micro-plasmas and plasma on a chip

Since 1999, a great deal of effort has gone into miniaturising plasmas so that they may be
used on-line more readily as detectors for chromatographic separations, to make them
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more portable, to consume less gas/power, etc. The overall advantages of this are that they
are cheaper to operate and, since they can be mass produced, they are cheaper to purchase.
This has led to the development of a wide range of miniature plasma types, including ICP,
direct current plasma (DCP), microwave-induced plasma (MIP) and capacitively coupled
plasmas. The use of these and others; for example, a dielectric barrier discharge, micro-
hollow cathode discharge or a micro-structure electrode discharge, have been discussed by
Karanassios [69]. This overview by Karanassios contains 94 references and discusses in
detail the instrumentation required for these plasmas. Some of these plasmas have been
formed in capillary tubes, whereas others have been formed on silicon chips. At present,
there are fewer than 20 laboratories worldwide undertaking research into this area, but the
publication rate has been prolific. Other reviews/overviews of this area have been published
by Franzke and co-workers (56 references) [70], Broekaert and Siemens [71], who described
recent developments in miniaturisation of hf plasmas, DC discharges and microwave 
plasmas and Broekaert (42 references) [72].

The plasmas have to be sufficiently robust to withstand the introduction of sample and
sufficiently powerful to atomise/ionise the analyte efficiently. In addition, they must be con-
fined to extremely small spaces so that damage to the chip or to the capillary is not inflicted.
The first researchers to describe the application of plasmas on a chip for analytical applica-
tions was Eijkel and co-workers [73,74]. As stated previously, many of these plasmas are
used as a detector for gas chromatography or for gaseous compounds. The experimental
setup in the first article, is shown schematically in Fig. 3.11 and a schematic of the glass chip
is shown in Fig. 3.12. In this article, the DC helium plasma was confined to a 50 nl chamber
on a glass chip. Methane was the analyte and could be detected with a LOD of 600 ppm
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(3 � 1012gs�1) by monitoring the emission of the CH radical at 431.3 nm. The second article
used gas chromatography to separate a mixture of five alcohols (methanol–1-pentanol) and
hexane. A DC glow discharge was generated using 9 mW applied to helium flowing at
320 nl s�1 in a 180 nl chamber and the six C containing compounds were detected by meas-
urement at 519 nm. The authors reported that some peak broadening was observed when
compared with the response from a conventional flame ionisation detector, which was
attributed to areas of dead volume, but that the response of the device remained stable over
a period of at least 24 h.

Since these original articles, a plethora of others has been published that report the devel-
opment of assorted plasma types in chips or in capillaries. An article by Minayeva and
Hopwood described a micro-fabricated ICP on a chip for the detection of sulphur dioxide
[75]. The system consisted of a planar plasma source on a glass wafer and a miniature alu-
minium vacuum chamber. The plasma operated at a pressure of 0.1–10 torr, a frequency of
493 MHz and at a power of 4 W. These authors reported that LODs improved with increas-
ing power and increasing pressure; with the best LOD obtained being 45 ppb. The same
authors have used Langmuir probe diagnostics on a similar plasma [76]. The neutral gas
temperature was found to be nearly equal to room temperature. In addition, it was shown
that between 2% and 18% of the power applied to the micro-structure was absorbed by the
discharge and that the transfer of power to the discharge was most efficient at low pressure.
Bass et al., reported the use of a capacitively coupled helium plasma on a quartz wafer that
operated at atmospheric pressure, at a frequency of 13.56 MHz, a power of 5–25 W and with
a gas flow of between 17 and 150 ml min�1 [77]. The authors stated that the capacitive power
coupling was ideal for ‘plasma on a chip’ applications because it did not require tuning or res-
onant structures. Schermer and co-workers described the formation of a 2.45 GHz argon-
based microstrip plasma operating at atmospheric pressure for the determination of gaseous
Hg species [78]. The plasma was sustained on a sapphire substrate. The authors optimised
the operating conditions, for example gas flow rates (15–60 l h�1) and power (5–40 W),
and reported that under optimal conditions, an LOD of less than 10 ng Hg l�1 Ar was obtain-
able. By introducing ferrocene into the plasma, the authors used emission from Fe as a 
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thermometric means to determine excitation temperatures (6000–7000 K for 10–40 W and
15 l h�1). One of the most recent publications in this area has been by Houk’s group, who
generated a rf plasma in a polydimethylsiloxane chip [79]. The argon plasma operated at
atmospheric pressure and with a power of 70 W at a frequency of 27.12 MHz. The plasma
was viewed axially through a purged fibre optic cable. The analytical species was CF4 at 0.1%
in argon. The authors reported the chip as being easy to manufacture, to be inexpensive and
being a polymer, to be more resistant to fluorocarbon gases than silicon-based chips. They
speculated that it could find use in the semi-conductor industry.
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Chapter 4

Aerosol Generation and Sample Transport

Barry L. Sharp and Ciaran O’ Connor

4.1 Introduction

Sample introduction is the principal means by which the analyst can tailor the perform-
ance of inductively coupled plasma–atomic emission spectrometry or mass spectrometry
(ICP-AES or MS) to particular analytical tasks. Whereas formerly sample introduction was
seen as a limiting part of the instrumentation, now it is this aspect that brings enormous
versatility to the applications of these techniques. Interfaces for solid, liquid and gaseous
samples have been described and in turn these have been coupled to a variety of separation
techniques including gas chromatography (GC), liquid chromatography (LC), capillary
electrophoresis (CE), gel plates and field flow fractionation. Developments in sample
introduction for the ICP source have been largely responsible for bringing about conver-
gence between the historically separate fields of elemental and organic analysis.

General accounts of sample introduction have been provided by several authors includ-
ing, for liquids: Browner [1], Montaser [2], Sharp [3,4] and Mora [5]; and for solids
Durrant [6], Russo [7] and Günther [8].

4.2 Sample introduction characteristics of the ICP source

4.2.1 Particle size distribution

The convention in discussing the sample aerosol is to describe the aerosol produced by the
aerosol generator as the primary aerosol, and that entering the plasma as the tertiary aerosol
[1,9]. It is important in any discussion of sample introduction techniques to remember
that the ICP only responds to the latter, having no knowledge of any prior process.

Sample material entering the central channel of the ICP source will experience a tem-
perature of 6–7000 K for a period of a few milliseconds [10,11]. The consequence of this is
that there is a maximum size of particle that can be processed by the plasma to yield a
homogeneous vapour, representative of the bulk sample composition, that can be effi-
ciently excited and ionized. The exact particle diameter is not known and will vary depending
on composition, but is generally agreed that for solution nebulisation (SN) 10 �m is close to
the upper limit with particle size closer to 1 �m being preferred [12]. A high speed photo-
graphic study has shown unprocessed particles from conventional pneumatic nebulization
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Aerosol Generation and Sample Transport 99

surviving in the Ar plasma [13]. A narrow particle size distribution is also advantageous
since it facilitates optimization in terms of the height of viewing (AES), or depth of sam-
pling (MS), provides a uniformity to the pattern of matrix interferences, and maximizes
the signal-to-noise ratio [14]. Hobbs and Olesik studied the fate of individual particles
passing through the ICP and provided a useful model of desolvating/vaporizing particles
and their effect on the local plasma conditions and the observed analytical signal [15].

Recent work in the field of laser ablation (LA) has suggested that for the plasma to process
particles in a truly composition independent fashion requires particles �90 nm in size
(based on the analysis of glass) [16]. This is well below the median diameter of the particle
size distributions produced by common sample introduction systems and is therefore an
impractical working standard. It is a further reminder however that the analytical signal is
heavily dependent on the nature of the sample introduction process and reflects nuances
that are not always obvious from cursory observation. Careful calibration, with appropriate
attention to solvents and matrix composition, is required to control these subtle and some-
times unsuspected variances.

Although it is convenient to discuss particle size distributions in terms of particle diam-
eter, the analytical signal is dependent on the mass distribution which introduces a ‘d3’
term into the equation. It is worth noting that a 10 �m particle, which is only marginally
transported and processed by the sample introduction system and plasma, contains 1000
times the analyte of the more desirable 1 �m particle. Thus, any tendency to polydispersity
above a few microns is highly detrimental. Another common measure of particle size is the
volume-to-surface area mean diameter or Sauter mean diameter given the symbol D3,2 [1].
See Section 4.3.1 for some typical particle size distributions.

4.2.2 Plasma loading

The ICP is a remarkably robust source, not least because power is not directly coupled 
into the central channel where the sample is introduced. Nevertheless, for a given plasma
power there is a maximum plasma loading that can be tolerated, above this level the plasma
robustness is reduced leading to a greater propensity for matrix interferences and ulti-
mately instability and extinction of the discharge [17]. A typical nebulizer and spray cham-
ber combination will deliver about 20 �l min�1 (20 mg min�1) of liquid aerosol to the
plasma accompanied by an equivalent mass flux of vapour. Fig. 4.1 shows the achievable
vapour loading at saturation for 1 l min�1 of argon (a typical sample introduction flow
rate) at various temperatures. Saturation of the liquid aerosol with vapour is guaranteed by
the large surface area of the aerosol and the increased vapour pressure inside the droplets
due to the surface tension. The maximum rate of sample input for an aqueous aerosol has
not been investigated as such, but indirect evidence from using more efficient types of
sample introduction (e.g. the ultrasonic nebulizer, USN) suggest that the maximum lies
within a factor of ~5 of this typical value. Practically the limit is more likely to be set by
matrix problems rather than simple liquid flux.

The distribution between the condensed phase and the vapour phase of the sample is
critical in determining how the plasma handles the sample. It is possible to inject quite
large amounts of solid refractory material through the central channel (though not ana-
lytically useful) without extinguishing the plasma provided that the radio frequency (rf)
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100 Inductively Coupled Plasma Spectrometry and its Applications

generator has a robust impedance matching capability. In contrast, a relatively small flux of
volatile solvent can cause extinction of the plasma. The reasons for this are twofold. Firstly,
20 �l min�1 of water, for example, translates to 0.6 l min�1 of vapour at 7000 K, so a signifi-
cant increase in the central channel flow arises when liquid is vaporized. Secondly, when
this vapour is derived from a volatile solvent, it is produced low down in the central chan-
nel and can diffuse out into the energy coupling region of the discharge. A high enthalpy
solvent or one that produces stable fragments can depress the electron energies to the point
where the plasma equilibrium is destroyed.

The evaporation of a droplet with an initial diameter r0 is described by the equation [14,18]:

(4.1)

where:
r is the radius at time t
D is the vapour diffusion coefficient
� is the surface tension
ps is the saturated vapour pressure
� is the density
M is the molecular weight
R is the gas constant
T is the temperature

Thus a variety of factors determine how much liquid is partitioned to the vapour phase in
a given time. Vapour flux is usually controlled by cooling or aerosol ‘drying’, but for the rea-
sons discussed above, care is needed when combining hot surfaces with aerosols as the
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Figure 4.1 A graph showing the achievable water vapour loading at saturation for a 1 l min�1 Ar stream
at various temperatures.
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Aerosol Generation and Sample Transport 101

flash evaporation of large aerosol droplets produces pressure pulses that result in noise in
the analytical signal.

4.3 Liquid aerosol generation

The processes of aerosol generation and transport have been widely studied and some
excellent reviews produced that explore the underlying theory [1–4,19–22].

The discussion here will be restricted to identifying only the key factors so that the basis
of successful designs may be understood. Whilst understanding the theory is certainly a
necessary starting point, being able to produce the design in suitable materials, within tight
tolerances and to an acceptable cost are equally important.

Many processes have been invoked to produce the primary aerosol [1,2,4], but commer-
cially pneumatic nebulization and ultrasonic nebulization are the only ones that have made
significant impact and so the discussion here is restricted to these types of device.

4.3.1 Pneumatic nebulization

A typical pneumatic nebulizer for ICP spectrometry operates at 0.6–1.2 l min�1 gas flow
with a liquid flow rate of 0.5–1.5 ml min�1. These are here defined as standard conditions,
lower flows, notably of the liquid, are referred to as micro-flow conditions.

The processes responsible for producing aerosol droplets have been extensively studied
[23,24] and are qualitatively described by three mechanisms:

● Low velocity disintegration of large free, or attached, droplets of liquid (Rayleigh–Taylor
instability).

● Disintegration of liquid filaments stretched out from the liquid body by the gas flow.
● Film formation followed by break up of wave-like structures formed on the surface of

the film.

The gas provides the energy; surface tension provides the ‘returning’ force for the oscillations
and viscosity the damping force. Thus generally, high-velocity gas combined with low surface
tension and viscosity liquid produces the finest aerosols. Film-formation accounts for the
smallest droplets, whilst Rayleigh–Taylor instability may lead to larger droplets.

The simplest way of pointing to effective practical design is to use a parametric model
and the one most cited is that due to Nukiyama and Tanasawa [23]. However, it was not
derived for the conditions used in ICP nebulizers and predicts droplet sizes that are larger
than those obtained from analytical devices. A more appropriate model for concentric nebu-
lizers, that accounts for the majority of practical devices employed, has been described by
Gras et al. [25]:
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102 Inductively Coupled Plasma Spectrometry and its Applications

where:
dl is the liquid outlet diameter (cm)
�l is the liquid surface tension (dyne cm�1)
�l and �g are the liquid and gas densities, respectively (g cm�3)
V is the difference in velocity between the liquid and gas (cm s�1)
Ql and Qg are the liquid and gas flow rates, respectively (cm3 s�1)
�l is the liquid viscosity (poise)

This equation shows that to produce a fine primary aerosol requires:

● A high gas-to-liquid ratio (commensurate with the central channel flow limitation of
the ICP).

● A small liquid channel diameter (this being large enough to avoid adventitious blockage).
● A small gas flow channel area to maximize V.
● Low viscosity.
● Low surface tension.
● High gas density (so Ar is more efficient than e.g. He).

The finer aerosols produced by adhering to these axioms improve transport efficiency and
enable equivalent detection limits to be achieved at much lower uptake rates.

Typical primary aerosol drop size distributions for some common nebulizers are shown in
Fig. 4.2 [2,26,27]. Note the finer aerosol produced by the high-efficiency nebulizer with the
normal device.

4.3.1.1 Pneumatic nebulizer designs

A wide variety of pneumatic nebulizer designs have been described (oscillating capillary, sin-
gle bore [28,29], HEN [27,30], direct injection high-efficiency nebulizer (DIHEN) [31–36],
etc.), but here the focus is on devices that are commercially available and are therefore in
widespread use. Pneumatic nebulizers are described by their basic geometry and thus Fig. 4.3
a–e shows the configurations for the concentric (similarly for micro-concentric), DIHEN,
Babington (Cone–Spray version), cross-flow and Parallel Path designs. Choosing between
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Figure 4.2 Typical particle size distribution diagrams for: (a) a cross-flow nebulizer, (b) a standard flow
concentric and (c) a micro-concentric nebulizer. Revised with permission from Ref. [65].
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the various types depends on the application, but as a general guide, best sensitivity and high-
est signal-to-noise ratio is obtained from concentric designs with high pressure and/or inter-
mediate/reduced liquid flow (e.g. 100 �l min�1). The cross-flow nebulizer and Parallel Path
nebulizer appear to offer improved robustness for higher matrix samples, whereas the
Babington type devices work with very high matrix levels or slurries, but at slightly reduced
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Figure 4.3 Schematic diagrams of: (a) a glass concentric nebulizer, courtesy of Meinhard Glass
Products; (b) a DIHEN, courtesy of Meinhard Glass Products.

1405135948_4_004.qxd  8/18/06  4:45 PM  Page 103



104 Inductively Coupled Plasma Spectrometry and its Applications

Gas in

Sapphire nozzle

Conical expansion

Spray cone

Liquid in

Glass support tube

(c)

Gas in

Liquid in

Aerosol

(d)

(e)

Sample line

Gas line
Argon gas line

Figure 4.3 (Continued) (c) a Cone–Spray nebulizer revised from Ref. [3] with permission; (d) a cross-
flow nebulizer and (e) an Enhanced Parallel Path nebulizer, courtesy of Burgener Research Inc.
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efficiency. The Parallel Path nebulizer appears to be a hybrid between the cross-flow and
Babington type and potentially combines some characteristics of each type.

Concentric nebulizers are usually constructed of one-piece, fused glass or polymer (e.g.
perfluoro-alkoxyalkane, PFA), or from sapphire orifices coupled with fused silica capillar-
ies. They come in standard format, recessed tip variant for high solids, micro-flow, high-
pressure operation and direct injection. Table 4.1 summarizes some characteristics of
standard vs micro-flow types.

The direct injection nebulizer (DIN) dispenses with the spray chamber and injects the
aerosol directly into the base of the plasma. This has the advantages of reducing dead vol-
ume, which is useful for high-resolution chromatographic couplings, and the area of wet-
ted surface which reduces memory effects [37] (e.g. in ultra-trace applications). The
drawbacks are setting up time, and limited tolerance to high dissolved solids and these have
precluded their widespread application.

Cross-flow nebulizers have largely been supplied directly by instrument manufacturers
rather than third-party suppliers. The preferred construction employs a sapphire orifice
for the gas jet and a polymer needle for the uptake tube in a fixed relative configuration.

Babington type nebulizers can be obtained in Cone–Spray (sapphire orifice) [3,38] or 
v-groove (Teflon construction) format and are the most tolerant with respect to salt or par-
ticle loading in the sample. For undemanding applications and those involving high matrix
levels, which are typical of many addressed by ICP-AES, they may be the preferred option.

Table 4.2 lists some of the current commercial suppliers of nebulizers.

4.3.1.2 Ultrasonic nebulizers

USNs employ ultrasound waves in the range of 200 kHz–10 MHz to provide the energy for
droplet production, rather than the gas flow. Thus the injector flow can be optimized inde-
pendently of the droplet production. The waves are generated normally to the surface of
a piezo-electric crystal, which in analytical devices is bonded to a chemically resistant plate
(e.g. fused silica), onto which the sample is introduced. Waves can only propagate in fluid
media given an adequate depth of fluid. Therefore, a small but significant depth of liquid

Table 4.1 Characteristics of standard vs micro-flow nebulizers

Characteristic Standard flow Micro-flow

Uptake rate (ml min�1) 0.5–2.0 0.02–0.15
Gas flow (l min�1) 0.4–1.5 0.4–1.2
Gas pressure (psig) 20–60 20–175
Efficiency ~0.02 0.02–0.3�

Uptake tube diameter (mm) 0.2–0.35 ~0.1
Gas annulus width (mm) ~0.02 �0.02
Construction One piece or fabricated One piece or fabricated
Materials Glass or inert polymer (e.g. PFA) Glass or inert polymer (e.g. PFA)
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106 Inductively Coupled Plasma Spectrometry and its Applications

has to be created on the surface of the plate to allow a geyser to form from which the
droplets are produced. This is usually accomplished by pumping the analyte on to the sur-
face through a capillary tube (see Fig. 4.4). The wavelength of the waves produced for a
driving frequency f (Hz) is given by [39]:

(4.3)

where the symbols have the same meaning as for Equation (4.1) and the average droplet
size is

D �0.34� (4.4)

For a 3 MHz crystal the average droplet size is 3 �m and so transport efficiencies of ~20%
are achieved rising to close to 100% when coupled to a desolvation system. Desolvation is
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Table 4.2 Suppliers of nebulizers

Nebulizer type Supplier Location

Glass concentric Glass Expansion Inc. West Melbourne, Victoria, Australia 
www.geicp.com

Meinhard Glass Products Golden, Colorado, USA www.meinhard.com
e-Pond Vevey, Switzerland www.epond.biz
Precision Glassblowing Centennial, Colorado, USA www.precision-

glassblowing.com
Burgener Research Mississauga, Ontario, Canada www.burgener.com
CPI International Santa Rosa, California, USA 

www.cpiinternational.com

Polymer concentric Elemental Scientific Inc. Omaha, Nebraska, USA 
www.elementalscientific.com

CETAC Technologies Omaha, Nebraska, USA www.cetac.com
Glass Expansion Inc.
e-Pond
Precision Glassblowing

Parallel Path Burgener Research

Cross-Flow Precision Glassblowing
CPI International

Direct Injection Meinhard Glass Products

V-groove Precision Glassblowing
Burgener Research
Meinhard Glass Products

Cone–spray Perkin Elmer

Ultrasonic CETAC Technologies
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essential unless a micro-flow [40] is fed to the plate, but stability is more readily achieved
at higher flow rates.

The greater efficiency of analyte transport leads to a 10-fold improvement in detection
limit providing the sample matrix is not complicated [41,42]. However, cost is much
higher, wash-out times are longer, memory effects can be a problem (e.g. for Boron), and
precision is lower ~2–3% because of the instability of the droplet production process.

4.3.1.3 Alternative nebulizer designs

Many other types of nebulizer have been described in the literature, for example, high-
pressure hydraulic design [43–47], oscillating capillary [48–51], jet impact [52], thermo-
spray [53,54], electrospray [55–57], frit nebulizer [58,59] and others, but none have found
general application.

The advent of ‘lab on a chip’ and nano-spray techniques for LC and CE may in the future
demand further developments in nebulizer technology.

Ar

Membrane desolvator

Condenser
Ar

Heated ‘U’ tube

Drain

Drain

Ar in

Sample in

ICP

Figure 4.4 A schematic of an ultrasonic nebulizer with its associated desolvation system, courtesy of
CETAC Technologies Inc.
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4.3.2 Spray chambers

4.3.2.1 Mode of operation

The primary function of the spray chamber is to remove large droplets and allow only those
that can be fully processed by the plasma to enter the central channel. In achieving this appar-
ently simple goal, a wide range of complex processes occur which are variously beneficial or
detrimental to analytical performance [1,2,4,5,60,61]. These processes include: modification
of the aerosol particle size distribution, reduction of the aerosol concentration, modification
of the phase equilibrium towards thermal equilibrium, reduction of the turbulence associ-
ated with the nebulization process and modification of the charge distribution.

The fate of droplets in a spray chamber is determined by: the particle density which
impacts on droplet coalescence, notably in the near field immediately after the nebulizer; the
gas flow pattern and the degree to which particles are entrained in it. Small particles, �1 �m,
are fully entrained in the gas flow and follow its flow paths, although they can be lost by
Brownian diffusion through the static boundary gas attached to the chamber walls. Larger
particles do not equilibrate their velocities with the gas flow and therefore tend to intercept
on surfaces when the gas flow turns.

Conceptually the spray chamber can be divided into two zones, the near field close to the
nebulizer (up to ~20 mm), and the far field well downstream of the nebulizer, although in
practise there is no sharp division between the two. In the near field, droplets have not equili-
brated fully with the gas flow and in the very near field (notable within a few 100 �m) the
particle densities are very high. Thus rapidly moving small particles pass through a cloud of
slowly accelerating large particles, but if an impact surface is placed in the path, the situation
is reversed with the small particles turning with the flow and the larger particles holding
their paths and passing through the now slower-moving (with respect to the axial velocity
component) small particles. The consequences of this flow field are that the probability of
recombination (large particles sweeping up small particles) is high and thus many small
particles are lost. The small particles will also be entrained in the local flow field induced by
the large particles and swept to the impact wall without being able to follow the gas flow
lines. Qualitatively this model accounts for the much increased efficiency observed with
micro-flow nebulizers where the particle sizes are smaller and more importantly the particle
density is much lower. The process of particle loss in which large particles fail to turn with
the gas flow and impact on the chamber wall, is generally referred to as flow line intercep-
tion, but it includes the additional component of particle recombination and subsequent
impact. The near field is also a region of strong entrainment by the nebulizer jet, resulting
in the establishment of large scale re-circulating eddies in the chamber, causing deposition
of liquid on the rear surfaces of the chamber and the nebulizer itself.

In the far field, most of the large particles have been lost so the aerosol density is lower
and the surviving particles are approximately equilibrated with the gas flow. Losses occur
through particles being transported to the walls by turbulent eddies where given sufficient
momentum they cross the boundary layer and impact.

Whereas as the flow line interception process should be highly selective with respect to
particle size, this selectivity is reduced by the turbulent nature of the flow and the recom-
bination/sweeping up process. Turbulent deposition is less selective and accounts for sig-
nificant loss of potentially useful aerosol. Gravitational settling may also be a factor for
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large volume chambers or long conduits containing large (�10 �m) particles. Berndt
[62–64] and co-workers have employed computational fluid dynamics (CFD) to model the
processes in spray chambers and to optimize spray chamber design.

Although pneumatic nebulizers are variously capable of producing approximately
30–90% of the aerosol in the �10 �m particle size range, under standard conditions the
efficiency of typical spray chambers does not exceed 2–3%. The greatly reduced particle
densities [65] produced by micro-flow nebulizers yields much higher transport efficiencies
with 30% being typical, increasing to close to 100% with desolvation (see Section 4.3.2.3).

4.3.2.2 Practical designs of spray chambers

A variety of spray chambers have been described [4], including: Scott [66], cyclonic [67] and
dual chamber designs such as the Stable Introduction System (SIS, Thermo Finnigan). These
and commercial variants are available from suppliers (see Table 4.3 for a list of current prod-
ucts). The market is dominated by the double-pass or Scott-type design (see Fig. 4.5a) and the
cyclonic design (Fig. 4.5b). Generally, the double-pass chamber provides the finest tertiary
aerosol [62], whereas the cyclonic design offers higher efficiency, but with a slightly broader
particle size distribution [63,64]. Materials are generally, glass, silica or polymer usually PFA.
An important consideration, particularly for non-wettable surfaces, is to ensure a smooth
drainage from the chamber without the generation of noise spikes due to pressure pulses.

Table 4.3 Suppliers of spray chambers and desolvation systems

Spray chamber type Supplier Location

Glass cyclonic Glass Expansion Inc. West Melbourne Vic, Australia www.geicp.com
Elemental Scientific Inc. Omaha, Nebraska, USA www.

elementalscientific.com
Precision Glassblowing Centennial, Colorado, USA www

precisionglassblowing.com
e-Pond Vevey, Switzerland www.epond.biz

Polymer cyclonic Glass Expansion Inc.
Elemental Scientific Inc.
Precision Glassblowing
CPI International Santa Rosa, California, USA www.

cpiinternational.com
e-Pond

Low volume cyclonic Glass Expansion Inc.
Precision Glassblowing
e-Pond

Scott/Double Pass Precision Glassblowing
Meinhard Glass Products

Desolvation systems CETAC Technologies
Elemental Scientific
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Wash-in and wash-out time are important in determining the productivity of routine
analyses and avoiding band-broadening in chromatographic coupling. There are two com-
ponents to the wash-in/out time. The first component is related to the build-up and decay
of the aerosol density which should be approximately equal [64]. Wash-in and wash-out
times are usually defined in terms of the time taken for the signal to rise to 99%, or fall to
1% of its peak value, which is an adequate difference for routine work with samples of simi-
lar concentration. However, for more demanding applications where analyte concentration
is varying by more than say an order of magnitude, or in high-accuracy isotope ratio deter-
minations, a much longer time between samples may be necessary. The second component,
only relevant to the wash-out time, is related to the chemical nature of the solvent and the
analyte and is much less well understood. Here changes in the physical properties of the solv-
ent can produce memory or ‘adaptation’ effects [68–70]; some analytes can exhibit long
wash-out times due to retention on surfaces; and some can be produced in volatile form
(e.g. I2 and Th), that coat the chamber/tubing and produce measurable vapour pressure
after aspiration has ceased [71].

Reducing the chamber volume reduces wash-out time, but also efficiency, because of
increased surface-to-volume ratio and hence increased particle deposition. The conven-
tional 150 mm long Scott-type chamber is certainly much larger than is required and 
optimized versions of this design with lengths of 80 mm and internal volumes of approxi-
mately 55 ml have been described [62]. Taylor et al. have described a cyclonic chamber [72]
including a flow spoiler, that was later characterized by CFD [63,64], that can be optimized
either for efficiency, or for wash-out time, (down to 3 s) or for best compromise perform-
ance. CFD studies and practical experience has shown that the spray chamber design has
to be matched to the nebulizer. Micro-flow nebulizers are best matched to lower volume
chambers and for these devices the flow geometry is more critical in determining efficiency
and wash-out than for nebulizers operating under standard flow conditions. Thus, whereas
for conventional systems the effect of changing the sample uptake rate is highly regulated

(a) (b)

26 mm

4 mm

6 mm

40 mm

50 mm

Figure 4.5 A schematic of: (a) an optimized volume double pass/scott style spray chamber, courtesy of
B. L. Sharp; (b) an image of a typical glass cyclonic spray chamber, courtesy of Glass Expansion Inc.
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by the chamber processes, leading to only small changes in signal when the uptake rate is
changed, a greater sensitivity to uptake rate is expected at micro-flow rates.

Isotope ratio measurements often place more emphasis on eliminating noise than
achieving low limits of detection and here double-chamber designs can produce a refined
aerosol that reduces plasma loading and noise thereby enabling improved measurement
precision.

4.3.2.3 Desolvation

Desolvation adds complexity and cost to the sample introduction system and changes the
characteristics of the plasma [73–76]. Without desolvation, the solvent – mostly water –
dominates the plasma loading and only small perturbations are caused by the sample
matrix. With desolvation a ‘dry’ plasma is produced, but variable sample matrix will in
turn produce varying plasma loading. Although with MS detection, chilled spray chambers
(typically 1–5°C) are commonly used to reduce the vapour loading and to reduce solvent-
related interferences, full desolvation should only be used for specific purposes. Desol-
vation is employed to: reduce the solvent load with high efficiency nebulizers such as the
ultrasonic design, to improve the transport efficiency, to remove or reduce spectral inter-
ferences – notably in isotope ratio measurements – and to produce a dry aerosol for cali-
bration in LA experiments. According to Equation (4.1), a marginally transported 10 �m
droplet will reduce to ~1 �m in the milliseconds time scale at 60°C. A typical lifetime for a
droplet in a spray chamber is if the order of 5–10 s and so desolvation does improve trans-
port efficiency. However, it does so for both the analyte and the matrix in equal degree and
therefore is not indicated as a means of improving detection limits for trace element in
high matrix samples.

Small droplets tend to spontaneously evaporate because of their excess internal pressure;
however, cooling due to loss of the latent heat of evaporation of the solvent, and increasing
salt concentration depress the vapour pressure so that the equilibrium droplet size is finite.
Heat is therefore required to drive the process to completion and this is usually accomplished
by heating the spray chamber [77], although direct heating of droplets with infrared (IR)
[78,79] or microwaves [79–83] has also been demonstrated. Fig. 4.1 shows that for micro-
flow nebulizers it is quite possible to accommodate the entire sample flow in the vapour state
at quite low temperatures (e.g. 60°C will accommodate 130 �l min�1 as vapour in 1 l of Ar).
For the reasons indicated above, micro-nebulizers that do not produce significant wetting of
the heated chamber walls (and therefore vapour pulses) are the preferred devices for primary
aerosol generation.

Removal of the vapour load is usually achieved by a condenser and or a counter-flow
membrane drier either of micro-porous Teflon or Nafion™ as shown in Fig. 4.6. Care is
needed in setting up these devices to avoid reverse flow of the sweep gas into the sample
carrier gas. Commercially available desolvating sample introduction systems are listed in
Table 4.3.

Recently Todoli et al. have described a torch with a built-in spray chamber that provides
heating of the micro-flow aerosol and 100% transport efficiency [84–88]. This configura-
tion might be considered intermediate between a conventional nebulizer/spray chamber
and a DIN.
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4.3.3 Chromatographic interfaces

The use of ICP-AES, and in particular ICP-MS, as detectors for various forms of separation
has revolutionized the field of elemental speciation [89–97]. Effecting the physical coupling
between the instruments has, in most cases, proved surprisingly easy. The greater difficulty
has been in making the hyphenated instruments ‘talk’ to each other and developing software
that can handle the output from the ICP with the same degree of refinement as is available
with organic mass spectrometers. Nevertheless, fully integrated hyphenated instruments are
now appearing on the market indicating the maturity of the elemental speciation technique.

Coupling a gas chromatograph to an ICP is relatively straightforward requiring only a
heated transfer line to avoid condensation of the analytes [89,93,98–100]. There is a sig-
nificant dilution of the ml min�1 column flow in the 100s of ml min�1 Ar injector flow, but
with optimization excellent detection limits have been achieved.

Packed column high-performance liquid chromatography (HPLC) is the simplest separ-
ation technique to couple to the ICP [49,89–91,93–97,101–107] because the typical flow rates
of 0.5–1.0 ml min�1 exactly match those of standard ICP nebulizers. The nebulizer uptake
tubing, kept as short as possible, is a perfectly good practical interface. The wash-in/wash-out
times of the spray chamber are important in conserving the separation efficiency, but sur-
prisingly little band broadening occurs in the aerosol phase [108]. Capillary column HPLC is
slightly more demanding, but modern micro-flow nebulizers running at 30–100 �l min�1

handle the flows quite well.
The principal difficulty in coupling LC to the ICP source is the nature of the solvent or

buffers used. Aqueous buffers at mM levels (a few 10s of ppm) are easily accommodated as
are methanol/water mixtures, but high salt and/or organic content eluents and gradient
elutions can cause difficulties with plasma stability and varying backgrounds. Ammonium

Nitrogen addition

Ar sweep gas in

Heated PFA
spray chamber

Pumped drain

To ICP-MS

Heated fluoropolymer
membrane

Ar sweep gas out

Aspire PFA nebulizer

Figure 4.6 A schematic of a membrane desolvation sample introduction system, courtesy of CETAC
Technologies Inc.
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salts can offer an alternative, but these can also be quite volatile and produce plasma instabil-
ity. Desolvation [40,103,109–111] is not an easy option because of band broadening, but
hydride generation (HG) has been used to improve the detection of elements such as As
[112–116].

Where modest levels of spectral interference are present (e.g. 75ArCl� on 75As� in a 
biological sample), the chromatographic step produces temporal discrimination of the
background interferent (in this case a continuous signal is produced from chloride in the
matrix) and the sample peak (the transient due to the elution of the As species). Thus
background correction is automatically achieved as part of the peak integration process.

CE [72,91–93,117–131] provides the most challenging of the interfaces because, apart
from the electroendosmotic flow, it is a zero flow technique. The internal volume for a typical
50 cm � 100 �m internal diameter is only 3.9 � 10�9 m3, therefore a flow of 30 �l min�1

would displace the column volume in 8 s and induce significant laminar flow causing band
broadening. A micro-nebulizer is supplied with a make-up flow, either pumped or through
natural aspiration, that nullifies the suction of the nebulizer so that no pressure-driven
flow occurs in the column. The make-up flow also provides the electrical connection and
can be spiked with a standard to monitor system performance. Unfortunately, even a neb-
ulizer flow of 30 �l min�1 causes a significant dilution of the nanolitre sample sizes typical
of CE. Some CE systems can exert negative pressure on the sample reservoir end of the col-
umn and this can be used to offset part of the nebulizer suction whilst employing low
make-up flow rates [72]. The limit is set by the stable operation of the nebulizer which is
difficult to sustain below ~10 �l min�1.

Recently, planar separations on gel plates and membranes have been probed using LA
[132–146]. The major difficulty with this interface is quantitation, largely because of the
inherent variability of gels. Another problem is the depth of the gel (0.25–0.5 mm) which
is greater than the penetration depth of modern ultraviolet (UV) lasers. Membrane blot-
ting however, concentrates the sample in a thin layer and greatly improves the sampling
efficiency [143].

4.4 Vapour generation

Vapour generation is a method by which analytes present in a liquid, or sometimes a slurried
solid sample [147], may be mixed with reagents that transform them into a gaseous species.
The gaseous species may then be swept by a flow of Ar gas into the plasma for detection.
There are several types of vapour that may be produced; for instance, Hg may be reduced to
its elemental form by stannous chloride and the Hg vapour produced is detected. This tech-
nique is usually termed ‘cold vapour generation’. The other main types of vapour produced
are the hydride species formed by reaction with sodium tetrahydroborate (also called sodium
borohydride). This technique is referred to as hydride generation. Traditionally, the metalloid
analytes such as As, Sb and Se, and to a lesser extent Bi, Ge, Pb, Sn, Te and Tl, were determined
by this method where the vapour species formed were arsine (AsH3), stibine (SbH3), etc. The
mechanism of the reduction using tetrahydroborate has been described by Howard [148].
More recently, a much larger suite of analytes (e.g. Ag, Au, Cd, Co, Cu, Ni, Sn and Zn) has also
been determined using the same reagent [149], as have Pd and Pt [150]. Other reagents that
have been used to form volatile vapours include sodium tetraethylborate [151].
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Vapour generation of analytes into an ICP offers several advantages over conventional
nebulization. Since the analyte is transformed into a gaseous state, it may be transported
much more efficiently (close to 100%) to the plasma, so the sensitivity and limit of detec-
tion (LOD) tends to improve. Also, the analyte is separated from the bulk of the sample
matrix, leading to fewer spectral interferences. Inevitably, there are also disadvantages asso-
ciated with sample introduction of gaseous analytes. Different oxidation states of analytes
produce hydrides with different efficiencies (e.g. both AsIII and AsV produce a hydride), but
the kinetics of the reaction are very much slower for AsV. Another disadvantage of the HG
technique is that the presence of some other metals (e.g. platinum group metals, or some
transition metals, namely Cu or FeIII) in the sample may interfere with the HG process. This
may be overcome in a number of ways, but the most common is to use a masking agent (i.e.
an agent that ‘ties up’ the potential interferent) [152]. Another drawback of vapour gener-
ation is that the excess hydrogen produced during the hydride formation process is also
swept into the plasma, and may cause instability.

The instrumentation required for vapour generation is fairly minimal. Commercial
units may be purchased, but effectively, they amount to a peristaltic pump, a switching
valve, a mixing ‘T’ and a gas–liquid separator. A more detailed text discussing HG has been
published by Dedina and Tsalev [153], and a review discussing advances in HG coupled
with atomic emission detectors has been presented by Pohl [154].

4.5 Electrothermal vaporization

Sample introduction by electrothermal vaporization (ETV) is a method that has evolved
from atomic absorption measurements. Instead of direct nebulization of a liquid sample, a
small volume of liquid (10–100 �l), or a few milligrams of solid material, is introduced
directly into an electrothermal atomizer. The theory behind ETV may be found in other pub-
lications [155]. The atomizer is then heated resistively, by passing an electrical current through
it. A ramped temperature program is used in which the sample (if it is a liquid) is first dried,
then the temperature is raised so that as much of the potentially interfering matrix is
removed as possible whilst ensuring that the analytes are not lost. Finally, a high-temperature
vaporization step follows in which the analytes are removed from the electrothermal atom-
izer and enter a gas stream which transports them to the plasma. It is important to note that
atomization is not required in plasma source spectrometry, and indeed it is quite difficult to
conduct reactive free atoms through connecting tubing. A micro-particulate or stable molec-
ular vapour are the preferred forms for introduction to the ICP.

The technique has the advantage of being capable of determining analytes in very small
volumes of sample (�100 �l), as well as separating them from many potential interferences.
In addition, transport efficiency to the plasma tends to be very high, leading to improved
sensitivity and improvements in LOD of at least an order of magnitude. However, the pro-
cedure is very slow. As well as taking time to weigh (in the case of solid samples) the sample
into the vaporizer, each of the stages of the temperature programme requires a finite time to
complete its task. This technique produces a transient signal and so, as with LA and chro-
matography, a sequential scanning optical spectrometer may only be fast enough to deter-
mine one analyte per injection, and therefore simultaneous instruments are preferred.
Modern quadrupole mass spectrometers however do have sufficient scanning speed to carry
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out multi-element scans on signals lasting of the order of a few seconds. Since sample intro-
duction is normally by a micro-pipette, precision is typically 3–5% rather than the 1% nor-
mally associated with sample introduction using a nebulizer. Precision for solid sampling
(SS) can be worse still.

Commercial instrumentation is available, although many laboratories manufacture their
own vaporizers in-house, often from redundant systems that had been used for atomic
absorption spectrometry (AAS) measurements. Metal vaporizers may be used instead of
carbon and a brief discussion of these has been presented by Nobrega and co-workers [156]
whilst a good example of the application of ETV-ICP-MS using a metal vaporizer has been
published by Parsons et al. [157].

Reviews of SS-ETV-ICP-MS have been prepared by Martin-Esteban and Slowikowski
[158] and by Vanheacke et al. [159]. The analysis of micro-samples, using techniques such
as ETV as a sample introduction method, has also been discussed recently by Todoli and
Mermet [160].

An alternative to ETV is to use direct sample insertion (DSI). Here, the sample is loaded
onto the tip of a graphite (or refractory metal) probe. This is then inserted through a modi-
fied torch so that the sample is heated directly by the plasma. Similar advantages and disad-
vantages are experienced as with ETV. The technique was reviewed in 1990 by Karanassios
and Horlick [161] and then again, more recently, by Sing [162]. DSI and its applications have
also been discussed previously in Chapter 3.

4.6 Solid sampling via LA

In 1985 Gray first realized that the material produced via LA could be transported to the
ICP for efficient atomization and ionization. The analyte ions were detected by MS so cre-
ating the technique of LA-ICP-MS [163]. Twenty years later, LA is the most versatile SS
technique for ICP-MS, and the general principle of the technique has not changed.

4.6.1 Fundamentals

4.6.1.1 Ablation mechanisms

In LA, material is removed from a sample placed in an ablation cell using a high-power,
short-pulsed laser focused onto the sample surface. The ablated material is carried to the
ICP in a continuously flowing carrier gas, which forms the injector flow for the plasma.
When the sample is irradiated with laser energy, material is released in the form of particu-
lates, electrons, atoms and ions forming a plasma plume above the ablation site. This abla-
tion plasma plume can interact with the incident laser beam causing shielding of the
sample thereby reducing the energy deliverance to the substrate.

Generally, material is removed from the sample at a depth of 0.02–5 �m [164]. Particle
size distributions are much broader for aerosols generated via LA than solution nebuli-
zation (SN) and strongly correlate to the properties of the sample matrix and of the inci-
dent laser beam. It should be noted that the particle size distribution created by the LA
process is not indicative of what reaches the ICP, since individual particles change size by
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condensation, vaporization or agglomeration with other particles [165]. The processes
involved in LA are shown in Fig. 4.7.

4.6.1.2 Elemental fractionation

A few years after Gray’s initial work, the most severe problems associated with LA-ICP-MS
analysis were recognized; namely elemental fractionation (non-representative sampling)
and a lack of certified reference materials. Without the employment of matrix matched cali-
bration standards, elemental fractionation has dramatic implications for quantitative
analysis; such calibration standards are not available for the majority of sample types.

It is now generally accepted that elemental fractionation occurs at three points in the
LA-ICP-MS process; the ablation process, the transport process and the atomization/ion-
ization process within the plasma itself. Elemental fractionation cannot be eliminated, but
steps can be taken to reduce its impact. Previously, emphasis was placed on attributing
fractionation to processes occurring at the LA stage; however, emphasis has now shifted
towards processes occurring within the ICP; namely the incomplete vaporization of larger
particles leading to selective vaporization of more volatile elements. Factors such as laser
wavelength, laser pulse duration, crater morphology (depth-to-diameter) and choice of
carrier gas require careful consideration since they play a vital role in determining the size
of particles produced.

4.6.2 Instrumentation

A typical LA sampling system employs: a laser beam, to supply sufficient energy to the
sample surface to facilitate ablation; an ablation cell, to allow containment and positioning

Crater Formation

Sample Surface

Laser Beam

Ablated Material
Consists of atoms, electrons,
ions and particulates.

Ablation Plasma Plume
Interaction of the laser
and plasma leads to
‘plasma shielding’ of the
sample.

Carrier/Entrainment Gas Sweeps
ablated material to ICP. Ar or He
employed

Figure 4.7 The processes involved in LA (i.e. the interaction of a high power, highly focused laser beam
with a solid target).
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of the sample along the x-, y- and z-axis and a transport system, to transfer the ablated
sample material from the ablation site to the ICP with maximum efficiency. Fig. 4.8 shows
a schematic of a typical LA-ICP-MS setup.

4.6.2.1 The laser

Ruby, excimer and neodymium-doped yttrium–aluminium–garnet (Nd:YAG) lasers have
successfully been used for LA. The Nd:YAG laser is the most widely used laser source for 
LA-ICP-MS, due to its ease of use and robustness. The Nd:YAG laser is a solid state laser con-
sisting of a Nd:YAG rod a few millimetres in diameter. Although the fundamental wavelength
of the Nd:YAG lies at 1064 nm, a wavelength poorly absorbed by a variety of sample matri-
ces, harmonic generation allows Nd:YAG lasers to be operated at harmonics lying in the UV
such as 266 nm, and 213 nm. Although the fourth harmonic output at 266 nm is still com-
monly used for LA applications, the fifth harmonic output at 213 nm is more popular due to
increased ablation efficiency at this shorter wavelength [166]. A Nd:YAG operating at 193 nm
has recently been described and is now commercially available [167,168].

The choice of wavelength for LA has been widely discussed [164,167,169–175]. Generally
speaking, it is the amount of laser energy absorbed by the sample surface, that controls the
ablation yield and hence the analytical response. Therefore, the use of shorter wavelengths
(UV) is considered advantageous, since it provides greater photon energy and a greater
energy density in the target, for more efficient bond breaking within the sample. The use of
shorter wavelengths has been shown to reduce the degree of elemental fractionation, since
the ablation process occurs via a non-thermal mechanism whereupon selective vaporization
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Transport region

Sample Cone
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Ion Path
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Figure 4.8 A schematic of a typical LA-ICP-MS setup.
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of more volatile components is reduced. The use of shorter wavelength lasers has also been
shown to produce smaller particles, more readily fully processed within the ICP, and more
uniform particle size distributions than the use of longer wavelengths [167,176]. Shorter
wavelengths penetrate the ablation plasma plume more effectively, thus reducing plasma
shielding effects and leading to a greater energy deliverance to the sample surface.

Most LA applications have been performed utilizing lasers of nanosecond pulse dur-
ation. However, there is now a developing trend towards the use of lasers of narrower pulse
width, such as picosecond and femtosecond [177–186]. By utilizing narrower pulse widths
elemental fractionation can be reduced, since the interaction time of the laser and sample
is shorter than the phonon relaxation time of the sample. Hence, ablation occurs by a less
thermal mechanism and sample heating is greatly reduced. In nanosecond LA, plasma
shielding causes laser energy to be scattered and lost. This plasma shielding effect is absent
in the use of femtosecond ablation since the laser pulse has ceased before formation of the
carrier gas plasma; consequently there is a greater energy deliverance to the sample surface
and a freer expansion of the ablated material [180,182].

4.6.2.2 The ablation chamber and transport system

A basic ablation chamber consists of: a gas-tight cell, ports to allow entry and exit of the car-
rier gas, a window to allow laser beam access and an adjustable platform on which the sample
sits. Arrowsmith and Hughes have described three designs of ablation cell used for LA [187],
whilst Jackson described a novel design known as a ‘jet cell’ [188] in which the ablation site was
cooled by a high-velocity carrier gas jet, leading to a reduction in elemental fractionation.

Particles may be lost in the connective tubing between the ablation chamber and the ICP by
gravitational settling or impaction with the tubing walls. Larger bore tubing could be desirable
since it provides an increased ratio of gas volume to tubing wall area, minimizing losses due to
impaction. Conversely, smaller diameter tubing provides increased gas velocity, reducing the
overall transport time and sample loss due to gravitational settling. In practice it is necessary
to reach a compromise between the two extremes to give reasonable transport efficiency.

Ar was traditionally used as a carrier gas for LA-ICP-MS. However, He is now used for the
majority of applications due to improved ablation and transport [189–192]. Employment of
He as a carrier gas produces smaller particles from the ablation process; such particles are
transported with greater efficiency to the ICP and also more fully vaporized. The shift in par-
ticle size distribution towards smaller particles has been attributed to the physical properties
of the He carrier gas including: a lower density, higher ionization energy and higher thermal
conductivity. Lower density means a greater transport efficiency of ablated material away
from the ablation site; whilst higher ionization energy leads to the formation of a much
smaller plasma. These properties allow a faster removal of energy from the ablation site, lead-
ing to a rapid end to condensational growth of particulates [191].

4.6.3 Sampling strategy

The commercially available LA systems allow many different sampling strategies to be
employed, these include: single spot drilling, a series of spots and a line or raster across the
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sample surface. Table 4.4 lists suppliers of LA systems. Modern systems provide a wide
choice of laser spot sizes for different applications. The choice of sampling strategy will
ultimately be determined by the particular application. If bulk analysis is desired, where-
upon the goal is to obtain analysis representative of a whole sample, then the beam is nor-
mally focused to produce spots �100 �m in diameter. A line or raster mode of analysis can
be employed in which the laser scans across a much larger region of sample. The raster
mode of analysis has been shown to significantly reduce the effects of fractionation associ-
ated with crater development. The degree of fractionation is strongly linked to the morph-
ology of the ablation crater and increases as the aspect ratio (depth-to-diameter ratio) of
the crater increases [189,193]. This has been attributed to a combination of factors includ-
ing: a reduced transport efficiency from deeper depths, a confined plasma within deeper
craters leading to a more thermal mechanism of ablation and finally, a reduction in laser
irradiance due to changes in the effective area exposed to the laser beam.

If spatial resolution is desired, whereupon the goal is to determine the composition of
discrete portions of a larger sample, then the laser beam is normally focused to produce
spots �100 �m. The ability to change the ablation spot size according to application is crit-
ical and is best achieved via the use of a variable aperture placed in the laser beam path. The
aperture is imaged onto the sample surface by the laser objective lens. A change in aperture
diameter results in a proportional change in diameter of the imaged ablation spot. The use
of such a system has the advantage that a constant energy density (fluence) on the sample
surface can be maintained regardless of the ablation spot size employed. For successful
implementation of this kind of imaging optics, a flat laser beam energy profile is required.

4.6.4 Quantification of LA-ICP-MS

Due to the lack of certified reference materials for the majority of sample types and the
occurrence of elemental fractionation, LA-ICP-MS has been termed in the past as semi-
quantitative; however, advancements in LA systems and calibration strategies now mean
that accurate and precise analytical data is obtainable. Quantification via LA-ICP-MS can
be accomplished by a variety of methodologies; matrix-matched direct solid ablation with
external calibration, often incorporating internal standardization; simultaneous sample-
standard introduction; direct liquid ablation and isotope dilution (ID).

Ablation rates vary greatly with respect to even tiny changes in sample matrix; hence,
calibration via external standardization requires the use of highly matrix matched calibra-
tion standards in terms of elemental composition and physicochemical properties. Such

Table 4.4 Suppliers of LA systems

Supplier Location

New-wave Research Fremont, CA, USA: www.new-wave.com
CETAC Technologies Omaha, NE, USA: www.cetac.com
LSA LINA-Spark Applications Cully, Switzerland: www.lina-spark.com
Lambda Physik Göttingen, Germany: www.lambdaphysik.com
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reference materials are not available for the majority of sample types. One solution is to
add the sample or standard to a powdered matrix and press the mix into a disc [194–205],
or fuse the sample into a glass bead [194,198,206,207]. Sample preparation of this type
allows a more similar matrix composition between samples and standards to be obtained
(matrix matching), as well as the potential addition of an internal standard element to cor-
rect for changes in ablation rates. It has been shown that the addition of modifiers to a disc
or bead can increase the efficiency of the ablation process [208,209] yielding higher sensi-
tivity and reduced elemental fractionation. Such modifiers (organic and inorganic based)
improve the absorption of laser energy by the sample, subsequently leading to the forma-
tion of smaller particles more readily processed by the ICP [209].

Internal standardization provides a viable quantification technique since it allows for
differences in ablated mass due to shot-to-shot variation, loss of sample in the ablation
chamber and transfer line, and for incomplete vaporization of particles within the ICP. The
disadvantage of internal standardization is that at least one element of known concentra-
tion, needs to be present in, or added to the sample. It is vital that this internal standard be
of a homogeneous distribution throughout the sample.

Simultaneous sample-standard introduction has been successfully employed as a quan-
tification method for LA-ICP-MS, especially in the absence of certified reference materials
[210–222]. Two sample introduction lines are employed so that simultaneous introduction
of an ablated sample and a nebulized standard is achieved. Careful mixing of the two
aerosols is required before introduction into the ICP. Desolvation of the standard aerosol
can be employed so that it more closely matches the dry aerosol produced by ablation of
the sample. However, recent work in this laboratory has shown that the more standardised
plasma conditions produced by employing a classical wet plasma are beneficial for routine
analysis [223]. The major limitation of this technique is the different particle types and
sizes produced by the different sample introduction systems.

Direct liquid ablation has been used as a calibration strategy for LA-ICP-MS. Direct abla-
tion of a liquid standard has the advantage that the standards are cheap and easy to prepare
and offer a renewed surface for ablation after each laser shot. Heterogeneous distribution of
elements is not a problem if such standards are employed. Aqueous standards can be ablated
with [224] or without [225] the addition of an organic chromophore to improve the
absorption of laser energy and hence improve coupling between the laser beam and stand-
ard solution. Again the limiting factor is the totally different sample and standard matrix.

The sampling capabilities of LA can be combined with the powerful quantification tech-
nique of ID. There are two general approaches to LA-ICP-IDMS. One approach incorporates
the isotope spike solution into a powdered sample [203–205,226], before pressing the sam-
ple/spike mixture into a pellet or disc. Another approach utilizes a simultaneous sample-stan-
dard system; here the standard aerosol, formed by solution nebulisation of an isotopically
enriched spike solution, is combined with the sample aerosol before introduction to the ICP
[227–229]. In both cases it is vital that equilibrium between sample and spike is reached.

4.7 Conclusion

Sample introduction techniques for ICP-AES and ICP-MS have now reached the stage where
they provide practical solutions to most analytical problems. The remaining challenges are
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likely to come from the life sciences where nanolitre samples are common and there is
increasing need to couple powerful two-dimensional (2-D) separations to plasma source
spectrometry. The use of LA in particular in this area is likely to be a growth area for future
research.
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Chapter 5

Fundamental Aspects of Inductively Coupled
Plasma – Mass Spectrometry (ICP-MS)

Gavin O’Connor and E. Hywel Evans

5.1 The ICP as an ion source

The inductively coupled plasma (ICP) was first developed by Reed [1–3] in 1960, and was
first used by Greenfield et al. [4] for spectrochemical analysis. An atmospheric ICP is
formed when an inert gas, usually argon, is introduced into a quartz torch that consists of
three tubes of varying diameter. The inner tube carries the sample aerosol in a flow of
argon, and the intermediate and outer tubes carry gas flows which both form the plasma
and cool the torch. On entering the torch the argon is seeded with electrons by initial exci-
tation with a tesla coil. The electrons are then accelerated in the magnetic field, induced by
the application of radio-frequency (rf) energy to a copper coil surrounding the torch, col-
lide with neutral argon atoms and ionise them. The ions and electrons continuously col-
lide, and as long as the rf field is maintained the plasma is sustained. A diagram of a typical
ICP used in ICP-MS is shown in Fig. 5.1. The shape of the ICP is of fundamental import-
ance for its use as an ionisation and excitation source. The tangential flow of gas into the
torch creates a vortex that weakens the base of the plasma. This enables the easy punching
of the plasma by the nebuliser gas flow, which carries the sample into the centre of the fire-
ball. The majority of the rf power is coupled into the outer region of the gas flow, which
leads to a skin effect whereby the outer regions of the plasma are hotter than the central

Sample
aerosol

Load Coil

Quartz glass tubes
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Figure 5.1 Schematic diagram of an inductively coupled plasma.
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Fundamental Aspects of ICP-MS 135

channel. The centre of the plasma is heated by conduction, convection and radiative trans-
fer of energy from the skin.

The resulting plasma is a dense annular-shaped ball of highly excited electrons, ions,
metastable and neutral species. The ionisation of the analyte in ICP-MS is a complex
process that has invoked major discussion in the past [5,6] and will continue to do so in the
future. The operating temperature of an ICP is between 5000 and 10 000 K. This leads to
desolvation and thermal atomisation of analytes introduced into the central region of the
plasma. Once atomised, ionisation may occur by a number of processes [6].

Thermal ionisation is induced by collisions among ions, atoms and free electrons in the
plasma:

A � e� → A� � 2e�

A � M → A� � M � e�

If an electron absorbs sufficient energy, equal to its first ionisation energy, it escapes the
atomic nucleus and an ion is formed. In the ICP, the major mechanism by which ionisation
occurs is thermal ionisation. When a system is in thermal equilibrium, the degree of ioni-
sation of an atom is given by the Saha equation:

(5.1)

where ni, ne and na are the number densities of the ions, free electrons and atoms, respect-
ively; Zi and Za are the ionic and atomic partition functions, respectively; m is the electron
mass; k is the Boltzmann constant; T is the temperature; h is Planck’s constant and Ei is the
first ionisation energy. In this case, ionisation is effected by ion–atom and atom–atom colli-
sions, where the energy required for ionisation is derived from thermal agitation of the par-
ticles. The degree of ionisation is dependent on the electron number density, the temperature
and the ionisation energy of the element in question. Taking the average electron number
density for an argon ICP to be 4 � 1015cm�3 and the ionisation temperature to be 8730 K,
then the degree of ionisation as a function of first ionisation energy, predicted by the Saha
equation, is shown in Fig. 5.2. Most of the elements in the periodic table have first ionisation
energies of less than 9 eV and are over 80% ionised in the ICP. A third of the elements are
ionised to a lesser extent depending on their first ionisation energy, with the most poorly
ionised elements being He, Ne, F, O and N (�1% ionised); Kr and Cl (1–10%); C, Br, Xe and
S (10–30%) and P, I, Hg, As, Au and Pt (30–80%). Such thermal ionisation is probably the
dominant mechanism of ionisation in the ICP.

Penning ionisation is caused by charge exchange between plasma gas metastable species
and analyte atoms:

X* � A → X � A� � e�

Charge transfer is caused by transfer of energy from an ion to an analyte ion:

X� � A → X � A�
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For effective penning ionisation and charge transfer to occur, the energy of the colliding
species should be similar to the ionisation energy of the analyte atom. From the above
processes it is easy to see how the extent to which an analyte is ionised can be influenced.
Simply by changing the plasma gas, the three ionisation processes can be influenced greatly
(see Chapter 7).

Atmospheric pressure ICPs have been shown to deviate from local thermal equilibrium
(LTE) [7]; that is, collisions between atoms, ions and electrons do not result in an equilib-
rium being maintained between the various states, so the plasma does not have a uniform
temperature [8]. This plasma phenomenon has led to the experimental measurement of
the gas kinetic temperature (Tg) [5], the ionisation temperature (Tion) [9,10], the rota-
tional temperature (Trot) [11], the excitation temperature (Texc) [12] and the electron
number density (ne) [12,13], which help reflect the overall characteristics of the plasma as
an ionisation source. Further investigations into the degree of analyte ionisation in an ICP
have been performed by Caughlin and Blades [14].

The atmospheric pressure argon ICP is not an efficient ionisation source for elements
with ionisation energies above approximately 10 eV. Spectroscopic interferences can also
lead to problems in argon ICP-MS work [15]; for example, hydrochloric acid can cause
problems if used in sample digestion, especially for 51V� and 75As� because of interferences
by 35Cl16O� and 40Ar35Cl�. The use of alternative gas plasmas consisting of oxygen [16–20],
nitrogen [21], air [22] and helium [23,24] as well as mixed gas plasmas [25,26] have been
investigated to reduce these and other matrix effects, and are discussed in Chapter 7.

5.2 Ion sampling

Ion sampling from an ICP for the purpose of mass spectrometry is complicated by the fact
that the ions have to be physically transported from the atmospheric pressure plasma to
the low-pressure mass analyser. This has resulted in the plasma being aligned horizontally
with a water-cooled sampler, which is constructed of nickel, copper or platinum. The tip of
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Figure 5.2 Degree of ionisation as a function of first ionisation energy as calculated by the Saha equation.
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the sampler has a small orifice (ca. 1 mm), which is immersed in the plasma fireball. The
analyser side of the sampler is held at reduced pressure compared with the plasma, and
ions are extracted from the plasma through this orifice. A diagram of an ICP-MS is shown
in Fig. 5.3. A comprehensive review of the ion-sampling process for ICP-MS has been com-
pleted by Niu and Houk [27].

5.2.1 Ion sampling interface

Ion sampling interfaces for plasma source mass spectrometry have been designed using
theory derived from molecular beam studies [28]. These studies give a detailed description
of gas flow and kinetics, when sampled through small diameter orifices.

The sampling of the plasma gas, and hence the ions it contains, is performed through a series
of chambers that are held at consecutively lower pressures. The gas is sampled and transported
from an area of high pressure to an area of lower pressure through a series of small orifices. An
in-depth study of the effect of orifice size and shape has been performed by Campargue [29].

On sampling the gas from atmospheric pressure to an area of lower background pressure
the gas passes through a sampler orifice. On passing through this orifice the gas expands adia-
batically, which causes a decrease in gas density and kinetic temperature, the enthalpy of the
source gas is converted into directional flow and the gas temperature drops. The gas flow
speed increases and exceeds the local speed of sound and a supersonic, free jet is formed. The
free-jet structure is approximately conical in shape with its apex originating at the sampler
orifice. The base of the cone is called the Mach disc and this is the region where the sampled
gas collides with the background gas, causing the gas flow to become subsonic and the gas
kinetic temperature to rise again. The area between the sampler orifice and the Mach disc is
known as the zone of silence. It is thought that in the zone of silence the sampled gas is 
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Figure 5.3 Schematic diagram of an ICP-MS.
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representative of the plasma gas, so it is in this region that the second orifice, called the skim-
mer, is placed. Once skimmed, the ions are extracted and focused using a series of electro-
static lenses. A diagram of the ion-sampling process is shown in Fig. 5.4.

The flow of plasma gas through the sampler orifice is given by [30]:

(5.2)

where U0 is the flow of gas through the sampler in molecules per second, � is the ratio of
the heat capacities at constant pressure and constant volume, NA is Avogadro’s constant, D0

is the sampler diameter (m), P0 is the torch pressure (Pa), M is the relative molecular mass
of the plasma gas (kg mol�1), R is the gas constant and T0 is the source temperature.

The function f(�) is given by:
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Figure 5.4 Schematic diagram of (a) the ICP-MS interface and (b) the supersonic expansion formed in
the ion extraction interface of an ICP-MS.
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The position of the first Mach disc downstream from the sampler orifice is given by [29]:

(5.4)

where P1 is the pressure in the expansion stage (Pa). In order for a representative sample to
be obtained from the plasma, the skimmer orifice must be placed upstream of the first
Mach disc. Campargue [29] gives the skimming distance that yields maximum beam
intensity (Xs) as:

(5.5)

where Kn is the Knudsen number at the sampling orifice, P0 is the torch pressure (Pa) and
P1 is the pressure in the expansion stage. The Knudsen number is given by:

(5.6)

where D is the diameter of the orifice through which the gas passes and � is the mean free
path given by [31]:

(5.7)

where � is the viscosity co-efficient of the plasma gas, N is the number density, M is the mean
molecular mass of the plasma gas (g), k is the Boltzmann constant and T is the local tempera-
ture (K) [31]. Campargue [29] has calculated this value to be approximately 0.75Xm.

The flow of gas through the skimming orifice is related to the gas flow through the sam-
pler by [30]:

(5.8)

where Ds is the skimmer orifice diameter and Xs is the sampler to skimmer orifice distance (m).
Hoglund and Rosengren [32] state that the flow conditions, as described in Equations

(5.2)–(5.8), prevail when the pressure ratio across the sampler orifice is greater than 2, or
analytically for an ideal gas when:
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5.2.2 Ion focusing

Once the ions have entered the skimmer tip it is necessary to extract and focus the ions into
the analyser. The ion-focusing lenses are crucial for the overall sensitivity of the instrument
because scattered ions will not be detected. Ion focusing is achieved by subjecting the
charged ions to constant electric fields. These electric fields have an accelerating effect on
the ions and if the field strength is high, ions may be accelerated to such an extent that their
residence time in certain analysers is not sufficient for effective mass analysis.

In order to construct an effective ion optical array it is necessary to calculate the path
taken by ions in the electrostatic fields. To do this, several assumptions must be made about
the conditions, electric fields and ion interactions, namely that:

(i) An ion is a free particle with a positive charge.
(ii) Ionic velocities are small in comparison with the speed of light.
(iii) The density of the ion beam is not great enough to induce space charge (ion–ion

repulsions).
(iv) The presence of the ions brings about no appreciable change to the electrostatic fields

they are subjected to.
(v) Vacuum conditions are assumed to be adequate to give the ions the necessary mean

free path.

Electrostatic lenses, placed in a vacuum chamber and set at specific potentials, will affect
the surrounding space by causing a gradient of equipotentials in the regions between dif-
ferent lenses. These equipotentials are the refracting surfaces of electrostatic ion optics and
are analogous to the lateral refracting surfaces of glass lenses in ordinary light optics.

A number of models are available for the calculation of the equipotential fields formed
in a vacuum by the ion lenses. However, these models have been greatly enhanced by the
increased speed and memory capacity of modern computers. The use of such computer
models as SIMION has greatly enhanced the understanding of ion-optical design for ICP-MS,
and in the hands of experts has shown the extent that space charge plays in ion focusing.
The majority of studies into space charge in the ion beam for ICP-MS can be attributed to
Scott Tanner, and in a recent book chapter he outlines the development of ion optics for
ICP-MS [33]. Space-charge interference is caused by charge separation of the ion beam.
The transition to charge flow can be attributed to a number of factors. The sampled gas
stream exiting the skimmer cones consists of neutral gas and equal concentration of ions
and electrons. Collisional damping of the neutral species along with the diffusion of lighter
electrons from the extracted beam give rise to a charge. However, this is enhanced by the
presence of the extraction optics, which will attract the positive ions while repelling the
electrons. Tanner has shown that charge separation of the ion beam, in an ion optical array
incorporating a photon stop, is essential for effective ion transmission. Later versions of
SIMION have incorporated the ability to model some aspects of space charge. However, no
model to date successfully accounts for collisional damping and the transformation to
charged flow.

A recent development in ion-optical interfaces for ICP-MS is the incorporation of a
hexapole collision cell between the extraction lens and the mass analyser of an ICP-MS
[34]. The use of a multipole lens system has been shown to have a number of advantages
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compared with conventional lens systems. Multipole lenses are high-efficiency lenses that
suffer little mass bias. The lens can be placed at a slight angle, which prevents photons and
neutrals from entering the analyser, hence a photon stop is not required. The effect of
helium collisional gas in the hexapole has been shown to thermalise the extracted ion
beam. This causes ions to exit the hexapole with a narrow spread of ion kinetic energies
(2 eV), which results in enhanced resolution for the interfaced mass analyser. Collisions in
the cell have also been shown to reduce polyatomic interferant ions, with the argon-based
polyatomics 40Ar16O�, 40Ar35Cl� and 40Ar2

� being collisionally dissociated in the cell,
enabling mass analysis of 56Fe, 75As and 80Se. Selective damping of an interfering ion is also
possible with a collision cell. By careful selection of damping gases such as oxygen, argon
and helium, Ar�, Kr� and Xe� interferences have been reduced. The advantages of the
multipole collision cell have been equated to those of running with a ‘shielded’ or ‘cool’
plasma (see Chapter 7); however, the multipole interface does not suffer the reduced ion-
isation power of the ‘cool’ plasmas.

5.2.3 Langmuir probe measurements

The effect of plasma potential on the formation of a secondary discharge in the ion sampling
interface has been investigated using a Langmuir probe, which was slowly swept through the
plasma to stop the probe tip from melting [35]. It was shown that, as the plasma potential
increased, the number of doubly charge ions increased and the number of argon-associated
polyatomic ions decreased. It was thought that the presence of a secondary discharge in the
sampling interface was causing this phenomenon [35]. The effect of load coil geometry and
earthing position on plasma potential, and hence the intensity of the secondary discharge,
was monitored by using a floating Langmuir probe [36]. These investigations led to probe
measurements being obtained inside the interface region of an ICP-MS instrument with
plasma potential, ne and Te being determined [37,38].

5.2.4 Ion kinetic energies

Ion kinetic energy measurements are important for the characterisation of plasma sources
used for mass spectrometry because a spread in energies will often affect the sensitivity or
resolution of the mass analyser. A quadrupole is the most common analyser used in plasma
source MS, and a decrease in resolution is normally observed using this type of analyser
when ions of a particular m/z exhibit a wide spread in kinetic energies. This is rather detri-
mental because quadrupoles are normally only capable of unit mass resolution. Ion kinetic
energy measurements can be made by placing a retarding potential on the front of the mass
analyser, increasing the potential gradually and obtaining an ion-stopping curve. Stopping
curves for ions extracted from an argon ICP have been obtained, at different operating
conditions, by applying a direct current (dc) bias to the quadrupole mass analyser. The dc
bias was ramped and the plot of ion signal against the quadrupole dc offset yielded the
stopping curve, which was differentiated to obtain the ion kinetic energy [39]. Ion kinetic
energies have also been obtained by placing a small orifice retarding plate in front of the
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mass analyser. Again stopping curves were obtained by ramping the dc offset of the retard-
ing plate [40].

Douglas [5] has described the application of a three-lens ion-stopping grid for ion kinetic
energy measurements. In his chapter he describes the necessity for removing any ion optics
upstream of the measurement grid. This was deemed necessary due to the accelerating
effect of the optics, which would alter the ion energies. This system was later used by Tanner
[41]. In the first instance ion kinetic energies were measured in order to characterise the
extent of a secondary discharge at different plasma operating conditions [39]. However,
Fulford and Douglas [42] have investigated the relationship between ion mass and ion
kinetic energy, and have shown that the ion kinetic energy increases linearly with ion mass
in accordance with the energy imparted by the ion-sampling process in addition to the
plasma potential. More recently, ion kinetic energy measurements and ion-sampling theory
have been used to calculate the gas kinetic temperature of the sampled plasma [41].

Fulford and Douglas [42] have described how the ion kinetic energies of ions, extracted
through a molecular beam type interface, should increase linearly in proportion to the
mass, as described by:

(5.10)

where Es is the ion kinetic energy, M is the mass of the ion, Mgas is the mass of the plasma
gas, k is the Boltzmann constant, Tgas is the gas kinetic temperature of the sampled plasma
(K) and P is the plasma potential (V). This is due to the translational energy imparted by
the ion-sampling process. Tanner [41] later used this linear relationship to determine Tgas

and the plasma potential of an atmospheric pressure argon ICP. The relationship was
applied to both sampled atomic and polyatomic ions, with both showing a linear increase
in energy with mass. However, the polyatomic ions showed lower energies than atomic
ions of the same mass.

5.3 Mass analysers

The mass analyser sorts the ions extracted from the ICP source according to their mass to
charge ratio (m/z). The mass spectrum is a record of the relative numbers of ions of differ-
ent m/z, which is characteristic of the analyte compound [43].

Functionally, all mass analysers perform two basic tasks:

(i) They separate ions according to their mass to charge ratio.
(ii) They measure the relative abundance of ions at each mass.

Successful operation of the mass analyser requires a collision-free path for ions. To
achieve this, the pressure in the analyser section of the spectrometer should ideally be
below 10�6 torr [44]. Once in the analyser the ions are sorted into discrete m/z values
depending on the energy, momentum and velocity of the ions. A measurement of any two
of these allows the m/z to be determined [45].
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5.3.1 Quadrupole

The quadrupole mass filter is comprised of four parallel electrically conducting rods, as
shown in Fig. 5.5. Opposite rods are connected and parallel rods are supplied with a dc volt-
age, one pair being held at �U volts and the other set at �U volts. The first set of rods is
supplied with an rf voltage (�V cos �t) and the second set of rods is supplied with an rf
voltage out of phase by 180° (�V cos �t). This results in the formation of an oscillating
hyperbolic field in the area between the rods. As ions pass down the quadrupole analyser 
(z-axis) they experience transverse motion in the x and y planes and start to oscillate. The dc
field tends to focus positive ions in the positive plane and defocus them in the negative
plane. The rf field accelerates the ions, so that when the ions are in the negative half of the rf
cycle they are accelerated towards the rods and when they are in the positive half of the rf
cycle they are repelled and are accelerated away from the rods [46]. The ions oscillate with
increasing amplitude until they either reach the detector or collide with the rods and
become neutral. Hence, the quadrupole mass analyser has the ability to transmit certain
ions and reject others depending on the stability of their path [46]. Ions, when inside the
quadrupole, are forced to follow certain trajectories that are dependent on the geometry of
the field, the amplitude (V0), the angular frequency (�) of the alternating potential, the
magnitude (U) of the dc bias applied to the rods, the m/z of the ions, the initial conditions
(position and velocity) and the phase angle with which the ions enter the field. Stable ions
are transmitted through the length of the quadrupole while unstable ions hit the rods.

The mass spectrum is scanned by varying U and V0 while maintaining a constant ratio
U/V0. The recorded mass is proportional to V0 so that a linear increase of V0 provides an
easily calibrated linear mass scale [44].

The advantages of the quadrupole mass analyser are its relatively small size, the fact that
it is not restricted to the detection of mono-energetic ions and that ions are accepted within
a 60° cone around the axis so that a focusing slit is not necessary. Quadrupole mass analy-
sers are essentially sequential instruments, although they can be used to rapidly scan over
200 m/z in under 1 ms.

�
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�
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Figure 5.5 Schematic diagram of a quadrupole mass analyser.
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5.3.2 Magnetic sector

In a magnetic sector analyser, ions are subjected to a magnetic field that causes the ions to
be deflected along curved paths (Fig. 5.6). The ions are introduced into the analyser via a
series of electrostatic slits which accelerate and focus the ions into a dense ion beam. The
velocity of the ions is controlled by the potential (V) applied to the slits. As the ions enter
the magnetic sector analyser they are subjected to a magnetic field parallel to the slits but
perpendicular to the ion beam. This causes the ions to deviate from their initial path and
curve in a circular fashion. A stable, controllable magnetic field (H) separates the compon-
ents of the beam according to momentum. This causes the ion beam to separate spatially
and each ion has a unique radius of curvature, or trajectory (R), according to its m/z. Only
ions of a single m/z value will possess the correct trajectory to focus the ion on the exit slit
to the detector. By changing the magnetic field strength, ions with differing m/z values are
brought into focus at the detector slit.

The ion velocity (v) in the magnetic field is given by the following equation [47]:

(5.11)

As the ions enter the magnetic field, they are subjected to a magnetic force at right angles
to both the magnetic lines of force and their line of flight. This leads to a centrifugal force,
leading to curvature of the ion beam:

(5.12)
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Figure 5.6 Schematic diagram of a double-focusing ICP-MS instrument operating in a low-resolution
multicollector mode.

1405135948_4_005.qxd  8/18/06  12:12 PM  Page 144



The radius of curvature of the flight path is proportional to its momentum and inversely
proportional to the magnetic field strength:

(5.13)

By eliminating the velocity term (v) between Equations (5.11) and (5.13) we get:

(5.14)

hence, ions accelerated through an electrostatic field, uniform in nature, and then sub-
jected to a uniform magnetic field have different radii of curvature. This leads to ions of a
specific m/z value being focused onto the detector slit while all other ions hit the side of the
analyser. Thus, the magnetic field classifies and separates ions into a spectrum of beams
with each part of the spectrum having a different m/z ratio, where:

(5.15)

To obtain a complete mass spectrum from a magnetic sector analyser, either the acceler-
ating voltage (V) or the magnetic field strength (H) is varied. Each m/z ion from light to
heavy is sequentially focused on the detector and hence a mass spectrum is obtained.

5.3.3 Double-focusing sector mass analyser

Single-focusing magnetic sectors, as described above, have the disadvantage that ion ener-
gies vary depending on their point of formation in the ion source. The difference in ion
energy is accentuated by the accelerating voltage, which leads to peak broadening and low
resolution in the single-focusing mass analyser.

Double-focusing magnetic/electrostatic sector instruments use magnetic and electrical
fields to disperse ions according to their momentum and translational energy [47]. An ion
entering the electrostatic field travels in a circular path of radius (R) such that the electro-
static force acting on it balances the centrifugal force. The equation of motion or trans-
mission is:

(5.16)

where E is the electrostatic field strength. Hence the radius of curvature of the ion path in the
electrostatic sector is dependent on its energy and not on its mass [44]. A narrow slit placed
in the image plane of the electrostatic sector can be used to transmit a narrow band of ion
energies. If this sort of analyser was placed in front of a magnetic sector analyser an increase
in resolution would result, but a decrease in detection would be inevitable due to the decrease
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in ions exiting the electrostatic sector in comparison with ions exiting the ion source. This
loss in sensitivity can be compensated for by the choice of a suitable combination of electro-
static and magnetic sectors such that the velocity dispersion is equal and opposite in the two
analysers. The operation of a double-focusing mass analyser is shown in Fig. 5.6.

The narrow ion energy range transmitting the full length of a sector instrument would sug-
gest a loss in sensitivity, compared with quadrupole mass analysers, when both are operated at
the same resolution; this has not been observed in practice. This has been mainly attributed 
to the ion focusing requirements for the different analysers. Double-focusing mass analysers
require a high-energy (3–8 kV) ion beam for effective ion transmission and resolution
whereas, if such a high-energy beam was focused down a quadrupole, the ions would obtain a
velocity profile too great to be affected by the hyperbolic energy fields of the quadrupole
analyser, which generally requires ion energies of less than 10 eV for effective mass separation.
The higher ion energy beam is less affected by space-charge interference, which causes scatter-
ing of the ion beam and has led to increased sensitivity of double-focusing instruments.

The main advantage of double-focusing analysers is their vastly superior resolution com-
pared with quadrupole instruments. The resolution of a mass analyser can be expressed as:

where R is resolution, M is the mass of the isotope of interest and �M is the peak width of
the isotope at 5% peak height. The increased resolution is advantageous because poly-
atomic ion interferences can be resolved from analyte isotopes of interest. Table 5.1 shows
a number of polyatomic ion interferants and the resolution required to separate them from
the elemental isotope of interest. Most quadrupole mass analysers operate with an upper
resolution of 400, which enables unit mass resolution, while double-focusing instruments
for ICP-MS have been operated at a resolution of 10 000, enabling peaks of fractions of a
mass unit to be resolved.

Another advantage associated with focusing instruments is that ions of different mass are
spatially separated on exiting the analyser. This fact has been exploited by a number of manu-
facturers who have developed multidetector instruments. An array of detectors is placed
downstream of the analyser allowing up to 10 ions to be detected simultaneously in a low-
resolution mode. This has the advantage of reducing imprecision caused by temporal fluc-
tuations in the ion beam, thereby improving the precision of isotope ratio measurements.

5.3.4 Time of flight

Time-of-flight (TOF) mass analysers have a quite different mode of operation compared with
other analysers. In conventional analysers the ion signal is a continuous beam. In TOF mass
spectrometry the ion beam is pulsed so that the ions are either formed or introduced to the
analyser in ‘packets’. These ion packets are introduced to the field-free region of a flight tube
30–100 cm long. The principle behind TOF analysis is that, if all ions are accelerated to the
same kinetic energy, each ion will acquire a characteristic velocity dependent on its m/z ratio
[47]. The ion beam reaches its drift energy (2700 eV) in less than 2 cm. The ions are then
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M
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accelerated down the TOF tube with whatever velocity they have acquired. Each ion has a
kinetic energy (zV) expressed by Equation (5.11). Because all ions have essentially the same
energy at this point, their velocities are inversely proportional to the square roots of their
masses. As a result, ions of different mass travel down the flight tube at different speeds,
thereby separating spatially along the flight tube with lighter, faster ions reaching the detector
before the heavier ions. Hence, the m/z ratio of an ion and its transit time (T, ms) through
a flight distance (L, cm) under an acceleration voltage (V) are given by:

(5.17)

TOF mass analysers are calibrated using two ions of known mass, so exact values of L and
V need not be known. The mass calibration is based on the conditions of the analyser dur-
ing the entire period of measurement.

While simple in theory, the TOF analyser causes numerous problems when coupled with
an ICP. The spread in ion kinetic energies caused by the ion-sampling process results in the
ions entering the field-free region of the flight tube at different angles. This scattering of
ions in the analyser led to poor sensitivity and resolution during preliminary investigations.
This problem, along with reducing the background associated with pulsing the continuous
ion beam, has been an ongoing area of research by Hieftje and co-workers [48–50]. The
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Table 5.1 Common polyatomic ion interferences with the mass analyser resolution necessary to resolve
them from the analyte of interest

Analyte ion Interfering ion

Nominal m/z Accurate m/z Nominal m/z Accurate m/z Resolution required

24Mg 23.9850 12C2 24.0000 1599
28Si 27.9769 14N2 28.0060 962
28Si 27.9769 12C16O 27.9949 1555
31P 30.9737 14N16O1H 31.0057 968
31P 30.9737 15N16O 30.9950 1455
32S 31.9721 16O2 31.9898 1807
44Ca 43.9555 12C16O2 43.9898 1282
48Ti 47.9479 32S16O 47.9670 2511
51V 50.9440 35Cl16O 50.9637 2586
52Cr 51.9405 35Cl16O1H 51.9715 1676
52Cr 51.9405 40Ar12C 51.9623 2383
54Fe 53.9396 40Ar14N 53.9653 2099
56Fe 55.9349 40Ar16O 55.9572 2509
63Cu 62.9296 40Ar23Na 62.9521 2797
64Zn 63.9291 32S16O2 63.9619 1950
64Zn 63.9291 32S2 63.9442 4234
75As 74.9216 40Ar35Cl 74.9311 7887
80Se 79.9165 40Ar2 79.9246 9867
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incorporation of two positively biased plates, after the ion extraction interface, led to
increased sensitivity for TOF-MS. This was thought to be caused by the plates steering the
ions straight down the flight tube. Another difficulty with ICP-TOF-MS is that ions have to
be introduced in packets. This has been achieved by using an orthogonal interface with a
pulsed-repeller plate. However, background noise still remains problematic with such an
interface. This background has been reduced by using a combination of quadrupole ion
optics and an energy discriminator before the detector. The quadrupole lens was found to
increase the instrument’s sensitivity because this type of lens does not suffer the trade-off
between sensitivity and resolution inherent in cylindrical ion optics. In addition, the ability
to use the quadrupole as a ‘gate’, enabling the ion beam to be pulsed into the repeller section
of the orthogonal interface, was seen to increase the signal-to-noise ratio. However, a signifi-
cant background of low-energy ions still remained throughout the spectrum. This back-
ground was significantly reduced by using an energy discriminator [50]. This consisted of a
potential barrier placed before the detector of the mass analyser which discriminates
between low-energy background continuum ions and higher-energy background analyte
ions. The solving of these and many other problems has led to the recent commercialisation
of ICP-TOF-MS, a diagram of which is shown in Fig. 5.7.

The TOF analyser has a number of advantages over other analysers used for ICP-MS.
The fact that all masses in the spectrum can be monitored simultaneously is the main
attraction for many ICP-MS users. Even for simple multi-element analysis, scanning ana-
lysers suffer from a decrease in sensitivity as the number of ions to be monitored is increased.
This is highlighted by Fig. 5.8. The fact that over 30 000 simultaneous mass spectra per 
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Figure 5.7 Schematic diagram of a commercially available TOF ICP-MS instrument.

1405135948_4_005.qxd  8/18/06  12:12 PM  Page 148



Fundamental Aspects of ICP-MS 149

second can be obtained by the TOF analyser has many advantages for monitoring transient
signals, such as those produced by laser ablation and chromatographic, capillary electro-
phoresis and electrothermal vaporisation sample introduction techniques. In addition,
improved isotope ratio measurements have been reported because of the elimination of
noise due to temporal fluctuations in the plasma and sample introduction systems.

5.3.5 Ion trap

The most common ion trap (IT) mass spectrometer consists of a doughnut-shaped ring
electrode supplied with an rf voltage and capped with two end-cap electrodes [51], as
shown in Fig. 5.9. The electrodes are contained in a chamber at a pressure of 10�3 torr with
a helium bath gas. Ions enter through a hole in the end-cap and oscillate in the trap. The
stability of the oscillating ions is determined by the rf and voltage supplied to the ring elec-
trode and the m/z of the ion. Increasing the rf amplitude causes ions of increasing m/z to
destabilise and leave the trap, where they are detected. A mass spectrum is obtained by
scanning the rf supply and detecting ions as they are ejected from the trap. This method of
operation is known as the mass selective instability mode.

A second method of ion ejection is known as axial modulation. In this method a second
rf voltage, lower in frequency than that of the ring electrode, is supplied to the end-caps. On
scanning the rf amplitude on the ring electrode, causing mass selective instability, ions are
sequentially brought into resonance with the rf of the end-caps. This causes an increase in
translational energy of the ion and the ion is ejected from the trap. This is considered advan-
tageous as m/z ions are ejected at much lower rf voltages than those required for mass select-
ive instability. This has the desired effect of increasing the mass range of the analyser. In
addition, selective ejection and trapping can be performed, enabling the concentration of a
single ion in the trap. This process has been further developed and ion traps are now suc-
cessfully used for MS-MS and MSn experiments.
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Figure 5.8 Effect of the number of ions monitored on ion signal intensity for scanning and simultaneous
mass analysers.
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Ion traps have received little attention as analysers for the ICP as conventional wisdom
suggests that space charge in the analyser, caused by the abundance of argon ions in the ion
beam, would lead to in-trap collisions and scattering of the ions. However, initial investi-
gations by Koppenaal and co-workers have shown that advantages can be obtained by
replacing the detector of a quadrupole ICP-MS with an ion-trap analyser [51]. In this
instance the quadrupole acts as a linear focusing lens and not as a mass filter. The back-
ground spectra for such an instrument showed low background levels for argon and poly-
atomic ions normally found in the background spectra of an atmospheric ICP. Further
investigations performed on an instrument without the quadrupole also yielded similar
background spectra that lacked the polyatomic interferences [52]. The advantage of using
the ion trap to selectively store ions of a narrow mass range while ejecting all other ions has
been speculated upon. This ability enables the concentration of low levels of ions in the
analyser allowing further in-trap experiments to be performed, such as the dissociation of
polyatomic ions and laser optical studies of the concentrated ions.

5.4 Ion detection

On exiting from the mass analyser the ions will sequentially strike the detector. Several
types of detectors are available, although the electron multiplier is the most common.

5.4.1 Faraday cup collector

This consists of a collector electrode that is surrounded by a cage. The electrode is pos-
itioned at an angle with respect to the ion beam so that ions exiting the analyser strike the

�
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�
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Detector

Ion  beam

Trapped ions

RF voltage

AC voltage

Figure 5.9 Schematic diagram of an ion-trap mass analyser.
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electrode but secondary emissions are reflected away from the detector entrance. The func-
tion of the cage is to prevent detected ions and secondary electrons escaping from the
detector. The electrode is connected to ground via a resistor. The ion current striking the
electrode is neutralised by electron flow from ground through the resistor. This causes a
potential drop, which is amplified to create a signal. Currents as low as 10�15 A have been
successfully measured in this way [46].

5.4.2 Electron multiplier

For currents of less than 10�15 A an electron multiplier is necessary for detection. When the
ion beam exits the analyser it strikes a conversion plate, which converts ions into electrons.
The ions are drawn towards the plate by a strong voltage applied to the conversion plate.
On striking the conversion plate the ions stimulate the ejection of electrons, which are
accelerated by the voltage applied to the plate. The electrons are multiplied in one of two
ways depending on the type of electron multiplier used.

5.4.2.1 Continuous dynode

The commonest type is the channel electron multiplier shown in Fig. 5.10. This consists of
a curved glass tube of approximately l mm in internal diameter with an inner resistive coat-
ing and a flared end. The multiplier can be operated in one of two modes. In pulse-counting
mode – the most sensitive mode of operation – a high voltage of between �2600 and
�3500 V is applied to the multiplier (Fig. 5.10), which attracts ions into the funnel open-
ing. When a positive ion strikes the inner coating, the collision results in the ejection of one
or more secondary electrons from the surface. These electrons are accelerated down the
tube by the potential gradient and collide with the wall, resulting in further electron 
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Figure 5.10 Schematic diagram of a continuous dynode electron multiplier detector.
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ejection. Hence, an exponential cascade of electrons rapidly builds up along the length of
the tube, eventually reaching saturation towards the end of the tube, resulting in a large
electron pulse and a consequent gain of 107–108 over the original ion collision. The elec-
tron pulses are read at the base of the multiplier and are approximately 50–100 mV and
10 ns in duration. Continuous dynode multipliers consist of a leaded glass tube which con-
tains a series of metal oxides. The tube is curved and electrons are drawn down the tube by
the potential gradient established by the resistivity of the glass. The tube is curved to stop
electron feedback. A 105–107 increase in signal is expected; however, the major constricting
factor is the background noise of the system.

Alternatively, the multiplier can be operated in analogue mode with a gain of only
103–104 so that the multiplier does not become saturated and the pulses vary greatly in size.
In this mode the applied voltage is between �500 and �1500 V and the electron pulses are
read at the collector electrode (Fig. 5.10) where they are amplified and averaged over a
short time interval to allow rapid data acquisition. The greatest sensitivity is achieved with
the detector in pulse-counting mode, but the detector will become saturated at counting
rates above 106 Hz, which are encountered when the analyte is at a high concentration in
the sample. If the detector is switched into analogue mode it is less sensitive but can be
used for analyte concentrations that are much higher, typically up to three orders of mag-
nitude higher than for pulse counting. Such dual-mode operation results in an extremely
large linear dynamic range of up to nine orders of magnitude, but requires that two ana-
lytical scans be made to acquire all the data.

5.4.2.2 Discrete dynode

An array of discrete dynode multipliers, usually containing 15–18 dynodes, are coated with
a metal oxide that has high secondary electron emission properties. The dynodes are
placed in one of the two configurations, either Venetian blind or box and grid fashion.
Secondary electrons emitted by the metal oxide are forced to follow a circular path by a
magnetic field so they strike successive dynodes, thereby multiplying the signal (Fig. 5.11).
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Figure 5.11 Schematic diagram of a discrete dynode electron multiplier detector.
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5.4.3 Channel plate

This type of multiplier consists of an array of small channels cut in a semi-conducting
material. Each channel has an entrance diameter of about 10–25 	m. The channels are
coated internally with a metal oxide, so each channel acts as a micro-multiplier. To improve
gain further, a series of these plates can be placed in tandem so that the multiplied elec-
trons from the first plate are further multiplied by the second.

5.5 Instrumentation for interference removal

ICP-MS suffers from two principal types of interference, spectroscopic and non-spectroscopic
[6]. Spectroscopic interferences arise when an interfering species has the same nominal m/z
as the analyte of interest. The interfering species can be either an isotope of another element
(which are well documented and hence easily accounted for), or a molecular ion formed
between elements in the sample matrix, plasma gas, water and entrained atmospheric gases.
Molecular ions are less easy to correct for since they will vary depending on the nature of the
sample matrix. Some common molecular ion interferences are shown in Table 5.1. Many of
these interferences can be overcome by choosing an alternative isotope of the analyte which is
free from interference, although a sacrifice in sensitivity may result. As already noted a mag-
netic sector instrument is capable of resolving many problematic polyatomic ion interferences
from the nominal analyte m/z. However, the increased cost associated with this type of instru-
mentation precludes its adoption in most routine laboratories; hence, alternative methods of
interference reduction have been sought. A large body of research has been published on the
use of chemical extraction and chromatography to separate the analyte from the matrix prior
to analysis. Such hyphenated methods require additional expertise and sample preparation
steps, so the development of instrumental methods of interference reduction, which require
no, or minimal, extra sample preparation has been a major development aim for instrument
manufacturers. To this end, three principal methods have emerged, namely cool plasma oper-
ation, multipole reaction cells and kinetic energy discrimination.

5.5.1 Cool plasma operation

Many polyatomic ions are thought to be formed in the interface due to a secondary dis-
charge caused by capacitive coupling between the plasma and the grounded interface. The
discharge can be eliminated by operating the plasma at low power, typically 600 W, and
modifying the torch by inserting a grounded shield between it and the coil (Fig. 5.12) or
using centre-tapped or interlaced rf coils. Under these so-called ‘cool plasma’ conditions
[53] many polyatomic ion interferences can be eliminated (Fig. 5.13). Several drawbacks
pertain with this mode of operation however: the plasma is less robust and may suffer
more from non-spectroscopic matrix interferences; the cooler plasma encourages the for-
mation of oxides and other refractory compounds, so the sensitivity of many refractory
elements may be reduced and interferences due to metal oxides increased and elements
with medium to high ionisation potentials are not as efficiently ionised, so sensitivity may
be reduced.
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5.5.2 Multipole reaction cell

An alternative method of reducing molecular ions is to use a reaction cell prior to the quadru-
pole mass analyser. The reaction cell usually takes the form of a separate quadrupole or octo-
pole upstream of the mass analyser (Fig. 5.14). A gas, such as hydrogen, helium or ammonia,
is introduced into the cell where it either reacts with, collisionally dissociates, or neutralizes the
polyatomic species or precursors. Originally the mode of operation was thought to be due pri-
marily to intermolecular collisions; however, the role of the reaction gas is to thermalise the
ion beam (i.e. collisions merely reduce the magnitude and spread in kinetic energies) and
ion–molecule reactions are now known to play the primary role, so the choice of reactive gas
is paramount. In the simplest form of operation a reaction gas is chosen such that it reacts effi-
ciently with the polyatomic ion interference, but has low reaction efficiency with the analyte
[54]. An example of just such a pair of charge transfer reaction is shown below:

Fast Ar� � NH3 → NH3
� � Ar (k � 1.7 � 109 cm3 molecule s�1)

Slow Ca� � NH3 → NH3
� � Ca (k � 10�13 cm3 molecule s�1)

In this case ammonia can be used as a reactive gas to neutralise Ar� species because the
reaction efficiency is very high; however, the efficiency of the corresponding neutralisation
reaction for Ca� is much lower, so this analyte can still be determined after elimination of the
Ar� interference at m/z 40. The reason for this disparity in reaction rates is, that polyatomic
ions, having larger collision cross-sections, undergo more collisions than the smaller analyte
ions, hence reaction rates are greater. A further advantage of incorporating a multipole is that

1 2 3 4 5

Figure 5.12 Schematic diagram of a shielded torch used for cool plasma operation: (1) skimmer cone, (2)
sampling cone, (3) grounded shield plate, (4) rf work coil and (5) torch (from Ref. [53] with permission).
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Figure 5.13 Spectrum of 10 ng/ml Li, Be, Co, As, In, Ba, W, Pb standard solution using: (a) cool and 
(b) conventional plasma ICP-MS conditions (from Ref. [53] with permission).
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Figure 5.14 Schematic diagram of a multipole reaction cell (from Ref. [54] with permission).
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it can be placed at a slight angle which prevents photons and neutrals from entering the
analyser, hence a photon stop is not required, and background count rates are much lower.

It is evident from the foregoing that the reaction gas must be chosen with care for each
particular analysis in order to ensure favourable ion–molecule reaction conditions for both
analyte and interference. Kinetic and thermochemical data for a number of ion–molecule
reactions are available in the literature [55]; however, empirical studies are always neces-
sary to optimise performance.

A major drawback of the technique is the propensity for the reaction gas to react with
other analytes, organic contaminants or polyatomic ions to form new interferences. This has
been overcome by the development of a so-called dynamic reaction cell [54]. In this case, the
reaction cell is an enclosed, low constant, rf amplitude quadrupole, the bandpass of which
can be varied in concert with the analyser quadrupole. Dynamic scanning of the reaction cell
ensures that only reactions of ions which are confined within the cell proceed, with unstable
ions being rejected. Hence, only polyatomic ions at the particular m/z of interest are involved
in reactions at any one time, and reactions of ions at other masses are suppressed.

5.5.3 Kinetic energy discrimination

Polyatomic ions, with their larger collision cross-sections, suffer more collisions than mono-
atomic analyte ions. This results in the former having lower kinetic energies, so they can be dis-
criminated based on their different kinetic energy. For example, the 35Cl16O� ion (ionic radius
230 pm), which overlaps with 51V� (ionic radius 135 pm), has a lower kinetic energy. In prac-
tice an inert gas such as helium is used as a collision gas to thermalise the ions, and a pole bias
between the collision cell and quadrupole results in an effective retarding potential of ~2 V,
which prevents the lower energy polyatomic ions from reaching the mass analyser (Fig. 5.15).
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Figure 5.15 Reduction in polyatomic ion interferences by kinetic energy discrimination (Thermo
Electron Corporation).
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Chapter 6

Use of ICP-MS for Isotope Ratio
Measurements

Frank Vanhaecke, Lieve Balcaen and 
Philip Taylor

6.1 Introduction

More than 20 years after its commercial introduction (in 1983), inductively coupled plasma-
mass spectrometry (ICP-MS) has evolved into a well-established technique for trace and
ultra-trace element determination with �10 000 instruments in use worldwide. From the
early beginnings, also isotope ratio measurements using ICP-MS were reported on, but the
application range was largely limited to measuring either induced changes in the isotopic
composition of a target element, for example, for calibration by means of isotope dilution
(ID) or in tracer experiments, or pronounced natural variations, as are observed in the case of
Pb. This was because the isotope ratio precision obtainable with most ICP-MS instruments
was and still is rather poor compared to the precision achievable using thermal ionisation
mass spectrometry (TIMS). The introduction of multi-collector MC-ICP-MS as a dedicated
tool for isotopic analysis however, has not only bridged this gap in isotope ratio precision, but
has even opened previously inaccessible application ranges. The objective of this chapter is to
explain, review and illustrate the opportunities which isotopic analysis can offer in ICP-MS.
Although the capabilities of MC-ICP-MS will be illustrated, also single-collector ICP-MS will
receive proper attention, since it represents the vast majority (~99%) of the instrumentation
used worldwide and it can be successfully used for a wide variety of applications. First, the gen-
eral concepts of isotopic measurement are briefly outlined, then the application areas in which
ICP-MS has a strong position are discussed, using selected applications from the literature.

6.2 Fundamentals

6.2.1 Isotope ratios: general concepts

In chemical measurements, isotope-specific analytical techniques, which take full advan-
tage of the isotopic character of matter, have proven to be extremely useful and powerful
tools [1]. This section outlines the principles on which such measurements are based, first
in a general way, then referring specifically to ICP-MS.
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First of all, it is important to be aware of the fact that, generally speaking, isotopic abun-
dances are constant in nature [2]. As a result, a variety of problems can be studied by using
compounds in which a particular element shows an isotopic composition sufficiently dif-
ferent from the corresponding natural one. This is always the case when artificially pro-
duced radionuclides are employed (e.g. xPu, 236U, 233U, 99Tc or 129I). Stable isotopes, on the
other hand, must be either partially or totally isolated to be of use, unless the isotopic com-
position of the element under consideration shows natural variations.

Many isotopic applications make use of the assumption that the behaviour of different
isotopes is chemically and physically identical (Table 6.1). This is a prerequisite for tracer
and ID experiments, often practised in ICP-MS. Nevertheless, small isotopic or mass frac-
tionation effects do occur in both natural and industrial processes [1]. The origin of such
effects can be either kinetic or thermodynamic and the variations in isotopic composition
they give origin to [3] are observed especially for the lighter elements (for which the rela-
tive mass differences are more outspoken), such as H, C, N, O and S. Most of these elem-
ents are not accessible for ICP-MS, but are typically studied using gas source mass
spectrometry (GSMS). It is interesting to point out that with the increasing isotope ratio
precision that state-of-art TIMS and MC-ICP-MS instrumentation offers, natural vari-
ations in the isotopic composition are established for an increasing number of elements and
seem to be by no means restricted to the ‘light’ elements only. Additionally, variations in
the isotopic composition of some elements may also occur as a consequence of the
radioactive decay of naturally occurring long-lived radionuclides [4], nuclear reactions
resulting from the interaction of cosmic rays with matter and anthropogenic activities. In
addition, in some meteoritic samples, some elements show deviations from the natural
isotopic composition, unknown in terrestrial samples [5]. Because of these variations, the
representative isotopic composition [2] in ‘normal terrestrial’ materials cannot be defined
precisely for some elements, such as Li, Sr or Pb, as can be seen from the ranges given in
Table 6.2. In these cases, and for critical applications, the isotopic composition of a sample
should be measured instead of using tabulated values (e.g., when performing isotope dilu-
tion mass spectrometry (IDMS)). Care should also be taken when using commercially
available chemical reagents containing Li or U in isotope ratio work, because the isotopic
composition of these elements may be substantially modified (depleted in 6Li and 235U,
respectively) without any corresponding indication on the package [6,7].

Of all the isotope-specific analysis techniques (MS, activation analysis, optical methods and
nuclear magnetic resonance spectrometry [1]), MS is by far the most versatile and powerful.
It allows the relative abundances of different isotopes to be measured with unrivalled 

Table 6.1 Examples of elements for which measurable variations in the isotopic composition occur in
normal terrestrial materials [2,3,4]

Factors limiting uncertainty on representative isotopic Effect measurable Effect not measurable
composition as tabulated by IUPAC by ICP-MS by ICP-MS

Man-made variation Li, B, U H, He, Kr
Natural mass fractionation Li, B H, C, N, O
Radioactive decay of naturally occurring radionuclides Sr, Os, Pb Ar
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precision and accuracy. The specific advantages of ICP-MS in this context are discussed in
Section 6.2.2.

Relative abundances cannot be measured directly. An isotope ratio (R) of an element E
in a sample is, however, experimentally accessible. Such a ratio is colloquially referred to as
iE/jE (e.g. 204Pb/208Pb) and is in fact a ratio of amounts of isotopes:

(6.1)

By using MS, the ion currents I(iE�) and I(jE�) can be measured easily (positive ions are
only given as an example). An isotope ratio is a very robust quantity as the number of
parameters which influence it are limited and their effect is generally quite small. Fig. 6.1
illustrates this robustness convincingly. There are some mass-dependent processes, how-
ever, which cause a small, but measurable bias due to the difference in mass between the
isotopes measured. Nevertheless, small bias, good repeatability and reproducibility are
inherent properties of isotope ratio measurements. This qualitative statement can be trans-
lated into the following quantitative expression:

(6.2)

in which K1 to Kz are correction factors related to the various sources of bias, and

In general, KTOT is fairly close (typically within 1–5%) to unity and is known with a rela-
tively small uncertainty. Depending on the objectives of the measurement and the amount
of effort that goes into the characterisation of these correction factors, different situations
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Table 6.2 Natural variations in the relative abundances of isotopes of Li, Sr and Pb in terrestrial 
materials [2]

Nuclide Lower level for isotopic abundance (%) Upper level for isotopic abundance (%)

6Li 7.21 7.71
7Li 92.29 92.79
84Sr 0.55 0.58
86Sr 9.75 9.99
87Sr 6.94 7.14
88Sr 82.29 82.75
204Pb 1.04 1.65
206Pb 20.84 27.48
207Pb 17.62 23.65
208Pb 51.28 56.21
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arise. In the crudest case, small correction factors are simply ignored as the specificity of
the isotopic measurement can already help to unravel pathways and mechanisms; this is
often the case in tracer experiments. In other cases, the correction factors are assumed to
stay constant during the measurement and no effort is made to quantify them. This can,
for example, be the case when applying ID if the isotope ratio of interest is determined
experimentally for the sample, the spike and the blend. In another case, the objective may
be a differential isotopic measurement, that is how different is the isotope ratio measured
in a particular sample (RX) compared to the corresponding one in another sample, the lat-
ter sample often being a(n) (internationally recognised) reference sample (RRS). Such dif-
ferences are often small, and therefore high reproducibility/repeatability is desired. Often
the result of such a measurement is expressed in a relative way:

(6.3)

Such differential measurements are widespread and are applied to solve analytical prob-
lems in many different domains. Assuming constant bias (as RX and RRS are fairly similar)
is of course convenient, but for critical applications, this should preferably be checked
independently. One of these critical applications is the preparation of certified reference
materials (CRMs). If such materials are only used as comparators (with � � 0) and they
have no ‘absolute’ ratio, problems arise when such comparator samples are unstable or no
longer available. For this reason, calibrated isotope ratios are required [8]. This calibration
is accomplished by using certified isotopic reference materials or, in their absence, by cali-
bration against gravimetric mixtures of purified and isotopically enriched materials.
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Figure 6.1 Quadrupole-based ICP-MS experiment in which the sensitivity (for Pb) is deliberately changed
by varying the instrument settings and the 206Pb/208Pb isotope ratio is measured under these different con-
ditions. The relative standard deviation (RSD) for the 13 isotope ratio results amounted to 0.5% only.
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6.2.2 ICP-MS vs TIMS for isotope ratio measurements

The isotopic analysis of the ‘light’ elements H, C, N, O and S – which show substantial nat-
ural variation in their isotopic composition due to pronounced fractionation effects, occur-
ring as a result of the relatively large mass difference between their isotopes – is typically
carried out by means of GSMS. Because of its application field, this technique is even often
referred to as isotope ratio mass spectrometry (IRMS). Prior to the introduction of ICP-MS,
the domain of isotopic analysis of the ‘heavier’ elements on the other hand, was dominated
by TIMS. The terms ‘lighter’ and ‘heavier’ elements should only be considered a general
description of the typical application field here, as also the isotopic composition of Li and B
can be studied using TIMS [9,10], while GSMS can, for example, be used for the isotopic
analysis of U (converted into UF6) as well [11]. Especially when equipped with an MC
detection system (array of Faraday collectors), TIMS is capable of providing an excellent
isotope ratio precision down to �0.01% RSD [12]. Additionally, fractionation processes –
the thermal ionisation of the lighter isotope(s) is somewhat faster than that of the heavier
isotope(s) of the target element, such that the ion beam composition varies slightly during
the course of a TIMS acquisition – are not very pronounced and are fairly well understood,
such that accuracy is not gravely threatened when adequate correction is applied or when
integrating the results over the entire period during which the target element is ionised from
the filament (total sample evaporation). Moreover, as a result of the isolation of the analyte
element during the sample preparation, necessarily preceding analysis via TIMS, and the
gentle ionisation in vacuum, spectral interferences are very scarce in TIMS.

However, TIMS also shows important drawbacks. An efficient thermal ionisation is only
guaranteed when the target element is chemically isolated as purely as possible from the con-
comitant matrix. After suitable sample preparation, �l amounts of preconcentrated sample
solution have to be applied onto a filament. During this process, additional chemicals may be
added onto the filament, with the intention of facilitating ion formation. Electrodeposition
of the analyte element onto the filament is sometimes used as an alternative. After complete
drying, the filaments are mounted onto a sample turret, inserted into the sample introduc-
tion compartment of a TIMS instrument, which is subsequently evacuated using a vacuum
pump. Therefore, often, the entire sample preparation preceding TIMS is very labour-
intensive and time-consuming and requires high analyst skills. Additionally, only elements
with an ionisation energy (IE) below 7.5 eV are efficiently ionised, while also volatile ele-
ments pose additional problems [13]. To some extent, however, the possibility of using neg-
ative (atomic or molecular) ions instead of the more traditional positive ions offers a solution
for the aforementioned restriction to low IE elements [14].

From the beginning on, it was realised and demonstrated that ICP-MS can also be used to
obtain isotopic information on the analyte elements. The ICP is a powerful ion source that
also ionises elements with an IE exceeding 7.5 eV with high efficiency. Moreover, the require-
ments in terms of sample preparation are far less severe, as sample introduction traditionally
consists of continuous nebulisation of sample solution into an ion source operated at atmos-
pheric pressure, while the concomitant matrix may well induce signal suppression or
enhancement, but does not preclude a sufficiently efficient formation of analyte ions. Due to
the rather poor isotope ratio precision of quadrupole-based instruments – from ~0.5% 
with first-generation instrumentation to �0.1% RSD with present-day instruments (it is
worthwhile to point out that all isotope ratio precisions cited in this chapter are internal
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precisions for successive measurements, unless mentioned otherwise) – the application
range was however mainly limited to studying induced changes in the isotopic composition
in the context of elemental assay by means of ID or of tracer experiments, aiming at obtain-
ing a more profound insight into (bio)chemical or physical processes.

Although not specifically aiming at improving the isotope ratio capabilities, a meaning-
ful improvement in the isotope ratio precision was achieved by fundamental changes to 
the design of ICP-MS instruments, such as the use of double-focusing sector field mass
spectrometers [15] or time-of-flight (TOF) analysers [16] instead of the more traditional
quadrupole filter, or the introduction of collision/reaction cells in quadrupole-based
instrumentation [17].

The main advantage of sector field ICP-MS instrumentation is the possibility to avoid
spectral overlap by using a higher mass resolution. Vanhaecke et al. [18] however, were the
first to demonstrate that owing to the flat-topped (trapezoidal) peaks obtained at low mass
resolution with this type of instrumentation, an isotope ratio precision of �0.05% RSD is
attainable, at least under favourable conditions, that is, two isotopes with similar abun-
dance (isotope ratio close to unity) and at a sufficiently high analyte concentration (count-
ing statistics not the limiting factor). ‘Sampling’ only the central part of the trapezoidal ion
peak and a high peak-hopping rate were shown to be crucial to achieve optimum isotope
ratio precision. When operating a sector field ICP-MS instrument at higher mass reso-
lution, peaks of a rather triangular form are obtained, such that isotope ratio precision is
somewhat deteriorated to figures similar to those for quadrupole-based instrumentation
[19]. Nevertheless, the possibility to avoid spectral overlap leads to a further extension of
the application range of ICP-MS and even allowed isotopic analysis of elements such as 
S [20], that were previously not accessible using ICP-MS.

In a later publication, Vanhaecke et al. [21] showed that as a result of the simultaneous
introduction into and handling of the ions sampled from the ICP by the TOF analyser, also
ICP-TOFMS provides the user with �0.05% RSD isotope ratio precision. Moreover, it was
demonstrated that the isotope ratio precision was not deteriorated in a multi-element
mode and that even for transient signals with a short duration (�10 s fwhm), a very decent
isotope ratio precision (0.1% RSD) could be obtained. Despite the initial hype immedi-
ately after its commercial introduction at the end of the 1990s, ICP-TOFMS has so far not
been able to obtain a reasonable share of the ICP-MS market.

Collision/reaction cells were introduced as a flexible means for tackling spectral overlap
in quadrupole-based ICP-MS. These cells are positioned in-between the interface and the
mass analyser and contain a multipole (2n � 2 rods) assembly (Fig. 6.2). Depending on
the manufacturer, either a quadrupole (n � 1, 4 rods), hexapole (n � 2, 6 rods) or octo-
pole (n � 3, 8 rods) set-up can be used. When such a cell is pressurised with a suitable gas,
the signals of interfering ions can be reduced by orders of magnitude, thus creating inter-
ference-free conditions for the target element(s). Collision-induced dissociation (to a
lesser extent), selective ion-molecule reactions and/or energy filtering are the processes
responsible [17]. Alternately, by means of selective ion-molecule chemistry, an analyte ion
suffering from spectral overlap can also be converted into a reaction product ion, that can
be measured interference-free at another mass-to-charge ratio [22].

Moreover, Bandura et al. [24] showed that the temporal homogenisation of ions
extracted from the ICP at slightly different moments in time, by using a non-reactive gas in
a collision/reaction cell, also permits �0.05% RSD isotope ratio precision to be obtained.

Use of ICP-MS for Isotope Ratio Measurements 165
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Admixing a non-reactive collision gas with a reaction gas allows the benefits of collisional
damping to be maintained while using the cell as a device to overcome spectral overlap [25].

The gap in isotope ratio precision between TIMS on one hand and ICP-MS on the other,
was however only fully bridged with the introduction of MC-ICP-MS, wherein the ion
beams of the isotopes of interest are separated from one another in space in a double-
focusing sector field mass spectrometer of Nier–Johnson geometry and the beam inten-
sities simultaneously measured using an array of Faraday collectors (Fig. 6.3).

As a result of short-term variations in the analyte introduction, ionisation and extrac-
tion efficiencies, the ICP ion signal is known to be rather noisy. With single-collector
instrumentation, the detrimental effect this has on the isotope ratio precision is counter-
acted to the largest possible extent by using a high scanning or peak-hopping rate. With
MC-ICP-MS, all analyte signals are monitored simultaneously. As a result, the aforemen-
tioned short-term variations in signal intensity affect all signals to the same extent, such
that they should no longer deteriorate the isotope ratio precision. The VG Plasma 54 was
the first commercially available MC-ICP-MS instrument [27] and immediately, isotope
ratio precisions of �0.01% RSD were within reach for isotope ratios approaching unity and
even for isotope ratios deviating substantially from unity (e.g. 235U/238U or 204Pb/208Pb),
�0.05% RSDs were obtained. In spite of its lower sensitivity, the Faraday collector is pre-
ferred over the electron multiplier for ion detection in MC-ICP-MS instrumentation,
because in the counting mode, the electron multiplier suffers from dead time effects (see
Section 6.3.3.4), which become increasingly more important as the isotope ratio deviates
more from unity. Only if a higher sensitivity is required, one or more Faraday cups can 
be replaced by an electron multiplier. Present-day MC-ICP-MS instrumentation – the
Neptune (from ThermoElectron) or the Nu high-resolution (HR) Plasma (from Nu
instruments) – provides even more impressive isotope ratio precisions down to 0.002%
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Figure 6.2 Schematic representation of a quadrupole-based instrument, equipped with a collision/reac-
tion cell (dynamic reaction cell, DRC). The DRC is equipped with a quadrupole unit, which permits
unwanted ions created inside the cell to be removed by means of mass filtering. Reaction and/or collision
gases can be introduced into the DRC at ml min�1 gas flow rates. A getter is used to further purify the gas
used (removal of O-containing gas molecules). Reproduced from [23].

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 166



Use of ICP-MS for Isotope Ratio Measurements 167

RSD. This is similar to the best values reported for TIMS, while the advantages of the ICP
ion source are maintained. Moreover, important instrumental developments, such as the
possibility of using multiple ion counters to monitor the beam intensities of those isotopes
present at low abundance and of a retardation lens to improve the abundance sensitivity
and thus to improve the capabilities for reliable measurements of ‘extreme’ isotope ratios
have further extended the application range of MC-ICP-MS [28]. The MC-ICP-MS instru-
ment from GV Instruments (isoprobe) shows an alternative design and uses a hexapole
collision cell pressurised with a non-reactive collision gas instead of an electrostatic sector
for energy focusing [26].

However, while isotope fractionation in TIMS is rather well understood, a complete
understanding of mass discrimination (defined as the deviation between the experimental
result and the corresponding ‘true’ isotopic ratio) in ICP-MS is not obtained yet, although
recent systematic studies already permitted a more profound insight and hence, stimulated
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Figure 6.3 MC-ICP-MS instrumentation, with double-focusing sector field mass spectrometer of Nier
Johnson geometry (electrostatic analyser ESA, followed by magnetic sector) and equipped with an array
of Faraday collectors. Reproduced from [26].
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the development of better correction approaches (see Section 6.3.3.1). Perhaps an even
more important pitfall is the occurrence of spectral interferences. Spectral overlap is often
considered the most important disadvantage of ICP-MS as a technique for trace element
determination and it is even more of a nuisance in isotopic analysis as here, the signals of at
least two isotopes should be free from overlap. Additionally, the better the isotope ratio pre-
cision attainable, the more the occurrence of polyatomic ions, originating from the Ar
plasma gas, entrained air, the solvent and/or the matrix, hamper isotopic analysis, as already
at a much lower abundance, they will affect the result and hence, the accuracy attainable. In
ICP-MS in general, high mass resolution (sector field ICP-MS) is considered the most ele-
gant and powerful approach to overcome spectral overlap. Despite the double-focusing
properties of the mass spectrometer in the Plasma 54, it could only be operated at unit mass
resolution. More recent MC-ICP-MS instruments can however be operated at high mass
resolution. With single-collector sector field ICP-MS, a higher mass resolution is obtained
by a simultaneous decrease of the width of both a slit in-between the accelerating optics and
the mass analyser (source slit) and a slit in-between the mass analyser and the detector (col-
lector slit). This frees the analyte ion signal from that of interfering ions with either lower or
higher mass, but results in triangular peak shapes (Fig. 6.4b) and hence, brings about sig-
nificantly deteriorated isotope ratio precision. As very often, interfering ion(s) are all at the
same side of the analyte mass [29], reducing the width of the source slit by moving one side
only, while the width of the collector slit is not adjusted is sufficient to obtain what is some-
times referred to as ‘pseudo high mass resolution’ [30,31]. In this way, the analyte signal is
not completely resolved from that of the interfering ion, but there is a small mass range
where only the analyte ion contributes to the total signal intensity and where the signal dis-
plays a sufficiently wide flat section for precise isotope ratio measurement (Fig. 6.4c). At
higher mass resolution, the isotope ratio precision attainable – 0.005% RSD – is barely deteri-
orated compared to that at low mass resolution – 0.002% RSD.

Although at first, it was claimed that for reliable isotopic analysis using MC-ICP-MS,
analyte isolation was not required, this statement had to be revisited once it became clear
that the concomitant matrix affects the mass discrimination in a measurable way. Hence,
for highly accurate measurements, analyte isolation is still required. Still, the straightfor-
ward sample introduction into and high ionisation efficiency of the ICP ion source are suf-
ficient advantages that have made MC-ICP-MS not only a serious competitor for TIMS
[32], but have even allowed a variety of new applications that can only be successfully car-
ried out by MC-ICP-MS [33,34]. Moreover, for less demanding applications – at least in
terms of precision – less demanding sample preparation can suffice, while already imme-
diately after the introduction of MC-ICP-MS, it was clear that even laser ablation (LA) can
be used as a means of sample introduction [35], permitting direct isotopic analysis of
solid materials, while offering the possibility of spatially resolved sampling. In the applica-
tions section, examples will illustrate the tremendous possibilities of MC-ICP-MS as a ded-
icated technique for isotopic analysis, of which currently (2006) approximately 100
instruments are in use. Self-evidently the large majority of the �10 000 ICP-MS instruments
used worldwide are single-collector ICP-MS instruments, equipped with a quadrupole 
filter (~90%), a sector field mass spectrometer (�10%) or a TOF-analyser (maximum a
few  %). From the selected applications section, it will become clear that also these single-
collector instruments are successfully used in isotopic analysis, at least for less demanding
applications.
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Figure 6.4 Schematical representation of the difference in the shape of the mass spectral peaks when
using (a) low, (b) ‘full’ high and (c) ‘pseudo’ high mass resolution in MC-ICP-MS. The highest isotope ratio
precision is obtained via static multi-collection at the flat section of the analyte signals ((a) or (c)).
Reproduced from [31].
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6.3 Different sources of uncertainty affecting isotope 
ratios when measured using ICP-MS

The quality requirements and/or expectations of isotope ratio measurements are often
very high. This section discusses possible sources of uncertainty when these measurements
are carried out using ICP-MS. This knowledge will help users to assess and calculate the
total combined uncertainty for the measured isotope ratio.

In their reviews, Begley and Sharp [36,37] differentiate between factors that contribute to
the noise of the system (the imprecision) and those that create an offset (bias). Although use-
ful as a means of classification, in reality the factors are intertwined and it is often not pos-
sible to make a distinction between them. Before addressing the various sources of
uncertainty, present-day concepts on uncertainty, which are internationally agreed upon, are
first briefly outlined.

6.3.1 Uncertainty according to International Standards
Organisation–International Bureau of Weights 
and Measures

The word ‘uncertainty’ is used here as defined by the ISO [38,39]. In this approach, a prag-
matic stance is taken for different kinds of uncertainty: they are different depending on the
way in which they are measured. Uncertainty estimates obtained from repeated measure-
ments are said to be of type A and all other are of type B. Typical type B uncertainties are data
used/derived from a certificate (of a certified reference material or of a calibrant) or originat-
ing from a separate experiment (e.g. aimed at establishing the influence of a spectral interfer-
ent). For calculating the total uncertainty, both types are treated in an identical way.

Why bother about uncertainty? Because uncertainty is linked with quality. International
Standards Organisation–International Bureau of Weights and Measures (ISO–BIPM) uncer-
tainty can be seen as a way to make a more objective statement about the quality of a meas-
urement. Vague expressions such as ‘inaccurate’, ‘fairly accurate’ or ‘highly accurate’ can then
be quantified.

In the uncertainty estimation process, the first crucial step is often underestimated: to
mathematically formulate the relationship between what is being measured (the measur-
and) and the experimental factors which have an influence. For isotope ratio and IDMS
measurements, this is significantly easier compared to other methods because the relation-
ship is simple, for example Equations (6.2) and (6.12), and the number of influencing
parameters is small and they are of limited magnitude.

In the final stages, the various uncertainty sources (either type A or B) are combined 
to produce a combined uncertainty, uc, either using the rules of error propagation or more
simple approximations. If necessary, an expanded uncertainty, U, is calculated by applying
a coverage factor, k (U � kuc), depending on the level of confidence (k � 1, 2, …).

Finally, newcomers to the field of isotopic measurements need to be aware that there is a
strong tradition and tendency (especially in geochemical and cosmochemical circles) to use
large numbers of replicate experiments (e.g. 100 replicate measurements on a sample aliquot
in a 10 min period) to reduce the standard error of the mean (�s/��n) when expressing type
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A uncertainties. Although this obviously leads to impressively small numerical values, it can
be quite misleading. One should be aware of, and if necessary take into account, the other
(often larger) sources of uncertainty when calculating combined uncertainties.

6.3.2 Sources of noise

Different parts of the instrument are responsible for producing noise. The ICP is a noisy ion
source (compared to thermal ionisation or electron impact ionisation sources) because of,
for example, pulsations of the peristaltic pump, variations in the nebulisation efficiency, the
gasdynamic rotation of the plasma, changes in the transfer of energy from the plasma to the
sample and variation in ion extraction efficiencies. Such processes have been well described
and some are identical to those occurring in ICP optical emission spectrometry. Source
noise contributions can be minimised by selecting suitable data acquisition parameters for
quadrupole-based or single-collector sector field instruments (see Section 6.3.4). The most
efficient way to minimise the effect of source noise, however, is by using an MC instrument.

Random events also occur in detectors (electron multipliers and Faraday cups) and their
associated electronics (amplifiers, counters and discriminators). More troublesome is the
pick-up of noise from inside the instrument (e.g. stray radio frequency (rf) radiation) or
from external sources (e.g. interfering equipment).

The effect of all of these processes is that the arrival of ions at the detector is not a con-
tinuous process but a random one. Often, one assumes that this process can be described
using a Poisson distribution. Counting statistics are then said to hold and, under this
assumption, for ion-counting systems an a priori statement can be made concerning the
standard deviation of the number of counts, N:

(6.4)

In reality, experimental values will probably be larger than the minimal value given by
Equation (6.4). By applying uncertainty propagation, the minimum standard uncertainty
on the isotope ratio R � A/B would be given by:

(6.5)

in which �A and �B are the contributions from the counts observed for the respective isotopes.

6.3.3 Sources of bias

Different sources of bias are discussed in the following sections, together with methods
used for correction. In most cases, correction is required to obtain reliable results.
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6.3.3.1 Mass discrimination

When an instrument produces a different response for ions of different mass, this system-
atic error is called mass discrimination. Fig. 6.5 is a typical response curve for a quadru-
pole-based ICP-mass spectrometer. In the absence of any mass discrimination, this
response curve would be a horizontal straight line. Typically, the mass discrimination that
occurs in ICP-MS instruments is about 1% per mass unit (at mass 100), irrespective of the
kind of instrumentation. As the ion kinetic energy is dependent on the mass [40], any
energy-dependent process in the instrumentation (e.g. sampling of ions from the ICP,
transfer of ions or detection) will lead to a mass discrimination. Compared to TIMS, mass
discrimination in ICP-MS is often larger (especially at lower mass, e.g. 16% for 6Li/7Li in
the case of ICP-MS [41] compared to �1% mass fractionation using TIMS [42]). Lower
bias in TIMS can be the consequence of the separation of the evaporation and the ionisa-
tion step, whereby species of higher mass (e.g. Li2B2O7 instead of LiCl) are deposited on
and evaporated from the filament. Not all the sources and mechanisms of mass discrimin-
ation in ICP-MS have been unequivocally identified, but the sampling of ions from the ICP
and the ion-transfer lens system have been identified as major contributors. Heumann 
et al. described the ‘nozzle effect’ as a reason of mass discrimination during plasma extrac-
tion via the sampling cone aperture [12]. Andren et al. carried out isotopic analysis of
B deposited on the sampling and skimmer cone [43]. The results obtained confirmed the
aforementioned nozzle effect and enabled the supersonic expansion of the extracted
plasma gas in the expansion chamber to be identified as another important source of mass
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Figure 6.5 Experimental response curve for a quadrupole-based ICP-mass spectrometer. The response
for the elements studied was determined using a solution containing 1 nmol g�1 of Be, Mg, Co, In, La and
Pb, and the results obtained were corrected for differences in ionisation efficiency and isotopic abun-
dance. The dotted line represents a hypothetical case where mass discrimination would be absent.
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discrimination. Tanner et al. described the influence of the space–charge effects caused by
the large matrix Ar� ion currents (�A) passing through the lens system [44]. The effect of
these space–charge effects were also confirmed by isotopic analysis of deposits of various
elements on the ion lenses by Andren et al. [43]. Burgoyne et al. have studied and reduced
mass discrimination by applying acceleration voltages behind the skimmer [45]. For com-
mercial instrumentation (both quadrupole and sector field), the behaviour and the mag-
nitude of the mass discrimination across the mass range is fairly similar. Contrary to TIMS,
in which a discrete amount of sample is brought into the ion source, there is a continuous
introduction of new sample into the ICP. Therefore, systematic time-dependent fraction-
ation (as with TIMS) does not occur.

Ratios can be corrected for mass discrimination using several approaches. External cali-
bration is frequently used. For this, isotopic reference materials with known isotopic com-
position are used or, in their absence, samples in which the element has a natural isotopic
composition. In the latter case, this can only be done for those elements for which no nat-
ural (e.g. Sr or Pb) or man-made (e.g. Li or U) variability measurable with the instrumen-
tation used occurs (see Section 6.2). Ideally, the ratios used in the correction process
should be similar to the ones being measured and a ‘bracketing’ approach, whereby the iso-
topic standard is measured before and after every sample, is recommendable. Sometimes,
a known ‘internal isotope ratio’ can be used (e.g. 88Sr/86Sr, which is constant in nature, to
correct the 87Sr/86Sr ratio, which shows natural variations as a result of radioactive decay of
87Rb into 87Sr) to correct for mass discrimination. This approach can generally not be
applied for ID, as an external spike has then been added. Finally, substitute calibration using
a different element added to the sample (e.g. Tl for Pb [46,47] or Ga for Zn [48]) can also
be used. Of course, this increases the measurement time required and the uncertainty
obtained, at least with quadrupole-based or sector field single-collector instrumentation.

In case of internal correction for, or substitute calibration of the mass discrimination,
a K factor can be calculated based on the ‘true’ value (Rtrue from the certificate or the
IUPAC table) and the experimental result (Robs) for the isotope ratio, from which a dis-
crimination factor � can be calculated. Several empirical models can be used for this. For
data from quadrupole-based ICP-MS, it is sufficient to use a linear model, as the uncer-
tainty on the data obtained is fairly large:

(6.6)

With reduced uncertainty (e.g. MC-ICP-MS), the use of the linear model is no longer suf-
ficient and the power-law (6.7) or exponential (6.8) model have to be considered [49]:
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According to these approaches, only the mass difference between the isotopes of interest 	m
determines the mass discrimination and hence, a similar mass discrimination is expected
for 6Li/7Li as for 206Pb/207Pb. In ICP-MS, this assumption is not correct, as mass discrimin-
ation per mass unit is higher for the lighter elements [12], which show a more pronounced
relative difference in the masses of their isotopes. It has been demonstrated that this
assumption is not even valid for neighbouring elements such as Tl and Pb once the situation
is studied with the high precision offered by MC-ICP-MS [50]. Other approaches, such as
that Russell’s Equation (6.9) rather use the absolute mass of the isotopes involved [49]:

´

(6.9)

Once � or � is determined via a ‘known’ isotope ratio (e.g. using 86Sr/88Sr or 203Tl/205Tl),
it can be used to convert experimental results for the isotope ratio of interest (e.g. 86Sr/87Sr
or 206Pb/207Pb) into the corrected (‘true’) result on the basis of the mass difference 
(	m) between the isotopes of interest or the masses of the isotopes, respectively. There is
still ongoing debate as to which correction method provides the most accurate description
of mass discrimination effects. This is an issue of increasing importance as a result of the
continuously improving isotope ratio precision. Finally, some authors report other
approaches – the generalised power law [51] or a double spike approach [52] – to provide
even more accurate results. For more information on these approaches, the reader is
referred to the literature. Finally, with an ideal mass spectrometer, the bias on isotope ratios
would be constant across the range of isotope ratios measured. For ICP-MS, there are not
many studies that have focused on this aspect in detail. Taylor et al. [53] have investigated
this linearity for a first-generation MC instrument and have found that U isotope ratios
varying between 0.01 and 1 all agreed within 0.03% with the corresponding certified value
after mass discrimination correction using the same value for 
. For this purpose, they
used a special set of synthetically prepared isotopic reference materials (IRMM-072).
Contrary to Faraday cups, electron multipliers, and in particular continuous dynode 
electron multipliers, are known to have a narrower optimal operational range.

6.3.3.2 Mass scale shift

Although the reasons are different, mass scale shifts occur with both quadrupole-based
and sector field instruments. For quadrupole filters, the constancy of the rf and direct cur-
rent (DC) potentials is the limiting factor [36]. Since the introduction of solid state rf gen-
erators, the situation has improved. In isotope ratio work with sector field instruments,
mass scale shifts also occur, for example, as a consequence of temperature changes.

6.3.3.3 Background and contamination

Here, ‘background’ is defined as that part of the ion current measured at a certain mass-
to-charge ratio (m/z), corresponding to the isotope under investigation, not originating from
this element. Background can be continuous or discontinuous. ‘Contamination’ is defined as
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that part of the ion current measured at a certain m/z that does originate from the same elem-
ent, but for which the origin either lies within the instrument or within the chemical proce-
dure used. As it is important to know the origin of either one (in order to control it), it is
meaningful to distinguish between background and contamination by studying the mass
spectral region of interest and measuring and comparing the isotope ratio with the expected
one, as calculated from the IUPAC tables [2]. Background can be continuous over the mass
spectral region and often originates from the detector (e.g. due to photons from the ICP
arriving at the multiplier). Discontinuous background is due to a spectrally interfering
species (isobaric nuclide, doubly charged or polyatomic ion). Its origin can be ‘instrumental’,
for example, due to the formation of ArO� and Ar�

2 ions, or the presence of impurities in the
plasma gas (e.g. Xe), or external, that is from concomitants in the sample, for example, over-
lap of the analyte signal with that from ArNa� when measuring 63Cu. Such interferences also
tend to deteriorate the reproducibility of the isotope ratio measured. Contamination can also
be external or instrumental. Examples of instrumental contamination are memory effects
occurring in the nebuliser tubing, nebuliser, spray chamber and/or interface. Such effects can
occur because of the volatility of the compound (e.g. B, Hg and Os) or because of specific
chemical features (e.g. Pt in solution is easily reduced in Teflon tubing and refractory elem-
ents tend to deposit on the interface). External contamination can occur in any sample
preparation step, for example, contamination occurring during the sample digestion, sample
storage or application of separation procedures. Of course, it is extremely important to pre-
pare a procedural blank. In exceptional cases, spectral interferences can occur which hardly
affect the isotope ratio under study. An example of this is given by Vanhaecke et al. [54] for
the interference of SiCl� ions on both Cu isotopes, and the implications of this spectral over-
lap are discussed in more detail by Papadakis et al. [55].

Different approaches are used for correction of these interferences (Table 6.3). For instru-
mental background or instrumental contamination, it is necessary to measure a representa-
tive blank sample (e.g. at the start of or at several occasions during the measurement
session) and to subtract the blank signal measured (containing the interfering signal) from
the corresponding signal for subsequent samples. The software of most ICP-MS instru-
ments caters for this. This is only possible if the blank value is sufficiently stable and repre-
sentative. The magnitude of the correction should obviously be limited. For discontinuous
background, originating from the sample (e.g. Mo present in a water sample, causing an
MoO� interference on Cd isotopes), the same approach could in principle be used, but only
when it is possible to prepare a ‘matrix-matched’ blank sample (e.g. a water sample with a

Table 6.3 Origin of and correction methods for different types of contamination and background

Type Origin Blank subtraction Mathematical correction

Contamination External sources ✓

Contamination Instrument ✓

Discontinuous background Sample ✓ ✓

Discontinuous background Instrument ✓ ✓

Continuous background Photon and electronic ✓

noise
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Mo concentration identical to the sample, but self-evidently no Cd), which can be difficult.
Finally, for discontinuous background, also mathematical corrections can be used to correct
the ion current observed for isotope jM (e.g. 204Pb) by measuring the ion current of another
isotope (e.g. 202Hg) of the interfering element and calculating its effect at the m/z of interest
assuming natural isotopic composition for the interfering element. The same approach
holds for corrections involving polyatomic species (e.g. the abundance of ArNa� species
reflects that of argon itself). Procedural contamination is best corrected for by measuring
the isotope intensities (or concentration of M) in a number of independent blank samples,
for example, measuring the contamination originating from an ion-exchange separation
step by preparing three independent blank separations.

6.3.3.4 Detector dead time

When using an electron multiplier operated in the pulse-counting mode (or a Daly detector),
pulse pile-up leads to biased isotope ratio results, at least for isotope ratios differing from
unity. Although not only the detector itself but also other parts of the detection system
(amplifier, discriminator and counting system) may contribute to the bias under consider-
ation, the global effect is commonly attributed to detector dead time. The detector dead
time is the time required for the detection and electronic handling of an ion pulse. If
another ion strikes the detector surface within the time required for handling the first ion
pulse, the second ion will not be detected and hence, the observed count rate will be lower
than the actual count rate. Typically, the detector dead times reported for ICP-MS instru-
mentation range from 15 to 100 ns. If the detector dead time � can be determined accur-
ately, these signal losses can be appropriately corrected for using Equation (6.10):

(6.10)

where NO is the observed count rate, NT is the actual count rate and � is the detector dead
time. The higher the count rate, the larger the bias observed. As isotope ratio measure-
ments are often carried out at quite high count rates to improve the precision of the results
(cf. Poisson counting statistics), while keeping the acquisition time at an acceptable level,
an accurate determination of the detector dead time is of great importance for reliable iso-
tope ratio results. In addition, the detector dead time should also be determined at regular
time intervals since it has been observed to be influenced to a considerable extent by the
age of the detector [56] and previous exposure.

A practicable method to determine the detector dead time was proposed by Russ [57].
For standard solutions of different concentration levels, a given isotope ratio differing from
unity is determined with, if applicable, the automatic detector dead time correction dis-
abled (set to zero ns). For each concentration level, plotting the ‘normalised’ isotope ratio
(isotope ratio corrected for the detector dead time divided by the true value) as a function
of the value used for the dead time correction leads to a curve. The intersection of the curves
corresponding with different concentration levels supplies the analyst with the correct value
for the detector dead time (Fig. 6.6). In addition, the ordinate value of the intersection point
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(deviation from unity) permits an estimation of the mass discrimination. Other methods
that can be used for experimental determination of the detector dead time have been com-
piled and evaluated by Nelms et al. [58], who also indicated how the uncertainty on the dead
time can be estimated.

The dead time obtained in this way is often considered as an invariable instrument
parameter, which it is not. The constancy of the detector dead time across the mass range
has been evaluated [59] for two commercially available and commonly used ICP-mass
spectrometers: a quadrupole-based one equipped with a Channeltron–continuous dynode–
electron multiplier and a sector field instrument equipped with a conversion dynode 
and a secondary electron multiplier with discrete dynodes. For the latter instrument, the
detector dead time was found to be constant across the mass range. For the former, how-
ever, the detector dead time measured was observed to be strongly dependent on the ana-
lyte mass. This observation was attributed to a decreasing gain of Channeltron electron
multipliers with increasing analyte mass. It has also been reported that, above a critical
level, the gain of an electron multiplier decreases with the number of incident particles per
time unit [60]. As a result, at increasingly higher count rates, an increasing fraction of the
output pulses show an amplitude below the discriminator level and hence, these pulses are
not detected [61,62]. This effect is called ‘sag’ and leads to a significant increase of the
measured (or apparent) dead time at high count rates. It should be stressed that the
method of determining the detector dead time described above also offers a means of
detecting the appearance of sag: if sag appears for the highest concentration level used, the
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Figure 6.6 Normalised 208Pb/207Pb isotope ratio (�[208Pb/207Pb]measured/true value) plotted as a function
of the value applied for dead time correction of the ‘raw’ results, obtained for standard solutions with a
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corresponding curve will intersect the other curves at several rather widely dispersed
points. Of course, all measurement data that are observed to be affected by sag should be
discarded and not used for the determination of the detector dead time.

6.3.4 Optimisation of data acquisition parameters 
in terms of isotope ratio precision

As in many instrumental analytical techniques, a quantity (in this case, an isotope ratio) can
be measured more precisely, if the number of observations is increased (i.e. if the measure-
ment time is increased). Various measurement protocols can be applied, and those whereby
the time actually spent on measuring the isotope ratios of interest is maximised are prefer-
able. For this reason, peak-jumping (or peak-hopping) procedures are favoured over scan-
ning. The data acquisition parameters that can be changed for further improving the
isotope ratio precision are: the integration time (dwell time) per acquisition point, the num-
ber of acquisition points per spectral peak, the number of sweeps and possibly, the settling
time of the quadrupole filter or sector field mass spectrometer. With single-collector ICP-
MS instruments, the noisy character of the ICP ion source is counteracted by using a high
peak-hopping or peak-jumping rate to eliminate low frequency noise from the plasma and
the sample introduction system to the largest possible extent [63–65]. In the 1980s, this was
already experimentally demonstrated and dwell times of typically 10–20 ms and a limited
number of acquisition points per peak (even as low as one point) were advised. Later on,
chemometric approaches were used to optimise the data acquisition parameters in a more
systematic way and these approaches were generally observed to result in similar conclu-
sions [66]. With shorter mass spectrometer settling times, even higher peak-hopping rates,
realised by using even shorter dwell times of a few ms only, can be used [24,25]. Also for 
single-collector sector field ICP-MS instruments, a high peak-hopping rate was demonstrated
to be crucial for obtaining the optimum isotope ratio precision [18]. The measurement time
can sometimes be used more efficiently by increasing the acquisition time for (the) low-
abundant isotope(s) relative to that of the higher abundant isotope(s) [66]. Finally, simul-
taneous monitoring of all the isotopes involved is realised in MC-ICP-MS instrumentation,
which results in a superior isotope ratio precision, similar to that offered by state-of-art
TIMS. MC-ICP-MS is operated in a static mode during the measurements, which means
that nor the accelerating field nor the strength of the magnetic field are changed during data
acquisition.

6.4 ID: general concepts

The concept of ‘dilution’ was first used to evaluate populations of rare bird species living on
islands, that is in a closed system. Rings were put on the legs of a given number of birds,
which were then released and sufficient time was allowed to elapse before capturing another
flock of birds, so that ringed birds could mix randomly with unringed ones. The proportion
of unringed birds to ringed specimens gave the ratio of the total population to the number
of ringed ones [1].
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The same principle was later used to quantify amounts of chemical compounds, first by
applying radioactive isotopes and later also by using stable isotopes. This powerful tech-
nique is now applied for different purposes and using different instrumental methods to
quantify the isotope ratios. Primarily, the latter has been achieved using mass spectrome-
try (IDMS), although other isotope-specific techniques can be used (e.g. gamma ray spec-
trometry in combination with neutron activation).

Contrary to many other approaches in analytical chemistry, ID makes full use of the exist-
ence of isotopes. Therefore, from a first principles point of view, quantifying chemicals via
this route offers some quite unique advantages, especially for providing reference measure-
ments. The degree to which this is possible strongly depends on the care and thoroughness
with which the measurements are carried out, as is discussed in Section 6.4.6.

6.4.1 Principle

By inducing a deliberate change in a chosen isotope ratio of an element, it is possible to meas-
ure the amount or the concentration of a particular chemical compound in the sample stud-
ied. For this purpose, an amount of this chemical is added to the sample (the spiking process).
The isotopic composition of the element in this spike or tracer needs to be sufficiently differ-
ent from the one in the sample (Fig. 6.7).

In the simplest case, for example, for measuring the concentration of iodine in a terres-
trial sample (only the isotope 127I occurs in ‘normal terrestrial’ samples) via addition of the
long-lived radionuclide 129I, the following equation holds:

(6.11)

in which RB is the blend ratio and NX and NY are the number of iodine atoms in the sam-
ple (X) and the spike (Y) solutions. The ID process has been compared to a weighing
process, as the measurement process is very similar and the device used (in this case a mass
spectrometer) also serves as a comparator device [67]. In the case of ID, numbers of atoms/
molecules are compared.

For the more general case, in which the elements have i different isotopes, the equation
can be written as follows:

(6.12)

with a particular isotope selected as the reference isotope. As N � NAn (where NA is
Avogadro’s constant and n is the amount (in mol) of substance), and n � cm (where c is
the molar concentration and m is the mass of solution), Equation (6.12) can be written as:

(6.13)
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Table 6.4 gives a numerical example. As can be seen, concentrations need to be expressed
in mol g�1 (or mol l�1) to yield correct values.

Of course, the above equation does not hold if RX, RY and/or RB are biased due to spec-
tral interference, which often occurs in ICP-MS. For that reason, it is vital to measure RX

and compare it to the value calculated from IUPAC tabulated values. However, for some
elements, such as Li, Pb and U, this approach is not possible due to the variations in nat-
ural isotopic composition. Also, the mass spectral region of interest should be carefully
studied in order to ascertain that the two isotopes involved are free from spectral overlap.

If the element which has to be determined shows no natural variations in isotopic com-
position, while sufficient information concerning the spike material is available from the
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Figure 6.7 Schematic representation of the principle of IDMS.
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corresponding certificate or via reverse ID (see Section 6.4.4), it is not necessary to experi-
mentally determine all isotope ratios. For this approach, Equation (6.13) can be rewritten as:

(6.14)

where fi represents the isotopic abundance of the reference isotope in the spike (Y) and in the
sample (X), respectively. Numerically, Equations (6.13) and (6.14) yield identical values
( fi � Ri/�Ri). In another variant of Equation (6.13), mass/volume concentrations (C) are
used. In this case, a correction factor for the atomic weight (Ar) needs to be applied (c � C/Ar).
If RX, RY and RB are determined experimentally, mass discrimination is often assumed to be
constant and hence, no correction for this is required. If, on the other hand, RX is calculated on
the basis of IUPAC tabulated values and/or RY is taken from the certificate of the spike mater-
ial, the experimental value for RB has to be corrected for mass discrimination.

Traditionally in ID, when small uncertainties are required, dilutions are made gravimet-
rically. Volumetric preparations of dilutions are somewhat more practicable and less time-
consuming, but result in combined uncertainties on the concentrations which are in the
0.5–1% range, when no strict precautions are taken. When using gravimetry, this can be
limited to 0.1%.

6.4.2 Advantages and pitfalls

The simplicity of the IDMS formula reveals some very interesting ID properties. It can, for
example, be noticed that this equation does not contain a ‘sensitivity’ factor, contrary to all
other calibration strategies. Most analytical instrumentation is susceptible to temporal
changes in sensitivity or to matrix-induced changes in sensitivity. This effect is orders of
magnitude smaller for ID compared to other calibration methods and therefore, in most
cases, it is not measurable. Furthermore, because isotope ratios can be measured with high
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Table 6.4 Numerical example of an IDMS experiment. A 20 g aliquot of a sample (for which the Pb con-
centration has to be determined) is spiked with a tracer solution (enriched in 206Pb) with a Pb concentra-
tion of 10 pmol g�1. In this particular example, calculation of the unknown Pb concentration was based
on the 207Pb/206Pb ratios, measured for the sample (RX), the spike (RY) and the mixture or blend (RB)

Ratio Sample Spike Blend

204Pb/206Pb 0.058 0.001
206Pb/206Pb 1.000 1.000
207Pb/206Pb 0.917 0.020 0.388
208Pb/206Pb 2.174 0.005
�Ri 4.149 1.026
Mass of solution (in g) 20 2
Pb concentration (in pmol g�1) 2.813 10
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precision (typically between 0.5% and 0.002% RSD with ICP-MS, depending on the type
of instrumentation used), this results in a small uncertainty on the assay.

For Equation (6.13) to hold, it is crucial that the isotopic species added to the sample
behaves identically to the one which is originally present in the sample. If not, the isotope
ratios measured (e.g. after a separation procedure) will be biased. If some of the added
spike disappears before isotopic equilibrium is established, isotope ratios will be biased.
Very often, when measuring total element concentrations, isotopic equilibration is
obtained by subjecting the sample to a strong oxidation/reduction step. However, when the
objective is to measure the concentration of a certain chemical species (e.g. the amount of
CH3Hg�), it is important not to disturb the chemical equilibrium. After isotopic equili-
bration, the isotope ratio in the blend is ‘frozen’ and this implies that it is not affected by
further sample treatment. Hence, non-quantitative recovery is, for example, automatically
corrected for, because any aliquot of the sample, or any dilution, still ‘displays’ the ratio RB.

Typically, ID has been found to be applicable over a wide range of concentrations, from
pmol to mol levels. Whereas most other calibration strategies require the preparation of a
series of calibration samples, it is possible to obtain a concentration value from a single
spiking process. This is due to both the sensitivity and the dynamic range of the ratio meas-
urement technique. For ICP-MS, the former is certainly valid, but the latter is generally
much less the case when using quadrupole-based ICP-MS instrumentation. Overspiking
or underspiking processes, whereby the ratio NX/NY is either small or large (e.g. �0.01 or
�100) and which can be useful when the amount of compound to be determined is either
small or large, should therefore be used with care [68–70].

6.4.3 Optimum sample to spike mixing ratios

When designing an ID experiment, some ab initio calculations can be done prior to the
experiment. Influencing factors are the enrichment of the spike and the uncertainty with
which the isotope ratios can be measured. The mathematical expression for this is given by
De Bièvre [71] and the results can be graphically represented in so-called error magnifica-
tion curves. However, these calculations are based on the assumption that the relative
uncertainty for the isotope ratios for the sample, spike and blend ratios are constant across
the range of ratios. Whereas this might be true in the case of thermal ionisation, this is not
always the case when ICP-MS is used. Error magnification curves should therefore be
interpreted with care and merely used to indicate trends. Often it is safer to use blend ratios
close to unity or in the range from 0.1 to 10, especially when using electron multipliers 
for detection. As an approximation, the optimum blend ratio should approximate the 
geometric mean of the spike and sample ratio:

6.4.4 Spike calibration

Proper assay of the amount or concentration of a compound in a sample is only possible
(see Equation (6.12)) if the amount of spike added is well known. This can be accomplished

R R RB,opt X Y� ( ) /1 2
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in two ways: either by using calibrated spike isotopic reference materials or by a process called
reverse IDMS.

When using reverse IDMS, the spike is calibrated against a high-purity solution of the
compound. Such a solution is prepared gravimetrically from a suitable material and
Moody et al. have described a list of such inorganic compounds which are best used as they
are the most likely to be available as pure compounds with known stoichiometry [72].
Often it is assumed that the element in such a sample is of natural isotopic composition
(taken from [2]), but this should be checked for some elements (see Table 6.2). Such mater-
ial is used as it would be too expensive to convert or assay the isotopically enriched mater-
ial itself. Mathematically this ‘reverse’ IDMS process can be expressed as:

(6.15)

in which the subscript Z refers to the high-purity material (often the isotopic composition of
the high-purity material is equal to that of the sample) and RB and R�B refer to the blend ratios
in the mixtures X/Y and Y/Z, respectively.As can be seen, cX can be determined from the known
concentration cZ, the ratio of masses of solutions used and the isotope ratios determined. It can
be shown, when applying error propagation, that the uncertainty of cX is virtually independ-
ent of the uncertainty of RY (and therefore RY only needs to be known approximately).

The second approach makes use of calibrated spike isotope reference materials, for which
the isotope ratios as well as the concentration of the compound are well characterised. In
this way, the spike calibration process is taken care of only once (i.e. by the producer of the
material). An ID assay is then reduced to a single spiking operation and measurement of RB

(and possibly RX). This avoids, as is the case for reverse IDMS, the preparation of a consid-
erable number of samples to carry out the procedure successfully. For calibrated spike iso-
topic reference materials, long-term spike stability is guaranteed by putting the solutions in
flame-sealed ampoules (e.g. quartz or glass). Producers of such materials prepare these iso-
topic reference materials from a batch of isotopically enriched material, which is chemically
purified and then characterised both for concentration and isotope ratios. The raw material
is converted into a stoichiometric compound (e.g. an oxide or metal) and then a gravimet-
ric solution is prepared from this. For ultimate accuracy, the isotope ratios can be calibrated
against synthetic isotope mixtures [8].

6.4.5 Blank correction

As discussed in Section 6.3.3.3, reliable isotope ratios can only be obtained if the contribution
of background and contamination to the total signal intensity is appropriately corrected.
When low concentrations of a compound in a sample are measured, contamination from
external sources (e.g. originating from an ion-exchange separation step or from the acids or
containers used) is best assessed by measuring the concentration in independently prepared
blank samples. This value can be used to correct the measured concentration and the uncer-
tainty of the correction can be taken into account when calculating the combined uncertainty.
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6.4.6 ICP-IDMS: metrological and non-metrological 
mode of application

Often, ‘IDMS measurement’ is considered to be a synonym of ‘reference measurement’.
Such a measurement is one with a provable (and sufficiently small) uncertainty statement,
and therefore one will be able to refer to it. Although IDMS certainly has this potential, not
all measurements are (or need to be) reference measurements. IDMS can (intentionally or
not) be used in a less stringent way. The long-acknowledged special IDMS reliability fea-
ture has been internationally and formally recognised by the BIPM [73]. The BIPM has
identified IDMS as one of the primary methods of measurement, having the potential to
yield SI-traceable values. Such a ‘status’ can obviously be used and misused. It is not because
IDMS is employed that reliability follows automatically. The method needs to be applied
correctly. Giving an objective and detailed account of the uncertainty of the measurement
(although still not common practice) could make this statement much more objective and
concrete [74,75].

Laboratories active in the field of reference measurements or CRMs have therefore been
keen IDMS users. As their mission is producing reliable measurements, this often means
being quite conservative before adopting new methods. ICP-IDMS has nevertheless been suc-
cessfully applied, replacing or complementing thermal ionisation IDMS (TI-IDMS). Since in
this field reliability is the primary objective (and not speed, sample throughput, etc.), such
procedures often make use of off-line chemical separation steps. The reason for this is that
with increasing complexity of the measurement procedure, its transparency (knowledge
about sources of uncertainty) correspondingly deteriorates. Applications include the assay of
elements in biological/clinical samples (blood, plasma, serum, urine), technological materials
(exhaust catalysts), environmental samples (sediments, waters, particulate fall-out) and food
(rice, wine). Although not its primary application field, also MC-ICP-MS is used for ID
[76,77]. It provides a superior isotope ratio precision and can therefore aid reduction of the
total uncertainty on the element concentrations thus determined.

Apart from these metrological applications of IDMS, many analytical chemists have dis-
covered the assets of ICP-IDMS. As utmost reliability is not the main concern of the majority
of users, too much time and effort cannot be spent on identifying and quantifying the uncer-
tainty. Such users are nevertheless attracted by the robustness of ICP-IDMS and also by its
other advantages (e.g. isotope specificity, non-quantitative chemistry, wide dynamic range,
freedom of sensitivity changes). It should, however, be taken into account that applications
such as on-line ICP-IDMS or flow injection ICP-IDMS lead to larger total combined uncer-
tainties (and are therefore less suited when the aim is to establish reference values) [78–81].

6.5 Selected applications

6.5.1 Introduction

Since its commercial introduction in the early 1980s, ICP-MS has aroused great expect-
ations, both as an elemental detector and as a device for measuring isotope ratios. At pre-
sent, �10 000 ICP-mass spectrometers, most of which are quadrupole-based, are used across
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the world. Although most of these instruments are operated for element determination
only, an impressive number of publications has been devoted to isotope ratio determination
by means of ICP-MS. Many of these applications are aimed at elemental assay by means of
ID. A description of selected applications is given in Section 6.5.2. However, there is also a
considerable amount of literature reporting on the use of ICP-MS for stable isotopic tracer
investigations, aiming at a better understanding of (human) metabolism and heavy metal
toxicity. In addition, monitoring of isotope ratios following addition of a stable tracer has
also proved useful for the study of chemical reactions (and physical processes). Examples of
the research involving the measurement of isotope ratios following administration of a sta-
ble tracer(s) is presented in Section 6.5.3. The amount of literature covering the use of ICP-
MS for the determination of natural isotope ratios has increased exponentially with the
introduction of MC-ICP-MS. A selection of such applications is discussed in Section 6.5.4.

6.5.2 Isotope dilution

Instead of attempting to cover the entire application range of ICP-IDMS, only a limited
number of selected applications are addressed in this section. The first example is discussed
in some detail and server as on an example of the metrological use of IDMS for certification
purposes. Thereafter, some examples are given on how ID can be of use to assure the qual-
ity of analytical results when a matrix/trace separation procedure is included in the sample
pretreatment procedure. The use of ICP-IDMS in radioanalytical work is also discussed.

6.5.2.1 ICP-IDMS for certification purposes/metrological and 
non-metrological use of ICP-IDMS

A typical application in which ID was used in conjunction with ICP-MS for certification pur-
poses was described by Vassileva and Quétel [82]. These authors have applied ID to the cer-
tification of the contents of Cd, Cu and Pb in a rice material, that was used for round 19 of
the international measurement evaluation programme (IMEP), co-ordinated by the institute
for reference materials and measurements (IRMM). Rice is the main foodstuff for about half
of the world’s population. To protect the public health, the presence of contaminants in rice
has to be carefully checked. Maximum levels of Cd and Pb in foodstuff are set in relevant regu-
lations, such as the EC Directive 466/2001 [83]. However, also the measurement of traces of
essential elements, such as Cu, is of crucial importance to estimate dietary uptake rates. It is
clear that important conclusions and decisions concerning public health and/or inter-
national trade are derived from such results. Therefore, the results have to be based on meas-
urement data of good quality and they must be traceable to a system of reference, preferably
to SI. For the SI-traceable certification of the Cd, Cu and Pb mass fractions in rice, Vassileva
and Quétel used ICP-IDMS in a metrological mode. Typical of this approach is the careful
and systematic search for and investigation of all possible sources of bias or uncertainty. The
Isotopic Certified Reference Materials (ICRM) used for IDMS purposes were IRMM-622
(111Cd-enriched), IRMM-632 (65Cu-enriched) and NIST SRM-991 (206Pb-enriched) for Cd,
Cu and Pb, respectively. Accurately weighed rice samples (~0.2 g) were taken into solution by
acid digestion (using HNO3 and HF), after addition of an appropriate weighed amount of
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spike material. All measurements were carried out with a quadrupole-based ICP-MS instru-
ment. The blend isotope ratios were corrected externally for mass discrimination by measur-
ing, immediately before and after the sample solution, the ratio of interest in the material
used as reference (‘natural’ standards or isotopic reference materials). The selection of the
isotopes to be measured in the blend samples was done with respect to the availability of
spike materials, the abundance of the isotopes and possible spectral interferences during
measurement by ICP-MS. For Cu, medium mass resolution spectra (obtained by means of a
sector field ICP-MS instrument) demonstrated that the Cu signals were not significantly
affected as a result of the possible occurrence of ArNa�, Ba2� or SiCl�. For Cd, the situation
was less favourable, because MoO� interferences affected all of the Cd isotopes, except for
106Cd. Although this interference contributed very little to the signals measured, the interfer-
ence was corrected for on all five isotopes. The ratio 110Cd/111Cd was selected for the final cer-
tification calculations as it corresponded to the combination of the least interfered isotopes.
Finally, for Pb, only one isotope (204Pb) was affected by spectral overlap. The 201Hg� signal
was monitored to correct for the contribution from 204Hg� to the signal intensity at a mass-
to-charge ratio of 204 (~0.5% of the signal). A comparison was made between two series of
IDMS experiments: a first series with so called ‘non-saturated’ samples (samples spiked
immediately after opening of the bottles) and a second series with ‘saturated’ samples (sam-
ples spiked after having attained a moisture equilibrium with the laboratory atmosphere).
For the determination of the water content in the rice material, two methods were investi-
gated and compared: Karl Fischer titration [84] and the use of a drying method based on
oven treatment.

The concentrations of Cu, Cd and Pb, calculated on the basis of the ID formula, were cor-
rected for contamination effects and moisture content. The individual uncertainty com-
ponents associated to these corrections were propagated together with those of the isotope
ratio measurement results and resulted in a combined uncertainty. The IDMS results
achieved from the two series of samples mentioned above were in excellent agreement within
measurement uncertainty, irrespective of the method used to correct for moisture content. A
relative expanded uncertainty (k � 2) below 2% was achieved for all three certified contents.

As a result of the capability of ICP-IDMS to provide highly accurate and precise results,
a number of papers deal with its application for certification purposes (e.g. 75,85,86).
However, if the ultimate level of accuracy is not requested, the ID approach can be made
considerably more practicable and less time-consuming by making certain simplifications
(e.g. by using volumetric instead of gravimetric dilution). Even under these conditions, ID
shows distinct advantages over more traditional calibration approaches as (i) matrix
effects, signal drift and instrument instability are to a large extent automatically corrected
for and (ii) once isotopic equilibration has been established, loss of analyte does not affect
the analytical result.

6.5.2.2 ICP-IDMS combined with the application of 
matrix/trace separation procedures

Since with ID, loss of analyte does not affect the analytical result once isotopic equilibra-
tion has taken place, IDMS is especially useful when the sample preparation procedure
includes a matrix/trace separation and/or preconcentration step.
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Müller and Heumann reported on the use of ID for the determination of platinum
group elements (PGEs) in environmental samples by ICP-MS [87]. It is well known that
the determination of PGEs by ICP-MS is often hampered by spectral interferences, ori-
ginating from matrix elements. The authors decided to develop a method with quadrupole-
based ICP-MS in connection with a chromatographic analyte/matrix separation and the
use of the ID technique for calibration. The method could be used for Pt, Pd, Ru and Ir. Rh
is mono-isotopic and could thus not be determined by the ID technique. After addition of
appropriate amounts of the isotopically enriched spikes (194Pt, 108Pd, 99Ru and 191Ir) to an
accurately weighed amount of sample, the samples were decomposed by using aqua regia
in a high pressure asher. Silicate-containing samples were not completely dissolved by aqua
regia. Therefore an additional microwave-assisted decomposition step with addition of HF
was introduced for these samples. After decomposition, the samples were diluted and iso-
lation of the PGEs by anion-exchange chromatography took place. After introduction of
the isotope-diluted sample on top of the column, all interfering elements were eluted with 
2 M HNO3 and subsequently the PGEs were collected in a small fraction by using concen-
trated HNO3. The recovery of this analytical step varied strongly from one separation to
the next (e.g. Pd: 19–35%). Nevertheless, accurate results could be obtained by using the
ID technique, as was demonstrated by analysis of CRMs. Finally, the method developed
was used for the determination of PGE concentrations in surface soil, sampled at different
distances from a highway. The authors concluded that relatively high concentrations of the
PGEs are established close to the highway, while an exponential decrease is found with
increasing distance from the highway.

McLaren et al. reported on the use of ID for the determination of trace metals in sea water
by ICP-MS, after preconcentration of the elements of interest on silica-immobilised 8-
hydroxyquinoline [88]. After addition of appropriate amounts of the enriched spikes, the
seawater sample was heated overnight at 80°C to ensure isotopic equilibration prior to pas-
sage through the column. This step was reported to be essential for accurate Cr determina-
tion. Prior to the isotope ratio measurements, the column effluent containing the trace
elements of interest was heated to dryness to remove HCl, and hence, to avoid Cl-based
molecular ions causing spectral overlap, and the residue was redissolved using dilute HNO3.
For all of the elements investigated (Cd, Cu, Cr, Ni, Pb and Zn), the ID results obtained for a
Coastal Water Reference Material (CASS-1) were in good agreement with the corresponding
reference values, which originated from a pooling of results of a number of techniques.

Of course, the advantage that ICP-IDMS requires neither 100% recovery nor absolute
isolation of the elements of interest is not restricted to chromatographic separation. Balcaen
et al. determined ultra-trace amounts of Fe in AgNO3 solutions after precipitation of Ag as
AgBr [89]. The determination of Fe in AgNO3 is of interest when this material is used in the
manufacturing of photographic materials, because varying Fe concentrations can change
their sensitivity. Because of its excellent sensitivity and the high sample throughput, ICP-MS
was the technique of choice. However, to assure that accurate results would be obtained,
a few problems had to be tackled. To prevent strong signal suppression and irreversible mem-
ory effects, the Ag concentration introduced into the instrument had to be limited. This was
done by precipitating Ag as a silver halide. To be sure that an incomplete recovery of the ana-
lyte did not affect the results, the ID technique was used for calibration. The enriched spike,
54Fe (99.84% isotopic abundance), available as a metal, was dissolved and appropriately
diluted. The molar concentration of 54Fe in this spike solution was determined by means of
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reverse IDMS using a standard solution of natural isotopic composition. For the determi-
nation of Fe in the AgNO3 samples, an accurately weighed amount of the spike solution was
added to each sample. After isotopic equilibration, HBr was added to precipitate Ag as AgBr
and the analyte element was separated from the AgBr precipitate by passing through a
0.45 �m polytetrafluoroethylene (PTFE) syringe filter. The filtrates obtained in this way
were further diluted. All measurements were carried out using a quadrupole-based ICP-
mass spectrometer. Of course, an important prerequisite for obtaining accurate results
using ID is the availability of two isotopes free from spectral interferences. The reliable
determination of Fe by means of ICP-MS is traditionally hindered by spectral overlap of the
analyte signals with those of Ar- and Ca-based molecular ions. In this work, it was shown
that the spectral interferences hampering the accurate determination of Fe with ICP-MS
can be overcome by using ion/molecule chemistry in a DRC with NH3 as a reaction gas. The
detection limit obtained with this method (13 ng g�1) was much better than that obtained
with the more traditional approach – sample dilution and quantification by means of exter-
nal calibration (1200 ng g�1). Therefore, the authors decided that ID-ICP-DRC-MS is the
method of choice for the determination of ultra-traces of Fe in AgNO3 solutions. Finally,
three different AgNO3 solutions were analysed by means of the method developed.
Important differences in Fe concentration could be observed between the samples, which
clearly demonstrated the necessity of quality control of AgNO3 solutions.

Yoshinaga et al. used ICP-IDMS for the determination of mercury in biological and envir-
onmental samples [90]. The samples of interest, human hair and sediments, were acid-
digested after addition of an 202Hg spike. For the analysis of sediment samples, solvent
extraction and back-extraction were a part of the sample pretreatment procedure. As persist-
ent memory effects were originally observed to jeopardise accurate isotope ratio determina-
tion and hence, reliable analysis results, the sample introduction system was thoroughly
rinsed with 1 M hydrobromic acid between measurements of different solutions. The ICP-
IDMS results obtained for relevant CRMs were in excellent agreement with the correspond-
ing certified or reference values and were reported to be better than those obtained using
standard addition or external calibration in terms of accuracy and precision.

6.5.2.3 Radioanalytical applications of ICP-IDMS

Since with ID not only the elemental content, but also the concentration of specific isotopes
can be determined, ICP-IDMS is also useful in radioanalytical chemistry, particularly because
ICP-MS offers significantly lower limits of detection for the determination of long-lived
radionuclides than the more traditional radiometric methods, while the sample throughput
can be increased tremendously [91]. However, a problem that is difficult to solve for these
applications, is the isobaric interference certain nuclides suffer from. Therefore, a chemical
separation of interfering elements is often required before mass spectrometric analysis.

Perna et al. report on the use of ID ICP-MS for the simultaneous determination of fission
products (lanthanides) and actinides (Pu, Np, U, Am and Cm), after on-line removal of
interfering elements via ion chromatography [92]. The determination of the concentration
and isotopic abundances of long-lived radionuclides is of great importance for, among
other, environmental monitoring and nuclear waste management. In the majority of these
investigations, it is necessary to obtain the complete inventory of fission products and
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actinides. Therefore, the authors decided to develop a method where all these nuclides could
be determined simultaneously. The separation of the actinide and lanthanide elements from
the interfering elements was achieved using a Dionex CS5A mixed-bed column with a mix-
ture of 100 mM oxalic acid – 190 mM lithium hydroxide and 2 M hydrochloric acid as the
eluent. To convert all the elements into a single oxidation state, 0.2 M sodium nitrite was
added to all the samples before chromatographic injection. In this way, it was possible to
perform quantitative determination of the total element concentrations. The quantification
of the lanthanides and actinides was based on ID analysis for Nd, Am, Pu, U and Cm (using
150Nd, 243Am, 244Pu, 233U and 248Cm as spikes) and on the standard additions method for
the other lanthanides and Np. Detection limits for the method proposed were found to be
0.25 ng ml�1 for the lanthanides and 0.45 ng ml�1 for the actinides. The analytical pro-
cedure was validated by the use of the reference material NIST SRM 4355 as well as by using
other independent techniques, and in all cases, good agreement was established between the
experimental and the reference values. To verify the applicability of the method for a real
sample, an irradiated nuclear fuel sample was studied and the results obtained were in good
agreement with those obtained using other procedures.

Two radionuclides out of the actinides series, plutonium and americium, were also the
subject of a study by Boulyga et al. [93]. In this work, LA ICP-MS was combined with ID
for the determination of 239Pu, 240Pu and 241Am in mosses. Mosses are often used as
bioindicators. They seem to be particularly suitable for investigating atmospheric contam-
ination as they may provide a record of the history of atmospheric fallout. As already stated
before, the occurrence of spectral interferences is a limiting factor for the isotopic meas-
urement of long-lived radionuclides at low concentrations by means of ICP-MS.
Therefore, the authors decided to separate Pu and Am from the matrix and subsequently
electroplate the separated Pu and Am fractions on a stainless steel target. Due to the fact
that the uranium concentration in soil samples is usually significantly higher than that of
plutonium, a complete separation of Pu from U is not possible. Even after separation, the
determination of 239Pu� is hindered by spectral overlap from 238U1H�, if ICP-MS is used
in combination with liquid standard introduction. Therefore the authors decided to make
use of LA as a sample introduction technique. In this way, the uranium hydride formation
could be reduced, owing to the absence of any water or water vapour during sample abla-
tion. To correct for analyte losses during the extensive sample preparation and for frac-
tionation effects during sample ablation, the ID technique was used for calibration. 242Pu
and 243Am were used as spikes. From the final analysis results, obtained for moss samples
collected from a bog in the eastern Italian Alps, the authors concluded that the environ-
ment at the selected sites had been contaminated with artificial transuranium elements,
probably due to the global fallout after nuclear weapons tests in the 1960s.

Since the Chernobyl accident, the behaviour of 137Cs in the environment has been of
great interest and has been studied in detail, because, owing to its solubility and mobility,
this isotope can be used as a tracer for contamination studies. Moreno et al. used ICP-
IDMS for the determination of Cs and its isotopic composition in nuclear samples [94].
On-line ion-exchange chromatography was applied to separate Cs from Ba, because the
determination of radioactive Cs isotopes suffers from isobaric interferences from natural
Ba isotopes. Three different chromatographic ion-exchange columns were compared and
the authors concluded that the use of a CS5 column with 1 M HNO3 as eluent lead to the
best separation in terms of precision and accuracy. The determination of Cs in highly
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active nuclear wastes, was performed by ID analysis using natural 133Cs as spike. The pro-
posed method was applied to determine the burn-up of irradiated spent fuel samples and
the values obtained were in good agreement with those obtained by -spectrometry and
with simulation calculations.

6.5.2.4 ICP-IDMS in connection with direct solid sampling

ICP-IDMS is most often carried out using pneumatic nebulisation for the introduction of
aqueous solutions. However, application of IDMS is also possible for direct analysis of
solid samples if homogeneous mixing of the sample and spike can be achieved in the solid
phase. In this section, a number of selected applications of IDMS, using electrothermal
vaporisation (ETV) and LA for sample introduction are reviewed.

Resano et al. reported on the application of ID as a calibration method for the direct
determination of Hg in different materials by means of ETV-ICP-MS [95]. Due to its toxic
properties, the determination of Hg at low levels in a variety of samples, is important.
Because some Hg species are very volatile, there is a risk of analyte losses if an analysis
method is chosen which requires an extensive sample pretreatment. Therefore, the authors
decided to use a direct solid sampling method. One of their first considerations was to
develop a reliable, but universal calibration procedure, which could be used regardless of
the matrix composition. Traditionally, for ETV-ICP-MS measurements, calibration is
accomplished by means of aqueous standards. To remove the solvent from these standard
solutions, a drying step is included in the temperature program, while matrix effects can be
reduced by a selective vaporisation of the matrix components during thermal pretreat-
ment. However, for the determination of Hg, both the drying step and the pyrolysis step,
often have to be omitted to prevent analyte losses. Therefore, it is necessary to use a cali-
bration technique that does not require the introduction of high amounts of solvent into
the furnace and that is capable of dealing with matrix effects. By using ID with a Hg spike
in gaseous form for calibration, the authors fulfilled both requirements. In this approach,
a constant flow of gaseous Hg, isotopically enriched in 200Hg and emitted by a home-made
permeation tube (Fig. 6.8), was directed through the graphite furnace by means of an Ar
flow, where it underwent the temperature program, in order to create exactly the same
conditions as for the sample. To test the robustness of the method, three different samples
with different characteristics – BCR CRM 320 River sediment, IAEA-086 Hair and a real
freshwater fish sample – were studied. For all samples, the same experimental conditions
could be used and satisfactory results were obtained.

Next to ETV, also laser-assisted sample introduction has the advantage of direct solid
sampling without extensive sample pretreatment. Although the technique has gained
increasing popularity over the last decade, there are still some problems preventing LA-ICP-
MS to become a more widely adopted routine method in analytical chemistry: the occur-
rence of fractionation and the difficulties sometimes associated with quantification. In
general, the use of matrix-matched standards for calibration is recommended, but for many
applications, no matrix-matched CRMs are available. Therefore, several research groups
have used alternative quantification procedures. For the determination of Ag, Tl and Pb in
platinum nanoclusters by means of LA-ICP-MS, Becker et al. investigated the possibilities of
solution-based ID for calibration [97]. Hereby, the advantages of both the direct ablation of
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a solid sample by a laser beam and the calibration with aqueous standard solutions were
combined. The standard solutions were nebulised with a microconcentric nebuliser with
desolvator, which was coupled on-line with the LA chamber, as is shown in Fig. 6.9.

Differences in sensitivity between LA-ICP-MS and pneumatic nebulisation-ICP-MS
were corrected for by using Cu as the internal standard element. For each experiment, first
an isotopically enriched spike solution was nebulised. After 150s, the platinum nanocluster
samples were ablated and after an additional 150s, 2% nitric acid was nebulised instead of
the spike solution. The isotope ratios of interest, 204Pb/206Pb, 107Ag/109Ag, 203Tl/205Tl and
63Cu/65Cu were monitored during the entire experiment and elemental concentrations
were calculated via the formula for ID analysis. The method developed was validated by the
determination of Ag and Pb in a platinum standard reference material SRM NIST 681.
Finally, the determination of Ag, Tl and Pb in a few milligram of platinum nanoclusters
was accomplished and a good agreement was found between these results and those
obtained via external calibration, using NIST SRM 681.

To ETV-ICPMS
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Figure 6.8 Environmental set-up for generation of the 200Hg-enriched spike. Reproduced from [96].
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Figure 6.9 Experimental arrangement for on-line ID analysis in LA–ICP-MS. Reproduced from [97].
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Also other research groups are working in the field of LA-ICP-IDMS. Tibi and Heumann
reported on the use of ID as a universal calibration method for the accurate determination of
trace elements in powder samples [98]. To investigate the figures of merit of this approach,
the concentrations of Cr, Fe, Cu, Zn, Sr, Cd and Pb were determined in a set of CRMs (dif-
ferent organic and inorganic matrices) by means of LA-ICP-IDMS. The spike solutions were
directly added to the powder samples and homogeneous suspensions were then obtained by
shaking. After drying and homogenising with a Teflon pestle, the isotope diluted samples
were pressed to pellets. Polyvinylalcohol powder was fixed on the back of the pellets to
increase their mechanical stability. For the analysis of the pellets, a LINA-Spark™-Atomizer
was used in combination with a sector field ICP-MS. A medium mass resolution (R � 4000)
was chosen to resolve the signals of the 40Ar12C�, 40Ar16O� and 40Ar16O1H� ions, interfering
with the determination of Cr and Fe at low mass resolution. The results obtained in this way
were in agreement with the certified values for 28 out of the total of 32 trace element con-
centrations. Only for Fe and Cr in some reference materials, deviations from the certified 
values could be noticed. The authors explained these deviations by an inhomogeneous distri-
bution of the corresponding spike element after drying of the isotope diluted sample. They
concluded that IDMS is an extremely valuable supplement to the existing calibration proced-
ures in LA-ICP-MS, although for a few elements, some unsolved problems remain. In other
papers, the same research group applied the method for multi-element trace determinations
in pure alkaline earth fluoride powders [99] and for the direct determination of halogens in
powdered geological and environmental samples [100]. In both cases, the results obtained by
means of LA-ICP-IDMS were in good agreement with reference values obtained by means of
other techniques, or taken from the literature.

6.5.2.5 ICP-IDMS in elemental speciation

As the toxicity and mobility, and hence, the environmental and biomedical importance, of
an element strongly depend on the chemical form in which it occurs, elemental speciation
has become an important topic of research and efforts have been made to couple various
chromatographic and electrophoretic separation methods to ICP-MS as a sensitive and
element-specific multi-element detector. In particular, the coupling of high-performance
liquid chromatography (HPLC) and ICP-MS, for which the liquid flow rates are fully com-
patible, has received considerable attention in the literature.

During an HPLC chromatographic separation process, not only the content of the differ-
ent elemental species in the column effluent will vary as a function of time, but also that of
other substances present at much higher concentration levels. This may lead to a variation
in the degree of matrix-induced signal suppression or enhancement (matrix effects) as a
function of time, such that the accuracy of analytical results obtained using external cali-
bration may be jeopardised. In addition, as an entire HPLC separation process may take a
considerable time, signal drift and instrumental instability may further adversely affect the
results obtained by external calibration. In order to cope with these problems, Heumann 
et al. used ID as a calibration strategy in HPLC-ICP-MS [101]. Depending on the analytical
problem at hand, they made use of either a species-specific spike or a species-unspecific
spike. A schematic overview of both methods, is given in Fig. 6.10.
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For species-specific spiking, the composition and structure of the element species must
be known and the spike must be available or synthesised in an isotopically labelled form of
the element species to be determined. The spike has to be added to the sample before sep-
aration of the different species.

Reyes et al. used this approach for the determination of selenomethionine (SeMet) in
selenium-enriched yeast by means of HPLC-ICP-MS [102]. Because no isotopically
enriched SeMet standard is commercially available, a method was developed for the
biosynthesis of 77Se-labelled SeMet by yeast cultures. The yeast proteins were hydrolysed
with protease XIV and the isotopically enriched SeMet was isolated by anion exchange
chromatography. The isotopic composition and the concentration of the enriched SeMet
spike were determined by HPLC-ICP-MS and reverse ID with a natural SeMet standard.
Subsequently, the isotopically enriched SeMet solution was used for the ID analysis of
SeMet in a yeast intercomparison material. To allow an accurate determination of SeMet in
selenium-enriched yeast, it is important that the SeMet is quantitatively extracted without
changing the identity and concentration of the original compounds. Therefore, the use of
an adequate method of protein hydrolysis is critical and the authors compared several dif-
ferent procedures for the enzymatic extraction of SeMet from yeast samples. The results
obtained after hydrolysis with Protease XIV at 37°C for 20 h, showed that between 59% and
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Figure 6.10 Schematic diagram of the combination of HPLC and ICP-MS for elemental speciation with
species-specific or species-unspecific spiking for calibration by ID. Reproduced from  [101].
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65% of the total Se content was extracted as SeMet, which was in good agreement with the
interlaboratory-mean value available from Ref. [103]. On the other hand, the use of an
enzymatic hydrolysis during 1 min of ultrasonic extraction, resulted in lower SeMet extrac-
tion efficiencies. The authors concluded that, in spite of these lower extraction efficiencies,
the potential of such fast extraction technique is great for speciation purposes and deserves
further study in order to increase the SeMet extraction efficiencies. Of course, not only
selenium, but also a lot of other elements have been the subject of investigation of HPLC-
ICP-MS with species-specific ID, for example, Pb [104,105], Hg [106,107] and Sn [108].

For the quantification of more complex elemental species, synthesis of a species-specific
spike is no longer feasible and hence, ID can only be carried out using a species-unspecific
spike. In this approach, the species of interest are separated from one another using an
appropriate chromatographic method and a continuous flow of enriched spike is mixed
with the column effluent prior to introduction into the ICP-mass spectrometer. Since,
owing to the high temperature of the ICP, the elemental response of ICP-MS is to a large
extent independent of the chemical form of the element under investigation, the com-
pound used in the preparation of this spike is of no importance as long as its isotopic com-
position is sufficiently different from the natural one. As is shown in Fig. 6.11 for Cu, with
this approach, the isotope ratio of interest is monitored as a function of time. When no
copper-containing species are eluted from the column, the measured ratio is that of the
enriched spike. Cu-containing fractions of the eluent, however, shift the isotope ratio of
interest in the direction of the natural isotope ratio, as can be seen from the two ‘negative’
peaks in the chromatogram. Finally, the original chromatogram, showing the variation of
the Cu isotope ratio as a function of time, can be converted into a chromatogram, which
directly displays the amount of Cu present in the effluent as a function of time. This
approach is of major interest for the quantification of metal complexes with proteins in
body fluids or with humic substances in waters of different origin [101].
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Figure 6.11 65Cu/63Cu isotope ratio as a function of the retention time during analysis of a river water sam-
ple using a combination of HPLC, equipped with a size exclusion column (SEC), and ICP-MS, with species-
unspecific spiking for ID purposes. Reproduced from [101].
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Rottmann and Heumann used ID with a species-unspecific spike to study heavy metal
interactions with dissolved organic materials in natural aquatic systems [109]. For this study,
they coupled an HPLC system, equipped with an SEC column on-line, to an ultraviolet (UV)
detector and an ICP-mass spectrometer. During the experiment, a spike solution was contin-
uously pumped into a Y-junction, so that it is thoroughly mixed with the eluent flow con-
taining the separated species. Simultaneous registration of the presence of UV-absorbing
organic matter and the heavy metals in the column effluent permitted conclusions to be
drawn concerning the interactions between the metals under investigation and humic sub-
stances, which form the major part of dissolved organic matter in waters of different origin.
In addition, the ID approach allowed accurate quantitative information to be obtained.

For volatile species or species that can be derivatised into a volatile form, (capillary) gas
chromatography ICP-MS is a powerful speciation technique. In comparison with HPLC-
ICP-MS, GC-ICP-MS offers a higher resolving power, 100% introduction efficiency, allows
a more stable plasma, gives rise to fewer spectral interferences as a result of the plasma
being dry and leads to less sampling cone and skimmer wear. Of course, on the other hand,
the application range is limited to thermally stable and volatile species and species that can
be derivatised into a sufficiently volatile form. In speciation work carried out using CGC-
ICP-MS, ID can be used for calibration, and similar to the situation for HPLC-ICP-MS,
either a species-specific spike or a species-unspecific spike can be used.

In a recent article, Poperechna and Heumann reported on the use of species-specific ID
GC-ICP-MS for the simultaneous multi-species determination of trimethyllead (Me3Pb),
monomethylmercury (MeHg) and three butyltin compounds (mono-, di- and tributyltin –
MBT, DBT, TBT) in biological samples [110]. Taking into account that these compounds are
highly toxic and that they can accumulate in marine animals, the development of an accurate,
sensitive and simultaneous analysis method for these species is of prime importance for the
quality assurance of seafood. Based on the results of previous work in this field [108,111],
GC-ICP-IDMS was found to be the method of choice. Most of the isotopically-labelled spike
compounds, necessary for the ID step, were commercially available (MeHg, enriched in 202Hg
and a mixture of the three butyltin compounds, all enriched in 119Sn). Only the trimethyllead
spike was not available and had to be synthesised by reaction of lead bromide with methyl-
lithium (to give tetramethyllead) and subsequent addition of elementary iodine (to form
Me3PbI). The method was validated by the analysis of three biological reference materials and
a sediment reference material. After careful investigation, the authors concluded that no
species transformation was found under the experimental conditions used in this work and
that the GC-ICP-IDMS results agreed very well with the certified values. Finally, the method 
developed was also applied to seafood samples, purchased from a supermarket. Interesting
conclusions from this work are that the highest methylmercury contents were found in tuna
fish and shark samples. For butylated tin compounds on the other hand, the highest concen-
trations were found in mussels, which often live in harbour areas, where contamination with
butyltin compounds is more likely as TBT is/was used as an active component in paints that
prevent the growth of algae and mussels on hulls of ships and in docks.

Also Rodríguez-González et al. developed a method for speciation analysis of butyltin
compounds by GC-ICP-MS with ID for calibration [112]. They paid special attention to
the possibility of species rearrangement reactions throughout the speciation procedure. By
using a triple spike approach, the authors were able to calculate accurately the three
butyltin concentrations plus the values of six possible interconversion yields (Fig. 6.12).
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For the development of the triple spike approach, a spike solution containing all three
butyltin species, each of them isotopically labelled with a different isotope, was synthesised
and the mathematical equations required for the application of this powerful tool were
developed. To evaluate the method developed, determination of butyltin compounds in
the certified reference material CRM-477, was carried out after microwave-assisted extrac-
tion under different conditions. The corrected concentrations and the factors describing
possible rearrangement reactions were calculated for increasing heating times from 1 to
16 min at 150 W. Only at 16 min of heating, the decomposition of DBT into MBT was
clearly observed, whereas direct degradation of TBT to MBT, as well as butylation reac-
tions, were found to be negligible under all conditions. The good agreement between the
experimental values and the corresponding certified values, confirmed that the proposed
triple spike methodology is able to correct for any interconversion reaction that may occur
during the speciation analysis procedure of tin.

An example of the application of species-unspecific ID analysis for mercury speciation
was given by Gelaude et al. [96]. In this work, a fast and sensitive method for the determi-
nation of methylmercury and inorganic mercury by using solid sampling ETV-ICP-MS
was developed. The method is based on the fact that by means of ETV, vaporisation of
these mercury species can be separated from one another in time (Fig. 6.13). For the quan-
tification of the two peaks, different calibration approaches were investigated. Due to the
fact that the inorganic mercury was vaporised simultaneously with most of the organic
matrix, and consequently, the signal for the inorganic mercury was heavily suppressed,
while the vaporisation of MeHg was disturbed in the presence of H2O, the use of ID 
with a gaseous Hg phase was considered to be the most promising calibration approach.
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Figure 6.12 Possible interconversion pathways of the butyltin compounds. Reproduced from [112].
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The quantification of both species was carried out by mixing a stable flow of argon loaded
with gaseous Hg, isotopically enriched in 200Hg, which was generated by a homemade per-
meation tube. Moreover, by adapting the temperature of the permeation tube, the
spike/sample ratio could be optimised, so that the method can also be applied to samples
with a large diversity in mercury content. To assess the figures of merit of this approach,
CRMs with different inorganic mercury and methylmercury contents were analysed and
the results obtained were in excellent agreement with the certified values.

6.5.3 Tracer studies

6.5.3.1 Tracer studies for investigating (human) 
metabolism and element toxicity

Radioisotopes have been and still are frequently used as ‘tracers’ for in vivo diagnostic
investigation and for obtaining a better insight into biochemical processes occurring on
intake of either essential or toxic elements. In cases where no radioisotope of appropriate
half-life exists and for safety reasons (especially when pregnant women or young children
are the subject of investigation), stable tracers with an isotopic composition sufficiently
different from the natural one can be used. In these instances, the change(s) in (a) selected
isotope ratio(s) has/have to be monitored on administration of a tracer or spike by means
of a mass spectrometric detection device. The tracers involved may be administered to the
subject via the alimentary canal, the respiratory system, the integument or by injection.
Traditionally, for the ‘heavier’ elements, these isotope ratio measurements were carried out
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Figure 6.13 Separation of organic and inorganic mercury by means of ETV. Reproduced from [96].
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by TIMS. This, however, requires the analyte to be isolated from the matrix, which often
leads to labour-intensive and time-consuming sample preparation. In addition, TIMS
instrumentation is not widespread. Nutritional, toxicological and pharmacological studies
have therefore benefited significantly from the introduction of ICP-MS. A number of pub-
lications have presented an overview of the use of ICP-MS for biomedical research and/or
reported on the use of stable isotope tracers in this domain [113–115].

Such stable isotopic tracer experiments can be carried out in several ways as use can be
made of, for example, a mass balance, single and dual tracer administration, and continu-
ous administration. Although a considerable amount of literature on this subject is avail-
able and a variety of elements have already been studied in clinical samples (e.g. Mg, Fe, Ni,
Cu, Zn, Se and U), only a limited number of selected applications are discussed here to give
the reader some insight into the potential of these tracer experiments.

Karpas et al. evaluated the fractional absorption of U and its behaviour after gastro-
intestinal absorption by measuring both the concentration and the isotopic composition of
U in urine after oral administration of a small dose of isotopically depleted uranium (DU)
(with a 235U isotopic abundance of 0.245%) to five individuals [116]. As the daily intake of
U is significantly higher than often assumed, on average in the �g day�1 range and some-
times substantially higher, an evaluation of the uptake of U indeed deserves considerable
attention. The high sensitivity of the ICP-MS instrumentation used allowed analysis of
each individual voiding, hence, detailed biokinetic studies could be carried out. The results
obtained for both the U concentration and its isotopic composition indicated a fast excre-
tion of U in the urine. Although important between subject differences could be estab-
lished, the average uptake fraction obtained (0.1–0.5%) is in agreement with that observed
in other studies. Isotopic analysis of the urine samples indicated a rapid decrease in the
235U isotopic abundance, reaching a minimum value approaching that of the ingested U
within a few hours. Thereafter, the 235U isotopic abundance gradually increased until the
natural value was obtained again. Taking into account this isotopic behaviour and the gas-
trointestinal absorption efficiency, it was possible to evaluate the accuracy of existing 
models for the uptake of U. On the basis of this evaluation, it could be concluded that the
mechanism of U absorption and excretion is rather complex and involves exchange of
ingested U and U stored in different body compartments.

Rodriguez-Cea et al. demonstrated that the use of a stable isotopic tracer does not only
provide information on the total absorption of a particular element, but also on element
redistribution over various body compartments and the governing mechanisms [117]. In
their experiment, seven European eels (Anguilla anguilla) were exposed to 100 �g l�1 of
111Cd during 3 weeks. After exposure, liver and kidney tissue of these animals was dissolved
and analysed for total content and isotopic composition of the Cd present. Blank values
were obtained using tissues from another group of seven eels, not exposed to 111Cd. Based
on the measurement data obtained, the authors were able to discriminate between Cd pre-
viously present in liver and kidney tissue and ‘new’ cadmium (de novo cadmium) that was
incorporated during the 3 weeks of exposure. The results obtained indicated redistribution
of Cd, as part of the original Cd present in the liver was relocated to the kidney for ‘stor-
age’. Although the mechanism by which they operate is not fully understood yet, it is
known that metallothioneins (MT) – small metal-binding proteins, rich in sulphur-
containing amino acids and synthesised in the liver and kidney – play an important role in
metal ion transport and detoxification processes. The cytosolic fraction of liver and kidney
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tissues was therefore isolated using an approach in which ultracentrifugation played the
central role, the MT-containing fraction separated using SEC and subsequently, subjected
to HPLC (anion exchange chromatography) – ICP-MS, which provided further quantita-
tive information on their role in the Cd redistribution.

From these examples, it is clear that absorption or bioavailability of an element can 
be determined by measuring the change in its isotopic composition in relevant body fluids
or tissues after orally administering an enriched isotope (a single tracer) to subjects. In
order to obtain meaningful results with this approach, often some assumptions have to be
made concerning the distribution of the absorbed element over various body compart-
ments. As there is often considerable dispute or lack of information concerning this mat-
ter, a more reliable approach for these studies is the ‘double’ or ‘dual’ tracer method. In this
approach, one tracer is administered orally and another intravenously, and therefore redis-
tribution in the body is automatically compensated for and more accurate results can be
obtained.

Whittaker et al. used the dual tracer approach to determine the absorption of Fe in nor-
mal women [118]. The results reported are part of a study investigating the necessity of
iron supplements for pregnant women. An evaluation of this necessity is of importance,
not only because an increased dose of iron may give origin to gastrointestinal upsets and
may affect the uptake of other essential elements, but also because general prescription
presents a financial burden that cannot be neglected. After having fasted overnight, a basal
blood sample was taken from all subjects (non-pregnant, normal, healthy women).
A 200 �g dose of 57FeSO4 was then administered intravenously, followed by an oral dose con-
sisting of 5 mg 54FeSO4. In order to study the uptake (rate) of Fe in human serum, blood
samples were taken at various time intervals after administration and the 54Fe/56Fe and
57Fe/56Fe isotope ratios in the serum fraction were determined by means of ICP-MS, using
ETV for sample introduction. As can be seen from Fig. 6.14, immediately after administra-
tion of the dual tracer, a significant increase in the 57Fe/56Fe isotope ratio in the serum was
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Figure 6.14 Time course of Fe isotope ratio enrichment in serum after (a) oral 54Fe and (b) intravenous 57Fe
administration to a non-pregnant woman. The Fe isotope ratio enrichment is defined as log[(54 or
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observed; thereafter the 57Fe/56Fe ratio decreases gradually as a result of Fe excretion and
redistribution over different body compartments. As a result of 54Fe having been adminis-
tered orally, the 54Fe/56Fe ratio shows a delayed but rapid increase and the ratio of interest
was observed to reach a maximum after approximately 1 h. A slow decrease in the 54Fe/56Fe
ratio was then observed. Measurement of both isotope ratios allowed calculation of the
amount of oral Fe absorption.

It should be noted that Whittaker et al. performed these experiments in 1989 with a trad-
itional quadrupole-based ICP-mass spectrometer. ETV was used for sample introduction
to avoid bias of results due to the occurrence of Ar-based molecular ions (ArN�, ArO� and
ArOH�), which gave rise to important spectral overlap when using pneumatic nebulisa-
tion. However, over the last 15 years, new types of ICP-MS instruments have been 
developed, characterised by improved measurement capabilities and performance. For
example, sector field ICP-MS and quadrupole-based ICP-mass spectrometers equipped
with a reaction/collision cell have significantly improved interference removal capabilities
and MC-ICP-MS provides isotope ratio precisions similar to those of TIMS. All these tech-
niques have been applied for the determination of Fe isotope ratios in different sample
types. Ingle et al. used single-collector sector field ICP-MS for the determination of iron
isotope ratios in faeces [119]. They found good agreement between ICP-MS and TIMS
results and precisions in the 0.5–1.0% RSD range were obtained. Vanhaecke et al. investi-
gated the possibilities of reaction cell technology for the interference-free determination of
Fe in human serum [120]. They concluded that by using an appropriate reaction gas (NH3

or CO) and after careful optimisation of some instrumental parameters, most argon-based
(and even some calcium-based) interferences can be effectively removed in a reaction cell,
enabling accurate 54Fe/56Fe determination. The precisions obtained for isotope ratio meas-
urements were similar to those reported for sector field ICP-MS. Although these single-
collector instruments can produce valuable data for the estimation of iron absorption, it is
clear that MC-ICP-MS is even a more useful tool. Indeed, the amount of enriched tracer(s)
required for tracer experiments, is determined by several factors. A prerequisite for obtain-
ing meaningful results is a significant difference between the isotope ratios of interest
before and after administration of the tracer(s). Hence, the amount of tracer required is
determined by the amount of element present in the body compartment of interest, the
amount of absorption, the normal daily intake and the measurement precision, since the
difference between the isotope ratio before and after administration should be more than
three times the standard deviation of the basal isotope ratio. Furthermore, the price of the
stable tracers has also to be taken into account. It is here that MC brings an important
advantage, because the very high precision allows the use of small doses of enriched stable
isotope to be administered. Additionally, nowadays, also MC instruments can be operated
at higher mass resolution (Fig. 6.15), such that not only very precise, but also very accurate
results can be obtained. At present, isotope ratios of Fe have already been determined by
MC-ICP-MS [30,121]. The isotope ratio precision attainable was even sufficient to reveal
natural isotopic variation in Fe between individuals and between sexes [122].

Comparable tracer studies have also been carried out for other metals and metalloids of
biomedical/nutritional importance. Unfortunately, as is the case for Fe, also for Mg, Ca, Ni,
Cu, Zn, Se and Mo accurate determination of the isotope ratios of interest is often 
hampered by spectral interferences. Nevertheless, several authors have reported on the use
of quadrupole ICP-MS for the isotope ratio determination of these elements, after an
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appropriate sample preparation step or by using an alternative sample introduction system
[e.g. 123–125]. More recently, a small number of articles on the use of single-collector and MC
sector field ICP-MS for isotope ratio determinations in nutritional/biological studies have
been published (e.g. [126–129]). De Wannemacker et al. developed a method for the quan-
tification of Mg2� transport across the intestine of tilapia fish [127]. Because the Mg2� ion
is involved in numerous biochemical processes, insight into the uptake and partitioning
mechanisms of Mg is important. A series of experiments was designed to assess bidirec-
tional transepithelial Mg2� fluxes across the proximal intestine of tilapia fish. Two solu-
tions (representing the lumen content and body fluid, respectively) were separated by a
sheet of intestinal tissue. Both solutions contained the same concentration of Mg. In solu-
tion 1, the Mg was enriched in 24Mg, while in solution 2 the Mg was enriched in 26Mg. By
measuring the 26Mg/24Mg isotope ratio as a function of time for both solutions, the Mg2�

fluxes could be determined. In spite of the numerous possibilities for spectral overlap,
accurate determination of Mg isotope ratios was possible by using a sector field ICP-mass
spectrometer operated at a higher mass resolution (R � 3000). In a study by Ingle et al.,
MC-ICP-MS was used for the determination of total zinc and zinc isotope ratios in nitric
acid digests of freeze-dried faecal material, available from a stable isotope tracer experi-
ment [128]. In this study, the absorption of zinc from three different diet types, ‘meat’,
‘poultry and fish’ and ‘vegetarian’, was investigated using the faecal monitoring technique
with 70Zn as the tracer. For this study, the required within-sample precision for a ratio
involving the tracer isotope was 0.4% RSD. First, the single-collector acquisition mode was
tested, but the within-sample precision (typically 0.6–1.5% RSD) was insufficient for the
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requirements of the study. Therefore, MC instrumentation had to be used. To separate the
signal for 70Zn� from that for the interfering molecular ion 40Ar14N16O�, the axial detector
channel was operated at an increased mass resolution (R � 2350), while the other isotopes
of interest were measured at low mass resolution using Faraday collectors. Typical within-
sample precisions for acid digested faecal samples were 0.1–0.3% RSD for all ratios con-
sidered, meeting the requirements of this human study. Moreover, a good agreement was
found between the ICP-MS results for acid digested solutions of the faecal samples and the
results of TIMS analysis of fully cleaned up samples (from the same set). Preliminary
results from the nutritional study indicated that there is no significant difference between
the apparent zinc absorption from meat, poultry and vegetarian diets.

Finally, tracer studies can also be applied to investigate chemical reactions and physical
processes. Ketterer and Fiorentino, for example, have used a stable tracer experiment to
determine the Tl(III/I) electron self-exchange rate in aqueous HClO4 [130]. Tl(III) ions
were obtained from Tl2O3 enriched in 203Tl (abundance ~36% in comparison with a nat-
ural abundance of 29.52%). Tl(I) was prepared from Tl reagents of natural isotopic 
composition. Subsequently, labelled and unlabelled reactants were mixed and stepwise sep-
aration was carried out by means of selective precipitation of Tl(I) as TlBr. In both the TlBr
precipitate and the Tl(III) solution phase, the isotopic composition of Tl was determined by
means of ICP-MS. The electron self-exchange rate constant, calculated on the basis of the
results obtained, compared favourably with a previously published value obtained using
radiolabelled (204Tl) reactants.

6.5.4 Determination of natural isotope ratios

6.5.4.1 Geochronology and other applications in the geosciences

Since several decades, isotopic analysis is playing a crucial role in the geosciences: GSMS is
used for isotopic analysis of the light elements H, C, N, O and S, while isotopic variations in
other elements can be studied via TIMS. Traditionally, only the least demanding applica-
tions could be tackled using ICP-MS. Of the light elements typically studied using GSMS,
only S has also become accessible using ICP-MS, as the spectral interferences the S isotopes
suffer from (e.g. overlap of the signals of 32S� and 16O2

� at unit mass resolution) can be over-
come by using a collision/reaction cell [131] or high mass resolution [20]. At present how-
ever, MC-ICP-MS is replacing TIMS for an increasing number of applications [32] and has
even given new impetus to the geosciences by offering possibilities that were previously
unheard of. Next to the higher sample throughput, also the high ionisation efficiency of the
ICP is considered as an important advantage as some of the target elements are charac-
terised by a relatively high IE and thus can only be analysed with TIMS via the production
of negative molecular ions. Currently, articles reporting on the use of MC-ICP-MS for
unravelling geological problems are published in high abundance and they provide new
insights into topics as the formation of the solar system, planet accretion, climate changes
over a geological timescale, volcanism and ore formation to cite only a few. Most of the art-
icles on the use of MC-ICP-MS in geo- and cosmochemistry, however, cover highly spe-
cialised topics and were hence assessed to be beyond the scope of this chapter. Only some
typical examples with a content accessible to the average reader were selected to shed some

202 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 202



Use of ICP-MS for Isotope Ratio Measurements 203

light on the possibilities of ICP-MS in this context. For a deeper insight, the reader is
referred to the specialised literature. Attention will also be given to applications carried out
using quadrupole-based or sector field instruments equipped with a single detector.

Elements such as Sr, Nd, Hf, Os and Pb show variations in their isotopic composition as
a result of natural radioactivity. 87Sr, for example, is produced as a result of the ��-decay
of the naturally occurring and long-lived (T1/2 � 50 billion years) radionuclide 87Rb into
87Sr. As a result, determination of the Rb and Sr contents and of the 87Sr/86Sr isotope ratio
of whole rock samples or isolated minerals of a rock formation can be used for dating 
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purposes [4], at least if the system has always been closed with respect to Rb and Sr mobil-
ity. For most of these applications, a very high isotope ratio precision is required, such that
this application range was almost exclusively the domain of TIMS. Nevertheless, Vanhaecke
et al. demonstrated that in less demanding cases, also single-collector sector field ICP-MS
[132] and even quadrupole-based ICP-MS [133] may provide accurate results. For the two
rock formations – Nilgiri Enderbites, India (c. 2500 million years old) and Regensburg
Forest Granites, Germany (c. 360 million years old) – dated, the results were in good agree-
ment with the corresponding TIMS results (Fig. 6.16). In contrast to TIMS, where the ana-
lyte (in this case Sr) has to be isolated as purely as possible from all concomitant matrix
components, separation of Sr from Rb (accomplished using cation exchange chromatogr-
aphy) sufficed in this context.

Even with sector field ICP-MS, this chemical separation is required since the maximum
mass resolution offered by present-day instrumentation (R � 10 000) is by far insufficient
to resolve the spectral overlap of the signals of 87Sr� and 87Rb� (minimum mass resolution
required: 300.000). Self-evidently, the less stringent sample preparation and the more
straightforward sample introduction lead to a much higher sample throughput with ICP-
MS. Moreover, Moens et al. [25] demonstrated that by using CH3F as a reaction gas in a
DRC, chemical separation of Sr and Rb prior to the measurement could be avoided. Under
these conditions, Sr� ions are (partly) converted into SrF� ions, while Rb� ions show no
reactivity towards CH3F, such that the 87Sr/86Sr isotope ratio can be measured interference-
free using the corresponding SrF� signals (Fig. 6.17). Ne was admixed with CH3F to
improve the isotope ratio precision by means of collisional damping.

The only drawback of this approach is that matrix-matched isotopic standards had to be
used for mass discrimination correction. In a later study, Vanhaecke et al. [134] demon-
strated, that, in general, the mass discrimination is more affected by the matrix when using a
pressurised DRC. For more demanding cases of Rb–Sr dating, MC-ICP-MS can be applied.
Willigers et al. [135] compared MC-ICP-MS and TIMS for Rb–Sr dating of biotites from the
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Figure 6.17 Mass spectrum obtained via quadrupole-based ICP-MS. By using CH3F as a reaction gas in
a DRC, Sr� ions are converted into SrF� ions, enabling interference-free 87Sr/86Sr isotope ratio determi-
nation. Reproduced from [25].
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Oslo rift (Norway) and concluded that MC-ICP-MS was superior for this application, as the
spread in the results obtained was three times smaller than that in the corresponding TIMS
data. Therefore, they state that MC-ICP-MS can reveal geological information obscured by
TIMS Rb–Sr age determination. Also in U–Th dating studies, MC-ICP-MS was reported to
provide better precision than TIMS [136].

Next to Rb–Sr dating, several other geochronometers exist and their use is based on the
same or similar general principles (e.g., Sm–Nd, Lu–Hf, Re–Os, U, Th–Pb and U-series dat-
ing [4]). Barfod et al. demonstrated that MC-ICP-MS permits Lu–Hf dating of sedimentary
formations [137]. Selby and Creaser used LA-MC-ICP-MS for Re–Os isotopic analysis of
molybdenite [138]. As a result of its high IE, isotopic analysis of Os using TIMS can only be
accomplished by using the negative ion technique. Halliday used the 182Hf–182W system to
investigate the origin of the moon and estimate its age [139]. On the basis of isotopic analy-
sis of lunar samples, they concluded that the moon is probably formed as a result of a colli-
sion between the young Earth and another object of similar size. On the basis of the results
obtained via MC-ICP-MS, this interplanetary ‘big bang’ is estimated to have occurred
approximately 50 million years after the genesis of our solar system. The Nb–Zr system
(92Nb decays into 92Zr with a half-life of 3.6 million years) can be used for obtaining infor-
mation on the timing of early solar system processes [140].

The use of LA as a means of sample introduction for MC-ICP-MS is currently receiving
ample attention as it allows a substantial decrease in terms of sample preparation and con-
sumption and/or provides the opportunity of providing spatially resolved isotopic informa-
tion. Willigers et al., for example, compared LA-MC-ICP-MS and TIMS for Pb–Pb dating of
apatite and monazite from metamorphic rocks from West Greenland and concluded that
while being vastly more rapid, LA-MC-ICP-MS provided ages identical to those obtained via
conventional sample processing and subsequent TIMS analysis [141]. Nevertheless, it is neces-
sary to point out that results obtained via LA-MC-ICP-MS have to be critically assessed and
validated. Stirling et al., for example, demonstrated that when using a frequency-quadrupled
266 nm Nd:YAG laser, data obtained in 238U–234U–230Th dating of zircon and opal samples
depended on the type of carrier gas used [142]. While with Ar, considerable elemental frac-
tionation, affecting the ages obtained, was observed, the use of He as a carrier gas permit-
ted accurate results to be obtained. If the necessary precautions are taken however,
LA-MC-ICP-MS offers undeniable advantages compared to other approaches. Corals are
late Pleistocene carbonates that have archived important information concerning sea-level
changes and continental climate changes and are therefore often studied in palaeoclimate
studies. Of course, for drawing meaningful conclusions, reliable dating of the corals is neces-
sary. Dating of corals is possible using �-spectrometry, TIMS or MC-ICP-MS after digestion
and further sample processing. However, only the combination of LA with MC-ICP-MS pro-
vides the high sample throughput required for rapid age determination and screening of
uncharacterised coral samples. While the highly abundant 238U was monitored using a
Faraday collector, ion counters were used for the detection of the low-abundant 234U, 235U,
230Th and 232Th isotopes. Samples with an age from �10,000–600,000 years could be suc-
cessfully dated [143]. The method provides results similar to those obtained via �-spectrom-
etry, but the amount of sample required is decreased by a factor of 10.000 (!), while no
sample preparation is required with LA-MC-ICP-MS. Hirata showed that LA-MC-ICP-MS
shows sufficient precision to study variations in the 182W/183W isotope ratio due to radio-
active decay of 182Hf on samples containing as little as 20 ng of W [144].

Use of ICP-MS for Isotope Ratio Measurements 205
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Next to radiogenically altered isotope ratios, also isotopic variations occurring as a result
of natural fractionation effects can provide information on geological processes and as a
result of the use of MC-ICP-MS, such fractionation effects have been demonstrated for an
increasing number of elements. It is evident that – as a result of the large relative mass dif-
ference between the isotopes – especially the light elements undergo isotopic fractionation
in natural processes. Isotopic analysis of B via MC-ICP-MS was, for example, used to
obtain information of the origin of this element present in a geothermal system [145].
Gussone et al. determined Ca isotope ratios in skeletal aragonite and calcite from different
marine biota [146]. The Ca fractionation observed was related to the temperature at which
the precipitation of CaCO3 took place. As a result, Ca isotopic analysis shows the potential
to provide information on temperature variations to be used in palaeoclimate reconstruc-
tion. Poitrasson and Freydier studied the Fe isotopic composition of igneous rocks and
observed a good correlation between the isotopic composition of Fe on one hand and the
MgO and SiO2 contents of the granitoids on the other hand [147]. This is interpreted by
the authors as an indication of exsolution of late magmatic fluids from the granitic melt.
Malinovsky et al. developed a method for precise measurement of Mo isotope ratios on the
basis of which they could demonstrate that geochemical processes during weathering and
transport of Mo to the oceans induce isotopic fractionation [148]. Isotopic analysis of Mo
can be applied to obtain information on redox conditions in the geological past. On the
basis of a study executed using MC-ICP-MS, Rouxel et al. conclude that a relative strong
isotopic fractionation occurs during reduction of Sb(V) into Sb(III) [149]. Hence, the
authors suggest that Sb isotopes can be used as palaeoredox tracers in oceanic systems.

It is necessary to point out that for these highly challenging applications, isolation of the
target element from the concomitant matrix is required in order to permit accurate cor-
rection for the instrumental mass discrimination, observed in MC-ICP-MS. These chem-
ical separations have to be carried out with the utmost care, as also this chemical processing
can result in isotopic fractionation [150]. As a result, quantitative recovery of the target 
element is often an important prerequisite.

6.5.4.2 Archaeometric and archaeological applications

Provenance determination and evaluation of authenticity via isotopic analysis has been
successfully used in the domain of archaeometry, with Pb being the most important target
element. Pb has four stable isotopes, three of which are radiogenic: radioactive decay of
238U and 235U gives origin to 206Pb and 207Pb as end products, respectively, while the end
product of radioactive decay of 232Th is 208Pb. 204Pb is not radiogenic. Hence, the isotopic
composition of lead ores varies considerably, depending on the age and the parent:daugh-
ter ratios in geological formations (see Table 6.5). As the isotopic composition of Pb is not
noticeably changed during industrial processing, manufacturing of objects of art or bio-
chemical processes, measurement of the Pb isotope ratios and comparison with database
values can provide information on the provenance of archaeological objects. In this section,
a number of selected applications from various fields are discussed, and should give 
the reader some idea of the possibilities of this approach. Moreover, the high sensitivity
displayed by ICP-MS and thus, the low amount of sample required, allow this type of
chemical analysis with minimal damage to the artefacts studied.

206 Inductively Coupled Plasma Spectrometry and its Applications
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During dredging operations in the rivers Scheldt and Durme (Belgium), 26 copper alloy
statuettes, representing Roman gods, were found. De Wannemacker et al. carried out Pb iso-
topic analysis of these artefacts using single-collector sector field ICP-MS and compared the
results obtained with literature data for different Pb ore mines that were exploited during
Roman times [152]. Of each statuette, a few mg of sample was taken using a stainless steel
drill. The samples were acid-digested in open vessels and subjected to Pb isotopic analysis
with a single-collector sector field ICP-MS instrument, operated at low mass resolution.
208Pb/206Pb and 207Pb/206Pb ratios could be determined with a precision of 0.05–0.15%
RSD, while for 204Pb/206Pb, a precision of 0.1–0.4% was obtained due to the lower isotopic
abundance of 204Pb (counting statistics). Plotting the experimental results on a bivariate
plot – 208Pb/206Pb as a function of 207Pb/206Pb – on which also the isotopic fields for differ-
ent ancient mining areas were indicated – provided information on the origin of the metal
used in their manufacturing (Fig. 6.18). It was concluded that some statuettes were manu-
factured from Pb from the British islands, while for other, Pb originating from Southern
Europe was used. The grouping of the statuettes thus obtained was in agreement with that
obtained on the basis of stylistic investigation.

When using LA as a means of sample introduction, even less damage is inflicted to the
samples investigated. Schultheis et al. carried out Pb isotopic analysis of historic glass sam-
ples via LA – single-collector sector field ICP-MS [153]. Mass discrimination was corrected
for by using either a glass reference material NIST SRM 610 or a Pb isotopic reference
material NIST SRM 981 as an external isotopic standard. The Pb isotopic composition of
NIST SRM 610 was previously determined using the 203Tl/205Tl isotope ratio for mass bias
correction (power law equation). This investigation led to the conclusion that the single
layers of iridescent Art Nouveau lead crystal glass samples originated from different
sources. In spite of the low Pb concentration in glass fragments excavated at the archaeo-
logical site of Ephesos in Turkey, Pb isotopic analysis via LA-ICP-MS provided sufficient
isotope ratio precision to discriminate between fragments from different origin.

As the use of LA for sample introduction leads to transient signals and elemental frac-
tionation may occur to some extent during the ablation process (depending on the type of
LA system used), the isotope ratio precision obtained with a single-collector instrument is
poorer than when using pneumatic nebulisation for sample introduction. The application

Table 6.5 206Pb/207Pb isotope ratios of ore deposits [151]

Country Mining district 206Pb/207Pb

USA Missouri 1.385
Idaho 1.052

Russia Altay, Kazakhstan 1.131
Australia Broken Hill 1.037
Canada British Columbia 1.064

New Brunswick 1.160
Ontario 0.920

Peru Cerro de Pasco 1.200
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range of LA-ICP-MS for isotopic analysis is however considerably extended by using 
MC-ICP-MS. LA-MC-ICP-MS was, for example, used for Pb isotopic fingerprinting of
Roman silver coins [154] and for investigating metal artefacts stemming from the early
Bronze Age and found in central Germany and Bohemia [155]. Next to Pb, Klein et al. [156]
also studied the isotopic composition of Cu, present in coins from Roman times (between
16 BC and 37 AD). The Cu isotope ratio results were assessed to provide supplementary
information useful in grouping and classification. Junk and Pernicka on the other hand
introduced isotopic analysis of Os, which shows variations in its isotopic composition as a
result of the radioactive decay of 187Re and 190Pt, via LA-MC-ICP-MS as a means of prove-
nance determination of gold coins [157].

Fortunato et al. used MC-ICP-MS for Pb isotopic analysis of the commonly used white
lead 2PbCO3·Pb(OH)2 pigment, originating from 16th and 17th century paintings [158].
Minute samples (50–200 �g) were taken from Old Masters’ paintings of the Northern and
Southern schools. On a bivariate plot (207Pb/204Pb as a function of 206Pb/204Pb), the data
points for white lead pigments used by Flemish painters, such as Rubens and van Dyck
form a narrow cluster that is clearly separated from the data points for the same pigment
from contemporary Italian paintings (Figs. 6.19 and 6.20).

Surprisingly, comparison of the Pb isotope ratio data obtained for the Flemish paintings
with information on the isotopic composition of ore samples, led to the conclusion that no
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local ores were used in the production of the pigment, but that the ore, the Pb isolated out
of the ore or the pigment itself was imported from England or Germany. This information
and type of analysis can be useful in authentication studies and in revealing the history of
a work of art, for example, the detection of later overpaints or retouchings.

Latkoczy et al. used single-collector sector field ICP-MS operated at low mass resolution
for Sr isotopic analysis on 7000 year-old human skeleton remains, discovered in lower
Austria [159]. The skeletons found at this Neolithic settlement showed ample evidence of a
violent death. Significant differences in the 87Sr/86Sr ratio (determined with a precision bet-
ter than 0.03% RSD for n � 5) between individuals found at the same location indicated
that the human remains stem from at least two populations: this observation was inter-
preted as evidence for a hostile encounter with casualties between two tribes. Prohaska et al.
used LA – single-collector ICP-MS for spatially resolved Sr isotopic analysis of teeth [160].
Despite the poorer isotope ratio due to the use of LA for sample introduction, a difference
in Sr isotopic composition between dentine and enamel for an individual from the
Neolithic settlement mentioned above, demonstrates a change in food source and hence, a
possible migration during early childhood.

6.5.4.3 Provenance determination of agricultural products

For a growing range of agricultural products, there is a need for objective methods for deter-
mination of their geographical provenance. For wines, the geographical origin may be indi-
cated on the bottle under the form of the AOC (Appelation d’Origine Contrôlée). As a result
of the economical importance of the wine trade and the high prices paid for prestige wines,
it is worthwhile to apply chemical methods for provenance determination and hence, for
evaluating the authenticity of the indicated origin and thus to trace down fraud. These
methods also play a role in the protection of terms of which the use is legally restricted to a
well-defined region of origin (e.g. Champagne, Madeira, Port wine) and that are considered
as a fundamental indication of quality. Isotopic analysis of elements showing natural varia-
tion in their isotopic composition can be used as a powerful tool in this context. Although
in the majority of cases, this type of work is focusing on the light elements H, C, N and O,
and is thus carried out using gas source MS, ICP-MS has entered this field as well. Sr is one
of the elements that was investigated in this context. Almeida and Vasconselos, for example,
developed a method based on UV irradiation of wine, cation exchange chromatography to
separate Sr from Rb (to avoid the isobaric overlap of the signals from 87Sr and 87Rb) and iso-
topic analysis of the Sr fraction using quadrupole-based ICP-MS [161]. Mass discrimin-
ation was corrected for by using the 86Sr/88Sr isotope ratio – which is constant in nature – as
an internal standard. The precision obtained (�0.3% RSD) was sufficient to discriminate
wines coming from the North of Portugal from those coming from the South of the coun-
try. Bordeaux wines (France) showed an Sr isotopic composition (or 87Sr/86Sr isotope ratio)
significantly different from that of the Portuguese wines. More recently, Coetzee and
Vanhaecke showed that also the 11B/10B isotope ratio that varies as a result of natural frac-
tionation processes shows promise as a tool for discriminating wines according to geo-
graphical origin [162]. Also in this case, quadrupole-based ICP-MS was used, while sample
preparation was limited to 100-fold dilution of the wine. It was shown that Bergerac
(France), Valpolicella (Italy) and South African wines showed a clear difference in B isotopic
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composition and on the basis of B isotopic composition, even South African wines could to
some extent be distinguished from one another according to origin (Robertson, Stellenbosch
or Swartland).

As a result of its superior precision, the use of MC-ICP-MS is often required or at least
recommendable in provenance determination. Barbaste et al. reported an isotope ratio pre-
cision of 0.002–0.003% for 87Sr/86Sr isotope ratios obtained for wine and could easily dis-
tinguish between wines grown on basaltic, mixed and granitic soil areas [163]. Fortunato 
et al. reported on the use of MC-ICP-MS for Sr isotopic analysis of Emmenthal-type cheeses
[164], originating from different regions (alpine and prealpine Switzerland, Bretagne,
Finland, Canada and Australia). Sr isotope ratios could be determined with 0.002–0.01%
precision and reflected the local geological properties of the area of production, making Sr
isotopic analysis useful for provenance determination. While the Sr isotopic composition in
wine or cheese reflects that of the provenance soil, Medina et al. showed that anthropogenic
contamination governs the isotopic composition found for Pb in wine [165]. Nevertheless,
they conclude that since the Pb isotopic composition is specific of the continental origin of
the wine, it still can be used for certifying wine authenticity.

6.5.4.4 Environmental applications

Isotopic analysis can also shed light on the origin of environmental pollution. Kersten et al.
measured 206Pb/207Pb isotope ratios in both sea water and sediments sampled in the Efesis
Bay in Greece [166]. As a result of the vicinity of the metropolitan basin of Greater Athens,
with a population exceeding 3 million, 50% of all vehicles registered in Greece and 40% of
the Greek heavy industry, the Efesis Bay is heavily polluted. Due to the considerable number
of anthropogenic inputs, determination of the Pb content is insufficient for determination
of the principal source(s) of Pb pollution. However, as the isotopic composition of back-
ground Pb in sediments, that is the locally mined Pb and the Pb used by the local industry,
and of gasoline Pb (tetraethyllead added as anti-knocking agent) differ considerably
(206Pb/207Pb ~1.06 for gasoline in comparison with ~1.20 for the former sources), measure-
ment of Pb isotope ratios in the samples of interest permitted some important conclusions
to be drawn. As the Pb isotopic composition for the sediment samples was observed to be
quite uniform throughout the entire bay, with a 206Pb/207Pb isotope ratio of approximately
1.17, the Pb pollution of the sediments is dominated by the industrial activities. For the dis-
solved Pb, however, the isotopic composition indicates that up to 70% is derived from gaso-
line Pb. In addition, by means of Pb isotopic analysis of sea water sampled at different
locations, it could be concluded that road wash-out, discharged together with domestic
sewage, is far more important as a pollution pathway than direct atmospheric deposition of
gasoline Pb.

In Switzerland, unleaded gasoline was introduced in 1985. Pb isotopic analysis of lake
sediment samples permitted an evaluation of the corresponding environmental conse-
quences [167]. Lake sediment samples were accurately dated and subjected to Pb isotopic
analysis by means of ICP-MS. The background 206Pb/207Pb isotope ratio (preindustrial
sediment) was found to be 1.20. The emission of petrol lead additives having a 206Pb/207Pb
isotope ratio of 1.04–1.10 was clearly demonstrated to have an effect on the 206Pb/207Pb
isotope ratio of the sediment samples. At a depth corresponding to ~1980, a minimum
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value of 1.13 was reached. For younger sediments (~1990), this value was observed to have
increased to 1.16.

Townsend and Snape carried out isotopic analysis of Antarctic marine sediments, sam-
pled near the Australian station Casey [168]. Despite low Pb levels, sufficiently precise Pb
isotopic analysis could be accomplished using a single-collector sector field ICP-MS
instrument, owing to the capacitive decoupling of the induction coil and the ICP by means
of a grounded Pt shield that boosted the signal intensity by an order of magnitude. The
analysis data provided evidence for anthropogenic contamination, attributed to the runoff
from a waste disposal site with abandoned lead batteries.

Pb isotopic analysis to provide insight into the origin of Pb pollution, is not restricted to
‘Modern times’. Outridge et al. studied historical trends in the isotopic composition of Pb
in the tooth tissue of beluga from the Canadian Arctic in order to assess the importance of
long-range transport of industrial pollution [169]. Tooth samples of beluga were available
for both modern and preindustrial (�1825) eras. Significant decreases in the 206Pb/207Pb
and 208Pb/207Pb isotope ratios indicate exposure to ‘anthropogenic Pb’ since at least the
mid-17th to late 18th centuries. This exposure has to be attributed to the development of
large-scale lead–silver smelting activities in Central Europe and the New World. The indus-
trial revolution led to a more recent decline in the isotope ratios of interest. Clearly, these
isotopic changes reflect the historical changes in human uses of Pb. In addition, it is clear
that the pollution associated with these changes is hemispherical in scale, such that Pb
was/is also deposited in circumpolar environmental matrices and incorporated in Arctic
food chains. Le Roux et al. sampled a peat core from the Manchester area in slices of 2 cm
[170]. The peat bog was used as an archive, providing information on Pb pollution from
approximately 2000 BC to 1800 AD (estimated via radiocarbon dating and 210Pb dating).
Apparently, Pb pollution appeared as early as 900 BC, as a result from pre-Roman mining
activities. Local mining of the Pb ores continued to be the main source of pollution during
the Roman era and the Middle Ages.

Although not an environmental application, Pb isotopic analysis using a similar rationale –
comparison of the isotopic composition of a particular sample with that of possible sources –
is also used in forensic analysis. Buttigieg et al. showed, for example, that on the basis of Pb
isotopic analysis carried out using MC-ICP-MS, they could separate small arms projectiles
from one another according to manufacturer and hence, geographical origin [171].

Gäbler and Bahr used a single-collector sector field ICP-MS instrument to determine the
10B/11B isotope ratio in surface and ground waters to detect anthropogenic input [172]. This
approach is based on the fact that sodium perborate, present as a bleaching agent in deter-
gents, shows a 10B/11B isotope ratio that differs markedly from that of geogenic B in the area
of interest. The 10B/11B isotope ratio could be determined with a precision of 0.1–0.2%.
A relatively small contribution from 40Ar4� to the signal intensity at a mass-to-charge ratio
of 10 could be avoided by slightly adjusting the mass range scanned. The results obtained
clearly demonstrated the effect of the discharge of a sewage plant on the Innerste river water
(Harz region, Germany) and infiltration of the river water into some ground water obser-
vation wells.

By means of MC-ICP-MS, Cloquet et al. demonstrated natural isotopic fractionation
effects for Cd [173]. Although the range of variation is only 0.04%, MC-ICP-MS offers an
isotope ratio precision sufficient to use the isotopic composition of Cd as a tracer of the
origin of anthropogenic Cd pollution in the environment.
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Of course, ICP-MS is also suited to study environmental pollution with radionuclides.
On the basis of 240Pu/239Pu and 241Pu/239Pu determination with sector field ICP-MS,
Ketterer et al. [174] have estimated the contributions from global fallout and from the 1986
Chernobyl nuclear disaster (fallout characterised by higher 240Pu/239Pu and 241Pu/239Pu iso-
tope ratios) to the Pu activity in Polish soils. The contribution of Chernobyl fallout to the
total 239 � 240Pu activity, calculated on the basis of a two-component mixing model ranged
from �10% to �90%. Especially for the Northeastern part of Poland, the contribution
from the Chernobyl accident was assessed to be very high, with values approaching 100%.
Sometimes, this type of application may be complicated due to the low levels in which these
radionuclides may occur in environmental samples, spectral interference and/or insuffi-
cient abundance sensitivity. Izmer et al. have developed a method for 129I/127I isotope ratio
determination in soils, coping with the problems mentioned above [175]. Iodine was
released from the soil samples by means of thermal desorption in a device coupled on-line
to a quadrupole-based ICP-MS instrument. The interfering signal from 129Xe� (Xe is pre-
sent as a contamination in the Ar plasma gas) was suppressed by using a mixture of O2 and
He as reaction gases in a hexapole collision/reaction cell. 127I/129I isotope ratios down to
10�6 could be determined in soil samples from contaminated regions.

During the past years, there has been quite some anxiety concerning the occurrence of
DU in the environment and its impact on human health. For its use as fuel in a nuclear reac-
tor, mined uranium has to be isotopically enriched in 235U. As a result of this enrichment
process, also DU – this is U in which the isotopic abundance of 235U is considerably lower
than the natural one (approximately 0.2% instead of 0.72%) – is formed as a waste product.
Since this material is characterised by an extremely high density, it is used for several pur-
poses. Well-known is the use of this material in ammunition and projectiles, enabling these
to penetrate the armoured steel of military vehicles. On impact, DU will readily burn and
will be dispersed into small particles. Additionally, DU is also used in some aeroplanes to
make the volume of counterweights – present in the tail and wings and used for maintain-
ing the aircraft’s centre of gravity – as small as possible. However, U is both chemically and
radiologically toxic and since veterans of the Gulf war and that in former Yugoslavia, in
which DU ammunition has been used, and the residents of areas where DU-containing
planes have crashed had serious complaints concerning their physical and mental health,
the attention for this problem has increased. Danesi et al. used ICP-MS for monitoring 234U,
235U, 236U and 238U in soil samples from locations in Kosovo, where DU ammunition was
used during the 1999 Balkan conflict [176]. The results obtained showed that a U concen-
tration exceeding the normal background level (2–3 �g g�1) was always accompanied by a
235U/238U isotope ratio, unequivocally identifying DU as the source. Moreover, the presence
of 236U in these soil samples indicated that the DU used for manufacturing the ammunition
used was previously irradiated (used as fuel in a reactor) and then reprocessed. Gwiazda 
et al. demonstrated that the 235U/238U urinary isotope ratio of American Gulf war veterans
injured with DU-containing fragments, or exposed to DU via inhalation, ingestion and/or
wound infection could deviate from the natural isotope ratio as long as 8 years after expos-
ure to DU [177]. These authors also demonstrated that the U concentration as such does
not (always) suffice to demonstrate exposure to DU as the urinary U content may substan-
tially vary as a result of significant differences in daily intake. In 1992, a Boeing cargo aircraft
crashed into two apartment buildings in Amsterdam, the Netherlands. Afterwards, a sub-
stantial number of police officers and firemen that had been present for longer times at the
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scene of the disaster experienced health problems. Exposure to the DU used in the balance
weights of the aircraft was launched as a hypothesis. Based on a combination of determina-
tion of the urinary U concentration [178] and U isotopic analysis [179] for urine samples
showing a U concentration higher than 50 ng/l, Bijlsma et al. [180] concluded that there was
no indication that the health complaints were related to exposure to DU.

6.5.4.5 Biological applications

While the use of stable isotopic tracers in nutrition studies is (becoming) a well-established
practice, the increased capabilities of MC-ICP-MS also open new fields of research as its
high precision allows to detect and quantify natural variations in the isotopic composition
as a result of natural fractionation effects for an increasing number of elements.

Walczyk and von Blanckenburg demonstrated that the isotopic composition of Fe pre-
sent in human blood differs between male and female subjects [122]. Based on this initial
observation, further research was carried out [181], which revealed that while blood and
muscle tissue Fe have a similar isotopic composition, Fe present in the liver is isotopically
heavier than that in blood. These observations contribute to a better understanding of the
mechanisms of isotopic fractionation occurring in the body and a more profound insight
into human iron metabolism. As their research also indicated that the isotopic composition
of blood Fe reflects the individual differences in iron metabolism, it was predicted that for
patients suffering from hereditary haemochromatosis, blood Fe would show an isotopic
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composition deviating from ‘normal’ valves. This hypothesis was confirmed experimentally,
since by using MC-ICP-MS [182] it could be shown that in the blood of haemochromato-
sis patients the 56Fe/54Fe isotope ratio significantly exceeded that typical for healthy individ-
uals (see Fig. 6.21). Moreover, the magnitude of this deviation was assessed to correlate with
the clinical severity of the disease.

Also for Zn, it was demonstrated that isotopic fractionation occurs within the human
body as a significantly different isotopic composition was found for Zn in red blood cells
and in hair from the same individual, respectively [183].

Outridge et al. used LA-MC-ICP-MS for 87Sr/86Sr isotope ratio measurement in fish
otoliths (earbones) with sub-annual resolution [184]. As the Sr isotopic composition in
this tissue reflects the geochemical environment the animal resided in at the time that this
calcified tissue was formed, information on the fish’s life history can be obtained. Based on
the same rationale, Pb isotopic analysis of tooth tissue from Atlantic walrus was applied by
Outridge et al. to investigate the stock structure in the Canadian Arctic and Greenland
[185]. Owing to the high isotope ratio precision attained, the dental Pb isotope signatures
indicated that the groups of walrus live more localised than originally expected.

6.6 General conclusions

In spite of its rather poor isotope ratio precision, single-collector ICP-MS has managed to
become a routine tool for isotope ratio measurement, especially for quantifying induced
changes in the isotopic composition of a target element. With the introduction of and the
important developments in MC instrumentation on the other hand, the use of ICP-MS for
studying natural differences in the isotopic composition of target elements is no longer
restricted to elements showing pronounced isotopic variation (e.g. Sr or Pb), but even the
most subtle cases can now be adequately tackled. The interest for using ICP-MS for meas-
uring isotope ratios is still growing and fascinating new application fields are being
explored.

References

1. Roth, E. (1997) Critical evaluation of the use and analysis of stable isotopes. Pure Appl. Chem., 69,
1753–1828.

2. Rosman, K.J.R. and Taylor, P.D.P. (1998) IUPAC table of isotopic compositions of the elements.
Pure Appl. Chem., 70, 217–235.

3. Coplen, T.B., Bohlke, J.K., De Bievre, P., Ding, T., Holden, N.E., Hopple, J.A., Krouse, H.R.,
Lamberty, A., Peiser, H.S., Revesz, K., Rieder, S.E., Rosman, K.J.R., Roth, E., Taylor, P.D.P., Vocke
Jr., R.D. and Xiao, Y.K. (2002) Isotope-abundance variations of selected elements. Pure Appl.
Chem., 74, 1987–2017.

4. Faure, G. and Mensing, T.M. (2004) Isotopes Principles and Applications, 3rd edn, John Wiley,
New York.

5. Grégoire, D.C. (1989) Application of isotope ratios determined by ICP-MS to earth science stud-
ies. Progr. Anal. Spectrosc., 12, 433–452.

6. Qi, H.P., Coplen, T.B., Wang, Q.Z. and Wang, Y.H. (1997) Unnatural isotopic composition of
lithium reagents. Anal. Chem., 69, 4076–4078.

Use of ICP-MS for Isotope Ratio Measurements 215

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 215



216 Inductively Coupled Plasma Spectrometry and its Applications

7. Richter, S., Alonso, A., Wellum, R. and Taylor, P.D.P. (1999) The isotopic composition of com-
mercially available uranium chemical reagents. J. Anal. Atom. Spectrom., 14, 889–891.

8. De Bièvre, P., Delaeter, J.R., Peiser, H.S. and Reed, W.P. (1993) Reference materials by isotope-
ratio mass spectrometry. Mass Spectrom. Rev., 12, 143–172.

9. Sahoo, S.K. and Masuda, A. (1998) Precise determination of lithium isotopic composition by
thermal ionization mass spectrometry in natural samples such as seawater. Anal. Chim. Acta,
370, 215–220.

10. Zeininger, H. and Heumann, K.G. (1983) Boron isotope ratio measurement by negative thermal
ionization mass-spectrometry. Int. J. Mass Spectrom. Ion. Proc., 48, 377–380.

11. Richter, S., Alonso, A., De Bolle, W., Wellum, R. and Taylor, P.D.P. (1999) Isotopic ‘fingerprints’
for natural uranium ore samples. Int. J. Mass Spectrom., 193, 9–14.

12. Heumann, K.G., Gallus, S.M., Rädlinger, G. and Vogl, J. (1998) Precision and accuracy in 
isotope ratio measurements by plasma source mass spectrometry. J. Anal. Atom. Spectrom.,
13, 1001–1008.

13. Smith, D.H. (2000) Thermal ionization mass spectrometry (Chapter 1). In Inorganic Mass
Spectrometry – Fundamentals and Applications (Eds. C.M. Barshick, D.C. Duckworth and 
D.H. Smith), Marcel Dekker Inc, New York & Basel.

14. Heumann, K.G., Eisenhut, S., Gallus, S., Hebeda, E.H., Nusko, R., Vengosh, A. and Walczyk, T.
(1995) Recent devlopments in thermal ionization mass-spectrometric techniques for isotopic
analysis – a review. Analyst, 120, 1291–1299.

15. Jakubowski, N., Moens, L. and Vanhaecke, F. (1998) Sector field mass spectrometers in ICP-MS.
Spectrochim. Acta B, 53, 1739–1763.

16. Mahoney, P.P., Ray, S.J. and Hieftje, G.M. (1997) Time-of-flight mass spectrometry for elemen-
tal analysis. Appl. Spectrosc., 51, A16–A28.

17. Tanner, S.D., Baranov, V.I. and Bandura, D.R. (2002) Reaction cells and collision cells for ICP-
MS: a tutorial review. Spectrochim. Acta B, 57, 1361–1452.

18. Vanhaecke, F., Moens, L., Dams, R. and Taylor, P. (1996) Precise measurement of isotope ratios
with a double-focusing magnetic sector ICP-mass spectrometer. Anal. Chem., 68, 567–569.

19. Vanhaecke, F., Moens, L., Dams, R., Papadakis, I. and Taylor, P. (1997) Applicability of high-
resolution ICP-mass spectrometry for isotope ratio measurements. Anal. Chem., 69, 268–273.

20. Prohaska, T., Latkoczy, C. and Stingeder, G. (1999) Precise sulfur isotope ratio measurements in
trace concentration of sulfur by inductively coupled plasma double focusing sector field mass
spectrometry. J. Anal. Atom. Spectrom., 14, 1501–1504.

21. Vanhaecke, F., Moens, L., Dams, R., Allen, L. and Georgitis, S. (1999) Evaluation of the 
isotope ratio performance of an axial time-of-flight ICP-mass spectrometer. Anal. Chem.,
71, 3297–3303.

22. Bandura, D.R., Baranov, V.I. and Tanner, S.D. (2001) Reaction chemistry and collisional
processes in multipole devices for resolving isobaric interferences in ICP-MS. Fresen. J. Anal.
Chem., 370, 454–470.

23. Hattendorf, B. and Günther, D. (2003) Strategies for method development for an inductively
coupled plasma mass spectrometer with bandpass reaction cell. Approaches with different reac-
tion gases for the determination of selenium. Spectrochim. Acta B, 58, 1–13. See Fig. 6.2.

24. Bandura, D.R., Baranov, V.I. and Tanner, S.D. (2000) Effect of collisional damping and reactions
in a dynamic reaction cell on the precision of isotope ratio measurements. J. Anal. Atom.
Spectrom., 15, 921–928.

25. Moens, L.J., Vanhaecke, F.F., Bandura, D.R., Baranov, V.I. and Tanner, S.D. (2001) Elimination of
isobaric interferences in ICP-MS, using ion-molecule reaction chemistry: Rb/Sr age determina-
tion of magmatic rocks, a case study. J. Anal. Atom. Spectrom., 16, 991–994.

26. Becker, J.S. (2005) Recent developments in isotope analysis by advanced mass spectrometric
techniques – Plenary lecture. J. Anal. Atom. Spectrom., 20, 1173–1184.

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 216



27. Walder, A.J. and Freedman, P.A. (1992) Isotopic ratio measurement using a double focusing
magnetic-sector mass analyzer with an inductively coupled plasma as an ion-source. J. Anal.
Atom. Spectrom., 7, 571–575.

28. Wieser, M.E. and Schwieters, J.B. (2005) The development of multiple collector mass spectrom-
etry for isotope ratio measurements. Int. J. Mass. Spectrom., 242, 97–115.

29. Finnigan ICP-MS Interferenz – Tabelle, version 2, May 1995.
30. Weyer, S. and Schwieters, J. (2003) High precision Fe isotope measurements with high mass reso-

lution MC-ICPMS. Int. J. Mass. Spectrom., 226, 355–368.
31. Vanhaecke, F. and Moens, L. (2004) Overcoming spectral overlap in isotopic analysis via single-

and multi-collector ICP-mass spectrometry. Anal. Bioanal. Chem., 378, 232–240.
32. Walczyk, T. (2004) TIMS vs. multicollector-ICP-MS: coexistence or struggle for survival? Anal.

Bioanal. Chem., 378, 229–231.
33. Halliday,A.N., Lee, D.-C., Christensen, J., Rehkämper, M.,Yi,W., Luo, X., Hall, C.M., Ballentine, C.J.,

Pettke, T. and Stirling, C. (1998) Applications of multiple collector-ICPMS to cosmochemistry,
geochemistry, and paleoceanography. Geochim. Cosmochim. Acta, 62, 910–940.

34. Rehkämper, M., Schonbachler, M. and Stirling, C.H. (2001) Multiple collector ICP-MS: intro-
duction to instrumentation, measurement techniques and analytical capabilities. Geostandard
Newslett., 25, 23–40.

35. Walder, A.J., Abell, I.D., Platzner, I. (1993) Lead isotope ratio measurement of NIST 610 glass 
by laser ablation inductively coupled plasma mass-spectrometry. Spectrochim. Acta B, 48,
397–402.

36. Begley, I.S. and Sharp, B.L. (1994) Occurrence and reduction of noise in inductively coupled
plasma mass spectrometry for enhanced precision in isotope ratio measurement. J. Anal. Atom.
Spectrom., 9, 171–176.

37. Begley, I.S. and Sharp, B.L. (1997) Characterization and correction of instrumental bias in
inductively coupled plasma quadrupole mass spectrometry for accurate measurement of lead
isotope ratios. J. Anal. Atom. Spectrom., 12, 395–402.

38. ISO (1993) Guide to the Expression of Uncertainty in Measurement, 1st edn, ISO, Genève.
39. Eurachem (1995) Quantifying Uncertainty in Chemical Measurement, 1st edn, BSI Customer

Services, London.
40. Niu, H. and Houk, R.S. (1996) Fundamental aspects of ion extraction in inductively coupled

plasma mass spectrometry. Spectrochim. Acta B, 51, 779–815.
41. Sun, X.F., Ting, B.T.G., Zeisel, S.H. and Janghorbani, M. (1987) Accurate measurement of

stable isotopes of lithium by inductively coupled plasma mass spectrometry. Analyst, 112,
1223–1228.

42. Michiels, E. and De Bièvre, P. (1983) Accurate assay of lithium by isotope-dilution mass spec-
trometry. Int. J. Mass Spectrom. Ion Proc., 48, 369–372.

43. Andren, H., Rodushkin, I., Stenberg, A., Malinovsky, D. and Baxter, D.C. (2004) Sources of mass
bias and isotope ratio variation in multicollector ICP-MS: optimization of instrumental param-
eters based on experimental observations. J. Anal. Atom. Spectrom., 19, 1217–1224.

44. Tanner, S.D., Cousins, L.M. and Douglas, D.J. (1994) Reduction of space–charge effects using a
three-aperture gas dynamic vacuum interface for inductively coupled plasma mass spectrom-
etry. Appl. Spectrosc., 48, 1367–1372.

45. Burgoyne, T.W., Hieftje, G.M. and Hites, R.A. (1997) Space charge evaluation in a plasmasource
mass spectrograph. Anal. Chem., 69, 485–489.

46. Longerich, H.P., Fryer, B.J. and Strong, D.F. (1987) Determination of lead isotope ratios by
inductively coupled plasma mass spectrometry (ICP-MS). Spectrochim. Acta  B, 42, 39–48.

47. Ketterer, M.E., Peters, M.J. and Tisdale, P.J. (1991) Verification of a correction procedure for
measurement of lead isotope ratios by inductively coupled plasma mass spectrometry. J. Anal.
Atom. Spectrom., 6, 435–443.

Use of ICP-MS for Isotope Ratio Measurements 217

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 217



48. Roehl, R., Gomez, J. and Woodhouse, L.R. (1995) Correction of mass bias drift in inductively
coupled plasma mass spectrometry measurements of zinc isotope ratios using gallium as an iso-
tope ratio internal standard. J. Anal. Atom. Spectrom., 10, 15–23.

49. Ingle, C.P., Sharp, B.L., Horstwood, M.S.A., Parrish, R.R. and Lewis, D.J. (2003) Instrument
response functions, mass bias and matrix effects in isotope ratio measurements and semi-
quantitative analysis by single and multi-collector ICP-MS, J. Anal. Atom. Spectrom., 18, 219–229.

50. Albarede, F., Telouk, P., Blichert-Toft, J., Boyet, M., Agranier, A. and Nelson, B. (2004) Precise and
accurate isotopic measurements using multiple-collector ICPMS. Geochim. Cosmochim. Acta,
68, 2725–2744.

51. Wombacher, F. and Rehkamper, M. (2003) Investigation of the mass discrimination of multiple
collector ICP-MS using neodymium isotopes and the generalised power law. J. Anal. Atom.
Spectrom., 18, 1371–1375.

52. Woodhead, J. (2002) A simple method for obtaining highly accurate Pb isotope data by MC-
ICP-MS. J. Anal. Atom. Spectrom., 17, 1381–1385.

53. Taylor, P.D.P., De Bièvre, P., Walder, A.J. and Entwistle, A. (1995) Validation of the analytical lin-
earity and mass discrimination correction model exhibited by a multiple collector inductively-
coupled plasma-mass spectrometer by means of synthetic uranium isotope mixtures. J. Anal.
Atom. Spectrom., 10, 395–398.

54. Vanhaecke, F., Vanhoe, H., Moens, L. and Dams, R. (1995) Quadrupole ICP-mass spectrometry
for the determination of the aqua regia soluble content of trace metals in soil and sludge candi-
date reference materials. Bull. Soc. Chim. Belge, 104, 653–661.

55. Papadakis, I., Taylor, P.D.P. and De Bièvre, P. (1997) Establishing an SI-traceable copper concen-
tration in the candidate reference material MURST ISS A1 Antarctic sediment using isotope
dilution as a primary method of measurement. J. Anal. Atom. Spectrom., 12, 791–796.

56. Seah, M.P. (1995) Effective dead time in pulse counting systems. Surf. Interface Anal., 23,
729–732.

57. Russ III, G.P. (1987) Isotope ratio measurements using ICP-MS. In Applications of Inductively
Coupled Plasma Mass Spectrometry (Eds. A.R. Date and A.L. Gray), Chapman & Hall, London,
pp. 90–114.

58. Nelms, S.M., Quetel, C.R., Prohaska, T., Vogl, J. and Taylor, P.D.P. (2001) Evaluation of detector
dead time calculation models for ICP-MS. J. Anal. Atom. Spectrom., 16, 333–338.

59. Vanhaecke, F., De Wannemacker, G., Moens, L., Dams, R., Latkoczy, C., Prohaska, T. and
Stingeder, G. (1998) Dependence of detector dead time on analyte mass number in ICP-mass
spectrometry. J. Anal. Atom. Spectrom., 13, 567–571.

60. Kurz, E.A. (1979) Channel electron multipliers. Am. Lab., March, 67–82.
61. Dietz, L.A. (1965) Basic properties of electron multiplier ion detection and pulse counting

methods in mass spectrometry. Rev. Sci. Instrum., 36, 1763–1770.
62. Russ III, G.P. and Bazan, J.M. (1987) Isotope ratio measurements with an inductively coupled

plasma-source mass spectrometer. Spectrochim. Acta  B, 42, 49–62.
63. Hinners, T.A., Heithmar, E.M., Spittler, T.M. and Henshaw, J.M. (1987) Inductively coupled

plasma mass spectrometric determination of lead isotopes. Anal. Chem., 59, 2658–2662.
64. Furuta, N. (1991) Optimization of the mass scanning rate for the determination of lead-isotope

ratios using an inductively coupled plasma mass spectrometer. J. Anal. Atom. Spectrom., 6, 199–203.
65. Koirtyohann, S.R. (1996) Precise determination of isotopic ratios for some biologically significant

elements by inductively coupled plasma mass spectroscopy. Spectrochim. Acta B, 49, 1305–1311.
66. Quétel, C.R., Thomas, B., Donard, O.F.X. and Grousset, F.E. (1997) Factorial optimization of

data-acquisition factors for lead isotope ratio determination by inductively coupled plasma
mass spectrometry. Spectrochim. Acta B, 52, 177–187.

67. De Bièvre, P. (1990) Isotope dilution mass spectrometry: what can it contribute to accuracy in
trace analysis? Fresen. J. Anal. Chem., 337, 766–771.

218 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 218



68. Beary, E.S. and Paulsen, P.J. (1993) Selective application of chemical separations to isotope dilu-
tion inductively coupled plasma mass spectrometric analyses of standard reference materials.
Anal. Chem., 65, 1602–1608.

69. Beary, E.S., Paulsen, P.J. and Fassett, J.D. (1994) Sample preparation approaches for isotope dilu-
tion inductively coupled plasma mass spectrometric certification of reference materials. J. Anal.
Atom. Spectrom., 9, 1363–1369.

70. Beary, E.S. and Paulsen, P.J. (1995) Development of high-accuracy ICP-mass spectrometric proced-
ures for the quantification of Pt, Pd, Rh and Pb in used auto catalysts. Anal. Chem., 67, 393–3201.

71. De Bièvre, P. (1994) Isotope dilution mass spectrometry (IDMS). In Trace Element Analysis in
Biological Specimens, Techniques and Instrumentation in Analytical Chemistry Vol. 15 (Eds.
R.F.M. Herber and M. Stoeppler), Elsevier, Amsterdam, pp. 169–183.

72. Moody, J.R., Greenberg, R.R., Pratt, K.W. and Rains, T.C. (1988) Recommended inorganic
chemicals for calibration. Anal. Chem., 60, 1203A–1218A.

73. BIPM (1996) Report of the 2nd Meeting, Comité Consultatif pour la Quantité de Matière, BIPM,
Sèvres.

74. Papadakis, I., Taylor, P.D.P. and De Bièvre, P. (1997) SI-traceable values for cadmium and lead
concentrations in the candidate reference material, MURST-ISS A1 Antarctic sediment, by com-
bination of ICP-MS with isotope dilution. Anal. Chim. Acta, 346, 17–22.

75. Diemer, J., Quetel, C.R. and Taylor, P.D.P. (2002) Contribution to the certification of B, Cd, Cu,
Mg and Pb in a synthetic water sample, by use of isotope-dilution ICP-MS, for comparison 12 of
the international measurement evaluation programme. Anal. Bioanal. Chem., 374, 220–225.

76. Kent, A.J.R., Jacobsen, B., Peate, D.W., Waight, T.E. and Baker, J.A. (2004) Isotope dilution MC-
ICP-MS rare earth element analysis of geochemical reference materials NIST SRM 610, NIST
SRM 612, NIST SRM 614, BHVO-2G, BHVO-2, BCR-2G, JB-2, WS-E, W-2, AGV-1 and AGV-2.
Geostandard. Geoanal. Res., 28, 417–429.

77. Simpson, L.A., Hearn, R. and Catterick, T. (2004) The development of a high accuracy method
for the analysis of Pd, Pt and Rh in auto catalysts using a multi-collector ICP-MS. J. Anal. Atom.
Spectrom., 19, 1244–1251.

78. Lásztity, A., Viczián, M., Wang, X. and Barnes, R.M. (1989) Sample analysis by on-line isotope-
dilution inductively coupled plasma mass spectrometry. J. Anal. Atom. Spectrom., 4, 761–766.

79. Viczián, M., Lásztity, A., Wang, X. and Barnes, R.M. (1990) On-line isotope dilution by flow injec-
tion and inductively coupled plasma mass spectrometry. J. Anal. Atom. Spectrom., 5, 125–133.

80. Colodner, D.C., Boyle, E.A. and Edmond, J.M. (1993) Determination of rhenium and platinum
in natural waters and sediments, and iridium in sediments by flow-injection isotope dilution
inductively coupled plasma mass spectrometry. Anal. Chem., 65, 1419–1425.

81. Klinkenberg, H., Beeren, T., Van Borm, W., Van Der Linden, F. and Raets, M. (1993) Use of an
enriched isotope as an on-line internal standard in inductively coupled plasma mass spectrom-
etry: a reference method for a proposed determination of tellurium in industrial waste water by
means of graphite-furnace atomic-absorption spectrometry. Spectrochim. Acta  B, 48, 649–661.

82. Vassileva, E. and Quétel, C.R. (2004) Certification measurement of the cadmium, copper and
lead contents in rice using isotope dilution inductively coupled plasma mass spectrometry. Anal.
Chim. Acta, 519, 79–86.

83. Commission Regulation (EC) N 466/2001 of 8 March 2001 setting maximum levels for certain
contaminants in foodstuff. Official Journal of the European Communities L077, 16/03/2001,
0001–0013.

84. Schmitt, K. and Isengard, H.D. (1998) Karl Fischer titration. A method for determining the true
water content of cereals. Fresen. J. Anal. Chem., 360, 465–469.

85. Botha, A., Barzev, A.I., Linsky, S.M. and Fischer, J.L. (2005) A case study for the provision of
measurement traceability and measurement uncertainty for the South African reference mate-
rials. J. Anal. Atom. Spectrom., 20, 1044–1050.

Use of ICP-MS for Isotope Ratio Measurements 219

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 219



86. Myors, R.B., Nolan, A.L., Askew, S., Saxby, D.L., Hearn R. and Mackay, L.G. (2005) High-
accuracy IDMS analysis of trace elements in wheat flour for the provision of reference values 
to a proficiency testing scheme. J. Anal. Atom. Spectrom., 20, 1051–1057.

87. Müller, M. and Heumann, K.G. (2000) Isotope dilution inductively coupled plasma quadru-
pole mass spectrometry in connection with a chromatographic separation for ultra trace deter-
minations of platinum group elements (Pt, Pd, Ru, Ir) in environmental samples. Fresen. J.
Anal. Chem., 368, 109–115.

88. McLaren, J.W., Mykytiuk, A.P., Willie, S.N. and Berman, S.S. (1985) Determination of trace
metals in seawater by inductively coupled plasma mass spectrometry with preconcentration on
silica-immobilized 8-hydroxyquinoline. Anal. Chem., 57, 2907–2911.

89. Balcaen, L., Geuens, I., Moens, L. and Vanhaecke, F. (2003) Determination of ultra-trace
amounts of Fe in AgNO3 solutions by means of isotope dilution analysis applying an induct-
ively coupled plasma mass spectrometer equipped with a dynamic reaction cell. Anal. Bioanal.
Chem., 377, 1020–1025.

90. Yoshinaga, J. and Morita, M. (1997) Determination of mercury in biological and environmen-
tal samples by inductively coupled plasma mass spectrometry with the isotope dilution tech-
nique. J. Anal. Atom. Spectrom., 12, 417–420.

91. Kim, C.-K., Seki, R., Morita, S., Yamasaki, S.-I., Tsumura, A., Takaku, Y., Igarashi, Y. and
Yamamoto, M. (1991) Application of a high resolution inductively coupled plasma mass spec-
trometer to the measurement of long-lived radionuclides. J. Anal. Atom. Spectrom., 6, 205–209.

92. Perna, L., Bocci, F., Aldave de las Heras, L., De Pablo, J. and Betti, M. (2002) Studies on simul-
taneous separation and determination of lanthanides and actinides by ion chromatography
inductively coupled plasma mass spectrometry combined with isotope dilution mass spec-
trometry. J. Anal. Atom. Spectrom., 17, 1166–1171.

93. Boulyga, S.F., Desideri, D., Meli, M.A., Testa, C. and Becker, J.S. (2003) Plutonium and ameri-
cium determination in mosses by laser ablation ICP-MS combined with isotope dilution tech-
nique. Int. J. Mass Spectrom., 226, 329–339.

94. Moreno, J.M.B., Betti, M. and Nicolaou, G. (1999) Determination of caesium and its isotopic
composition in nuclear samples using isotope dilution-ion chromatography-inductively 
coupled plasma mass spectrometry. J. Anal. Atom. Spectrom., 14, 875–879.

95. Resano, M., Gelaude, I., Dams, R. and Vanhaecke, F. (2005) Solid sampling-electrothermal
vaporization-inductively coupled plasma mass spectrometry for the direct determination of
Hg in different materials using isotope dilution with a gaseous phase for calibration.
Spectrochim. Acta B, 60, 319–326.

96. Gelaude, I., Dams, R., Resano, R., Vanhaecke, F. and Moens, L. (2002) Direct determination 
of methylmercury and inorganic mercury in biological materials by solid sampling-
electrothermal vaporization-inductively coupled plasma–isotope dilution-mass spectrometry.
Anal. Chem., 74, 3833–3842.

97. Becker, J.S., Pickhardt, C. and Pompe, W. (2004) Determination of Ag, Tl and Pb in few 
milligrams of platinum nanoclusters by on-line isotope dilution in laser ablation inductively
coupled plasma mass spectrometry. Int. J. Mass Spectrom., 237, 13–17.

98. Tibi, M. and Heumann, K.G. (2003) Isotope dilution mass spectrometry as a calibration
method for the analysis of trace elements in powder samples by LA-ICP-MS. J. Anal. Atom.
Spectrom., 18, 1076–1081.

99. Tibi, M. and Heumann, K.G. (2003) Multi-element trace determinations in pure alkaline earth
fluoride powders by high-resolution ICP-MS using wet-chemical sample preparation and laser
ablation. Anal. Bioanal. Chem., 377, 126–131.

100. Boulyga, S.F. and Heumann, K.G. (2005) Direct determination of halogens in powdered geo-
logical and environmental samples using isotope dilution laser ablation ICP-MS. Int. J. Mass
Spectrom., 242, 291–296.

220 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 220



101. Heumann, K.G., Rottmann, L. and Vogl, J. (1994) Elemental speciation with liquid 
chromatography-isotope dilution inductively coupled plasma isotope dilution mass spectrom-
etry. J. Anal. Atom. Spectrom., 9, 1351–1355.

102. Hinojosa Reyes, L., Moreno Sanz, F., Herrero Espílez, P., Marchante-Gayón, J.M., García
Alonso, J.F. and Sanz-Medel, A. (2004) Biosynthesis of isotopically enriched selenomethionine:
application to its accurate determination in selenium-enriched yeast by isotope dilution 
analysis-HPLC-ICP-MS. J. Anal. Atom. Spectrom., 19, 1230–1235.

103. Diaz Huerta, V., Hinojosa Reyes, L., Marchante-Gayón, J.M., Fernández Sánchez, M.L. and 
Sanz-Medel,A. (2003) Total determination and quantitative speciation analysis of selenium in yeast
and wheat flour by isotope dilution analysis ICP-MS. J. Anal. Atom. Spectrom., 18, 1243–1247.

104. Brown, A.A., Ebdon, L. and Hill, S.J. (1994) Development of a coupled liquid chromatography-
isotope dilution inductively coupled plasma mass spectrometry method for lead speciation.
Anal. Chim. Acta, 286, 391–399.

105. Ebdon, L., Hill, S.J. and Rivas, C. (1998) Lead speciation in rain water by isotope dilution-high
performance liquid chromatography-inductively coupled plasma mass spectrometry.
Spectrochim. Acta B, 53, 289–297.

106. Clough, R., Belt, S.T., Evans, E.H., Sutton, P., Fairman, B. and Catterick, T. (2003) Uncertainty
contributions to species-specific isotope dilution analysis: Part 2. Determination of
methylmercury by HPLC coupled with quadrupole and multicollector ICP-MS. J. Anal. Atom.
Spectrom., 18, 1039–1046.

107. Wilken, R.D.and Falter, R. (1998) Determination of methylmercury by the species-specific 
isotope addition method using a newly developed HPLC-ICP-MS coupling technique with
ultrasonic nebulization. Appl. Organomet. Chem., 12, 551–557.

108. Wahlen, R. and Wolff-Briche, C. (2003) Comparison of GC-ICP-MS and HPLC-ICP-MS for
species-specific isotope dilution analysis of tributyltin in sediment after accelerated solvent
extraction. Anal. Bioanal. Chem., 377, 140–148.

109. Rottmann, L. and Heumann, K.G. (1994) Determination of heavy metal interactions with dis-
solved organic materials in natural aquatic systems by coupling a high-performance liquid
chromatography system with an inductively coupled plasma mass spectrometer. Anal. Chem.,
66, 3709–3715.

110. Poperechna, N. and Heumann, K.G. (2005) Simultaneous multi-species determination of
trimethyllead, monomethylmercury and three butyltin compounds by species-specific isotope
dilution GC-ICP-MS in biological samples. Anal. Bioanal. Chem., 383, 153–139.

111. Monperrus, M., Martín-Doimeadios, R.C.R., Scancar, J., Amouroux, D. and Donard, O.F.X.
(2003) Simultaneous sample preparation and species-specific isotope dilution mass spectrom-
etry analysis of monomethylmercury and tributyltin in a certified oyster tissue. Anal. Chem.,
75, 4095–4102.

112. Rodríguez-González, P., Ruiz Encinar, J., García Alonso, J.I. and Sanz-Medel, A. (2004)
Development of a triple spike methodology for validation of butyltin compounds speciation
analysis by isotope dilution mass spectrometry – Part I: synthesis of the spike, characterisation
and development of the mathematical equations. J. Anal. Atom. Spectrom., 19, 685–691.

113. Barnes, R.M. (1996) Analytical plasma source mass spectrometry in biomedical research.
Fresen. J. Anal. Chem., 355, 433–441.

114. Patriarca, M. (1996) The contribution of inductively coupled plasma mass spectrometry to
biomedical research. Microchem. J., 54, 262–271.

115. Stürup, S. (2004) The use of ICPMS for stable isotope tracer studies in humans: a review. Anal.
Bioanal. Chem., 378, 273–282.

116. Karpas, Z., Lorber, A., Elish, E., Kol, R., Roiz, Y., Marko, R., Katorza, E., Halicz, L., Riondato, J.,
Vanhaecke, F. and Moens, L. (1998) Uptake of ingested uranium after low acute intake. Health
Phys., 74, 337–345.

Use of ICP-MS for Isotope Ratio Measurements 221

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 221



117. Rodriguez-Cea, A., del Rosario Fernandez de la Campa, M., Garcia Alonso, J.I. and Sanz-Medel, A.
(2006) The use of enriched 111Cd as tracer to study de novo cadmium accumulation and quan-
titative speciation in Anguilla Anguilla tissues. J. Anal. Atom. Spectrom., 21, 270–278.

118. Whittaker, P.G., Lind, T., Williams, J.G. and Gray, A.L. (1989) Inductively coupled plasma mass
spectrometric determination of the absorption of iron in normal women. Analyst, 114, 675–678.

119. Ingle, C., Langford, N., Harvey, L.J., Dainty, J., Armah, C., Fairweather-Tait, S.J., Sharp, B.L.,
Crews, H.M., Rose, M. and Lewis, J. (2002) Development of a high-resolution ICP-MS method,
suitable for the measurement of iron and iron isotope ratios in acid digests of faecal samples
from a human nutrition study. J. Anal. Atom. Spectrom., 17, 1498–1501.

120. Vanhaecke, F., Balcaen, L., de Wannemacker, G. and Moens, L. (2002) Capabilities of induct-
ively coupled plasma mass spectrometry for the measurement of Fe isotope ratios. J. Anal.
Atom. Spectrom., 17, 933–943.

121. Schoenberg, R. and von Blanckenburg, F. (2005) An assessment of the accuracy of stable Fe iso-
tope ratio measurements on samples with organic and inorganic matrices by high-resolution
multicollector ICP-MS. Int. J. Mass Spectrom., 242, 257–272.

122. Walczyk, T. and von Blanckenburg, F. (2002) Natural iron isotope variations in human blood.
Science, 295, 2065–2066.

123. Yeung, G.S., Schauer, C.S. and Zlotkin, S.H. (2001) Fractional zinc absorption using a single
isotope tracer. Eur. J. Clin. Nutr., 55, 1098–1103.

124. Beattie, J.H., Reid, M.D., Harvey, L.J., Dainty, J., Majsak-Newman, G. and Fairweather-Tait, S.J.
(2001) Selective extraction of blood plasma exchangeable copper for isotope studies of dietary
copper absorption. Analyst, 126, 2225–2229.

125. Keyes, W.R. and Turnlund, J.R. (2002) Determination of molybdenum and enriched Mo stable
isotope concentrations in human blood plasma by isotope dilution ICP-MS. J. Anal. Atom.
Spectrom., 17, 1153–1156.

126. Stürup, S. (2000) Application of HR-ICP-MS for the simultaneous measurement of zinc iso-
tope ratios and total zinc content in human samples. J. Anal. Atom. Spectrom., 15, 315–321.

127. De Wannemacker, G., Ronderos, A., Moens, L., Vanhaecke, F., Bijvelds, M.J.C. and Kolar, Z.I.
(2001) Use of double-focusing sector field ICP-mass spectrometry in tracer experiments, aim-
ing at the quantification of Mg2� transport across the intestine of tilapia fish. J. Anal. Atom.
Spectrom., 16, 581–586.

128. Ingle, C., Langford, N., Harvey, L., Dainty, J.R., Armah, C., Fairweather-Tait, S.J., Sharp, B.,
Rose, M., Crews, H. and Lewis, J. (2002) An ICP-MS methodology using a combined high-
resolution/multi-collector detector system for the measurement of total zinc and zinc isotope
ratios in faecal samples from a human nutrition study. J. Anal. Atom. Spectrom., 17, 1502–1505.

129. Field, M.P., Shapses, S., Cifuentes, M. and Sherrell, R.M. (2003) Precise and accurate determi-
nation of calcium isotope ratios in urine using HR-ICP-SFMS. J. Anal. Atom. Spectrom., 18,
727–733.

130. Ketterer, M.E. and Fiorentino, M.A. (1995) Measurement of Tl (III/I) electron self-exchange
rates using enriched stable isotope labels and inductively coupled plasma mass spectrometry.
Anal. Chem., 67, 4004–4009.

131. Mason, P.R.D., Kaspers, K. and van Bergen, M.J. (1999) Determination of sulfur isotope ratios
and concentrations in water samples using ICP-MS incorporating hexapole ion optics. J. Anal.
Atom. Spectrom., 14, 1067–1074.

132. Vanhaecke, F., De Wannemacker, G., Moens, L. and Van den haute, P. (2001) The use of sector
field ICP-mass spectrometry for Rb-Sr geochronological dating. Fresen. J. Anal. Chem., 371,
915–920.

133. Vanhaecke, F., De Wannemacker, G., Moens, L. and Hertogen, J. (1999) The determination of
strontium isotope ratios by means of quadrupole-based ICP-mass spectrometry: a geochrono-
logical case study. J. Anal. Atom. Spectrom., 14, 1691–1696.

222 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 222



134. Vanhaecke, F., Balcaen, L., Deconinck, I., De Schrijver, I., Almeida, C.M. and Moens, L. (2003)
Mass discrimination in dynamic reaction cell (DRC) – ICP-mass spectrometry. J. Anal. Atom.
Spectrom., 18, 1060–1065.

135. Willigers, B.J.A., Mezger, K. and Baker, J.A. (2004) Development of high precision Rb-Sr phlo-
gopite and biotite geochronology; an alternative to Ar-40/Ar-39 tri-octahedral mica dating.
Chem. Geol., 213, 339–358.

136. Robinson, L.F., Henderson, G.M. and Slowey, N.C. (2002) U-Th dating of marine isotope 
stage 7 in Bahamas slope sediments. Earth Planet Sci. Lett., 196, 175–187.

137. Barfod, G.H., Otero, O. and Albarède, F. (2003) Phosphate Lu–Hf geochronology. Chem. Geol.,
200, 241–253.

138. Selby, D. and Creaser, R.A. (2004) Macroscale NTIMS and microscale LA-MC-ICP-MS Re-Os
isotopic analysis of molybdenite: testing spatial restrictions of reliable Re-Os age determination
and implications for the decoupling of Re and Os within molybdenite. Geochim. Cosmochim.
Acta, 68, 3897–3908.

139. Halliday, A.N. (2000) Terrestrial accretion rates and the origin of the Moon. Earth Planet Sci.
Lett., 176, 17–30.

140. Schonbachler, M., Rehkämper, M., Halliday, A.N., Lee, D.C., Bourot-Denise, M., Zanda, B.,
Hattendorf, B. and Günther, D. (2002) Niobium-Zirconium chronometry and early solar sys-
tem development. Science, 295, 1705–1708.

141. Willigers, B.J.A., Baker, J.A., Krogstad, E.J. and Peate, D.W. (2002) Precise and in-situ Pb–Pb
dating of apatite, monazite and sphene by laser ablation multiple-collector ICP-MS. Geochim.
Cosmochim. Acta, 66, 1051–1066.

142. Stirling, C.H., Lee, D.C., Christensen, J.N.and Halliday, A.N. (2000) High-precision in situ U-
238-U-234-Th-230 isotopic analysis using laser ablation multiple-collector ICP-MS. Geochim.
Cosmochim. Acta, 64, 3737–3750.

143. Potter, E.K., Stirling, C.H., Weichert, U.H., Halliday, A.N. and Spotl, C. (2005) Uranium-series
dating of corals in situ with laser ablation MC-ICP-MS. Int. J. Mass. Spec., 240, 27–35.

144. Hirata, T. (2002) In-situ precise isotopic analysis of tungsten using laser ablation multi-
collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) with time resolved
data acquisition. J. Anal. Atom. Spectrom., 17, 204–210.

145. Aggarwal, J.K., Sheppard, D., Mezger, K., and Pernicka, E. (2003) Precise and accurate determi-
nation of boron isotope ratios by multiple collector ICP-MS: origin of boron in the Ngawha
geothermal system, New Zealand. Chem. Geol., 199, 331–342.

146. Gussone, N., Bohm, F., Eisenhauer, A., Dietzel, M., Heuser, A., Teichert, B.M.A., Reitner, J.,
Worheide, G. and Dullo, W.C. (2005) Calcium isotope fractionation in calcite and aragonite.
Geochim. Cosmochim. Acta, 69, 4485–4494.

147. Poitrasson, F. and Freydier, R. (2005) Heavy iron isotope composition of granites determined
by high resolution MC-ICP-MS. Chem. Geol., 222, 132–147.

148. Malinovsky, D., Rodushkin, I., Baxter, D.C., Ingri, J. and Ohlander, B. (2005) Molybdenum 
isotope ratio measurements on geological samples by MC-ICP-MS. Int. J. Mass Spectrom.,
245, 94–107.

149. Rouxel, O., Ludden, J. and Fouquet, Y. (2003) Antimony isotopes variations in natural systems
and implications for their use as geochemical tracers. Chem. Geol., 200, 25–40.

150. Maréchal, C. and Albarède, F. (2002) Ion-exchange fractionation of copper and zinc isotopes.
Geochim. Cosmochim. Acta, 66, 1499–1509.

151. Hall, E.S. and Murphy, E. (1993) Determination of sources of lead in tap water by inductively
coupled plasma mass spectrometry. J. Radioanal. Nucl. Chem., 175, 129–138.

152. De Wannemacker, G., Vanhaecke, F., Moens, L., Van Mele, A. and Thoen, H. (2000) Lead iso-
topic and elemental analysis of copper alloy statuettes by double focusing sector field ICP-mass
spectrometry. J. Anal. Atom. Spectrom., 15, 323–327.

Use of ICP-MS for Isotope Ratio Measurements 223

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 223



153. Schultheis, G., Prohaska, T., Stingeder, G., Dietrich, K., Jembrih-Simburger, D. and 
Schreiner, M. (2004) Characterisation of ancient and art nouveau glass samples by Pb isotopic
analysis using laser ablation coupled to a magnetic sector field inductively coupled plasma
mass spectrometer (LA-ICP-SF-MS). J. Anal. Atom. Spectrom., 19, 838–843.

154. Ponting, M., Evans, J.A. and Pashley, V. (2003) Fingerprinting of Roman mints using laser-
ablation MC-ICP-MS lead isotope analysis. Archaeometry, 45, 591–597.

155. Niederschlag, E., Pernicka, E., Seifert, T. and Bartelheim, M. (2003) The determination of lead
isotope ratios by multiple collector ICP-MS: a case study of early bronze age artefacts and their
possible relation with ore deposits in the Erzgebirge. Archaeometry, 45, 61–100.

156. Klein, S., Lahaye, Y., Brey, G.P. and Von Kaenel, H.M. (2004) The early Roman Imperial AES
coinage II: tracing the copper sources by analysis of lead and copper isotopes – copper coins of
Augustus and Tiberius. Archaeometry, 46, 469–480.

157. Junk, S.A. and Pernicka, E. (2003) An assessment of osmium isotope ratios as a new tool to deter-
mine the provenance of gold with platinum-group metal inclusions. Archaeometry, 45, 313–331.

158. Fortunato, G., Ritter, A. and Fabian, D. (2005) Old Masters’ lead white pigments: investigations
of paintings from the 16th to the 17th century using high precision lead abundance ratio.
Analyst, 130, 898–906.

159. Latkoczy, C., Prohaska, T., Stingeder, G. and Teschler-Nicola, M. (1998) Strontium isotope ratio
measurements in prehistoric human bone samples by means of high-resolution inductively
coupled plasma mass spectrometry (HR-ICP-MS). J. Anal. Atom. Spectrom., 13, 561–566.

160. Prohaska, T., Latkoczy, C., Schultheis, G., Teschler-Nicola, M. and Stingeder, G. (2002)
Investigation of Sr isotope ratios in prehistoric human bones and teeth using laser ablation
ICP-MS and ICP-MS after Rb/Sr separation. J. Anal. Atom. Spectrom., 17, 887–891.

161. Almeida, C.M. and Vasconselos, M.T.S.D. (2001) ICP-MS determination of strontium isotope
ratio in wine in order to be used as a fingerprint of its regional origin. J. Anal. Atom. Spectrom.,
16, 607–611.

162. Coetzee, P.P. and Vanhaecke, F. (2005) Classifying wine according to geographical origin via
quadrupole-based ICP-mass spectrometry measurements of boron isotope ratios. Anal.
Bioanal. Chem., 383, 977–984.

163. Barbaste, M., Robinson, K., Guilfoyle, S., Medina, B. and Lobinski, R. (2002) Precise determi-
nation of the strontium isotope ratios in wine by inductively coupled plasma sector field mul-
ticollector mass spectrometry. J. Anal. Atom. Spectrom., 17, 135–137.

164. Fortunato, G., Mumic, K., Wunderli, S., Pillonel, L., Bosset, J.O. and Gremaud, G. (2004)
Application of strontium isotope abundance ratios measured by MC-ICP-MS for food authen-
tication. J. Anal. Atom. Spectrom., 19, 227–234.

165. Medina, B., Augagneur, S., Barbaste, M., Grouset, F.E. and Buat-Meard, P. (2000) Influence of
atmospheric pollution on the lead content of wines. Food Addit. Contam., 17, 435–445.

166. Kersten, M., Garbe-Schönberg, C.-D., Thomsen, S., Anagnostou, C. and Sioulas, A. (1997)
Source appointment of Pb pollution in the coastal waters of Efesis bay, Greece. Environ. Sci.
Technol., 31, 1295–1301.

167. Moor, H.C., Schaller, T. and Sturm, M. (1996) Recent changes in stable lead isotope ratios in
sediments of Lake Zug, Switzerland. Environ. Sci. Technol., 30, 2928–2933.

168. Townsend, A.T. and Snape, I. (2002) The use of Pb isotope ratios determined by magnetic sec-
tor ICP-MS for tracing Pb pollution in marine sediments near Casey Station, East Antarctica.
J. Anal. Atom. Spectrom., 17, 922–928.

169. Outridge, P.M., Evans, R.D., Wagemann, R. and Stewart, R.E.A. (1997) Historical trends of
heavy metals and stable lead isotopes in beluga (Delphinapterus leucas) and walrus (Odobenus
rosmarus rosmarus) in the Canadian arctic. Sci. Total Environ., 203, 209–219.

170. Le Roux, G., Weiss, D., Grattan, J., Givelet, N., Krachler, M., Cheburkin, A., Rausch, N.,
Kober, B. and Shotyk, W. (2004) Identifying the sources and timing of ancient and medieval

224 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 224



atmospheric lead pollution in England using a peat profile from Lindow bog, Manchester. J.
Environ. Monit., 6, 502–510.

171. Buttigieg, G.A., Baker, M.E., Ruiz, J. and Denton, M.B. (2003) Lead isotope ratio determination
for the forensic analysis of miliary small arms projectiles. Anal. Chem., 75, 5022–5029.

172. Gäbler, H.-E. and Bahr, A. (1999) Boron isotope ratio measurements with a double-focusing
magnetic sector ICP mass spectrometer for tracing anthropogenic input into surface and
ground water. Chem. Geol., 156, 323–330.

173. Cloquet, C., Rouxel, O., Carignan, J. and Libourel, G. (2005) Natural cadmium isotopic vari-
ations in eight geological reference materials (NIST SRM 2711, BCR 176, GSS-1, GXR-1, GXR-
2, GSD-12, Nod-P-1, Nod-A-1) and anthropogenic samples, measured by MC-ICP-MS.
Geostandard Geoanal. Res., 29, 95–106.

174. Ketterer, M.E., Hafer, K.M. and Mietelski, J.W. (2004) Assessing Chernobyl vs. global fallout
contributions in soils from Poland using Plutonium atom ratios measured by inductively 
coupled plasma mass spectrometry. J. Environ. Radioactiv., 73, 183–201.

175. Izmer, A.V., Boulyga, S.F. and Becker, J.S. (2003) Determination of I-129/I-127 isotope ratios in
liquid solutions and environmental soil samples by ICP-MS with hexapole collision cell.
J. Anal. Atom. Spectrom., 18, 1339–1345.

176. Danesi, P.R., Bleise, A., Burkart, W., Cabianca, T., Campbell, M.J., Makarewicz, M., Moreno, J.,
Tuniz, C. and Hotchkins, M. (2003) Isotopic composition and origin of Uranium and
Plutonium in selected soil samples collected in Kosovo. J. Environ. Radioactiv., 64, 121–131.

177. Gwiazda, R.H., Squibb, K., McDiarmid, M. and Smith, D. (2004) Detection of depleted uran-
ium (DU) in urines of veterans from the 1991 Gulf War. Health Phys., 86, 12–18.

178. Vanhaecke, F., Stevens, G., De Wannemacker, G. and Moens, L. (2003) Sector field ICP-mass
spectrometry for the routine determination of uranium in urine. Can. J. Anal. Sci. Spectrosc.,
48, 251–257.

179. Tresl, I., De Wannemacker, G., Quétel, C.R., Petrov, I., Vanhaecke, F., Moens, L. and 
Taylor, P.D.P. (2004) Validated measurements of the uranium isotopic signature in human
urine samples using magnetic sector-field inductively coupled plasma mass spectrometry.
Environ. Sci. Technol., 38, 581–586.

180. Bijlsma, J.A., Slottje, P., Huizink, A.C., Twisk, J.W.R., Witteveen, A., van der Voet, G.B.,
de Wolff, F.A., Moens, L., Vanhaecke, F. and Smid, T. (submitted) Urinary uranium concentra-
tions in a large cohort of professional assistance workers: an assessment of potential exposure
to depleted uranium during the 1992 Air Disaster in Amsterdam. New Engl. J. Med.

181. Walczyk, T. and von Blanckenburg, F. (2005) Deciphering the iron isotope message of the body.
Int. J. Mass. Spectrom., 242, 117–134.

182. Krayenbuehl, P.A., Walczyk, T., Schoenberg, R., von Blanckenburg, F. and Schulthess, G. (2005)
Hereditary chromatosis is reflected in the iron composition of blood. Blood, 105, 3812–3816.

183. Ohno, T., Shinohara, A., Chiba, M. and Hirata, T. (2005) Precise Zn isotopic ratio measure-
ments of human red blood cell and hair samples by multiple collector ICP mass spectrometry.
Anal. Sci., 21, 425–428.

184. Outridge, P.M., Chenery, S.R., Babaluk, J.A. and Reist, J.D. (2002) Analysis of geological Sr iso-
tope markers in fish otoliths with subannual resolution using laser ablation-multicollector-
ICP-mass spectrometry. Environ. Geol., 42, 891–899.

185. Outridge, P.M., Davis, W.J., Stewart, R.E.A. and Born, E.W. (2003) Investigation of the stock
structure of Antarctic walrus (Odobenus rosmarus rosmarus) in Canada and greenland using
dental Pb isotopes derived from local geochemical environments. Arctic, 56, 82–90.

Use of ICP-MS for Isotope Ratio Measurements 225

1405135948_4_006.qxd  8/18/06  12:14 PM  Page 225



Chapter 7

Alternative and Mixed Gas Plasmas

Andrew Fisher and Steve J. Hill

7.1 Introduction

In the vast majority of routine applications utilising an inductively coupled plasma (ICP),
argon is used as the plasma gas. This reflects its relatively low cost (in most countries), its
available in bulk with high purity and the fact that it has a sufficiently high ionisation
energy (15.76 eV) to ensure that the majority of analytes will be at least partially ionised for
ICP-MS analyses. Despite this, numerous gases have been added to, or have replaced argon
for both MS and OES based plasmas. In some instances this is understandable, as in the
case of the halogens that are at best only poorly ionised in argon. The use of a helium
plasma (ionisation energy 24.59 eV) facilitates the determination of the halogens, since it
is far more ionising. The presence of other gases can make the plasma more energetic and
hence facilitate atomisation and subsequently ionisation or, in some cases, the alternative
gas can be used to overcome interferences. The interferences may be spectral or physical 
in nature and may well be completely different for ICP-OES and ICP-MS instruments.
This means that although the introduction of a particular gas may be beneficial for one
system, it may serve no purpose or perhaps even be detrimental to the performance of the
other. Examples of spectral interferences include the determination of phosphorus and
sulphur by ICP-OES where these analytes have several analytical lines in the ultraviolet
(UV) region that are interfered with by argon lines [1]. Similarly, analytes whose most sen-
sitive lines are above 350 nm (where the argon possesses a structured background) tend to
have relatively poor limits of detection (LODs). The majority of gases introduced have
been molecular, although a few articles, notably those involving helium or xenon, have
used atomic gases. However, many laboratories are limited by the cost of gases such as
xenon.

The alternative gases are usually introduced via a gas blender and a mass flow controller.
This instrumental arrangement facilitates very accurate and reproducible concentrations
(between 0% and 100%) of the alternative gas to be bled into the normal argon flow. Some
instrument manufacturers have added a facility to their equipment that enables alternative
gases to be introduced without recourse to external blenders and mass flow controllers.
The alternative gas may be bled into any of the three plasma gas flows, although introduc-
tion to the nebuliser (injector) and the coolant (plasma) gas flows is the most common.
Other modifications to instrumentation may also be required. Some radio-frequency (rf)
generators may cope adequately with the introduction of alternative gases, but others may
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Alternative and Mixed Gas Plasmas 227

have a relatively poor impedance-matching network and hence be less tolerant. This will
lead to excessive reflected powers, instability and possible plasma extinction. The fre-
quency at which the generator operates has also been found to have an effect, with higher-
frequency (hf) generators being more stable than lower frequency ones. Standard 40.68 MHz
generators are therefore usually more suitable than 27.12 MHz generators and tend to oper-
ate with lower forward power [2]. It should be noted that plasmas operating with mixed
gases tend to require higher forward powers than all-argon plasmas, although this differ-
ence in power is not as large as the early studies seemed to indicate. The hf generators (e.g.
54 and 64 MHz) have also been used. Modifications to the torch design may also be neces-
sary for the introduction of some gases.

It is often necessary to light the plasma using only argon and then introduce the alter-
native gas gradually to the relevant gas inlet to allow the impedance-matching network to
compensate. Attempting to light the plasma with the alternative gas is likely to lead to fail-
ure and may even result in damage to the torch. The exceptions to the above generalisa-
tions are the low/reduced pressure (and power) helium ICPs.

Several reviews have been published describing the application of mixed gas plasmas,
including comprehensive accounts by Sheppard and Caruso [3], Durrant [4] and Montaser
and van Hoven [5].

It should be noted that rigorous optimisation of plasma parameters is required to 
obtain optimum performance from the mixed or alternative gases since very different
observation heights/sampling depths, different powers and different gas flow rates may be
required when compared with all-argon plasmas. It is necessary to use multivariate proce-
dures such as Simplex optimisation to determine how all the different parameters interact
as well as doing univariate searches to determine effects of the individual parameters.
It is also important to quote the criterion that is being optimised. This is because the use of
an alternative gas may lead to an increase in sensitivity of an analyte, but if the background
noise level is increased by a similar factor, there may be no overall improvement in figures
of merit (FoMs), such as LOD. It is therefore important to quote whether it is the analyte
signal, the signal-to-noise ratio, signal-to-background ratio, etc. that is being optimised.
The use of a multivariate approach for optimisation may also overcome confusion 
arising from the fact that the introduction of an alternative gas often requires completely
different operating parameters. Comparing LODs with and without an alternative gas
using the same operating conditions will often indicate that the alternative gas has a detri-
mental effect. If however, LODs are compared under optimal conditions for each gas 
mix, then a completely different result may be obtained. This chapter discusses the uses 
of alternative gases that have been introduced to plasmas for both OES and MS instru-
mentation, and overviews their effects, benefits and disadvantages. The effects and 
benefits are quantified in terms of FoMs, which include LODs, precision, signal-to-back-
ground and signal-to-noise ratios, as well as plasma temperatures, electron densities and
thermal conductivity. It is these properties of the plasma that are responsible for sample
volatilisation, excitation and ionisation. A recent article by Bai et al. analysed the parame-
ters of several mixed gas ICPs [6]. These authors found that when helium was added,
the electron temperature increased but that the electron density is almost constant.
Introducing xenon, however, was found to increase the electron density, but decrease the
electron temperature. The effects of several other gases introduced to the plasma were also
discussed.

1405135948_4_007.qxd  8/18/06  12:16 PM  Page 227
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Plasmas in spectrochemistry have most commonly been formed using argon or a mix-
ture of argon and nitrogen [7]. Table 7.1 gives some of the relevant characteristics for a
variety of gases that have been used to form plasmas for both optical and mass spectrom-
etry. Ideally, the gas should have:

(a) a high ionisation energy to facilitate the ionisation of elements with high ionisation
potentials such as F, Cl, Br, I, As, Se, P and S;

(b) high thermal conductivity to transfer heat from the outer region of the plasma, where
coupling of the rf or microwave energy takes place, to the central core. However, if the
thermal conductivity is too high, a large plasma becomes difficult to maintain due to
rapid cooling by conduction to the surrounding atmosphere;

(c) isotopes that do not interfere with, or give rise to any interferences with, the isotopic
masses of analytically important elements;

(d) electrical resistivity that falls in a suitable range to allow effective coupling and power
dissipation;

(e) low cost.

Table 7.1 Physical properties of commonly used plasma gases

Nominal Isotopic Ionisation Thermal Metastable 
isotopic abundance energy conductivity energy

Plasma gas mass (%) (eV) (J K�1m�1s�1) (eV)

Helium 4 99.999 24.59 0.141a 1S0 � 20.16
3S0 � 19.82

Neon 20 90.51 21.56 0.0461b 3P0 � 16.76
21 0.27 3P2 � 16.62
22 9.22

Argon 36 0.337 15.76 0.0162b 3P0 � 11.75
38 0.0063 3P2 � 11.55
40 99.6

Krypton 78 0.35 13.99 0.0086b 3P0 � 10.56
80 2.25 3P2 � 9.92
82 11.6
83 11.5
84 57.0
86 17.3

Hydrogen 1 99.985 13.60 0.166a

2 0.015
Nitrogen 14 99.634 14.53 0.0237b

15 0.366
Oxygen 16 99.762 13.62 0.0242b

17 0.038
18 0.2

At a273 K and b293 K.
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7.2 Ionisation effects

ICPs have maximum temperatures of around 10 000 K. At this temperature the gas form-
ing the plasma has sufficient energy for partial ionisation to result, hence the formation of
the plasma. For example, argon, hydrogen and nitrogen are calculated to be approximately
2% ionised at 10 000 K, assuming that only thermal ionisation prevails, reflecting the simi-
larity in their ionisation energies. At the same temperature, the gases helium, neon, kryp-
ton and xenon would be approximately 0.01%, 0.1%, 5% and 15% ionised, respectively.
However, these figures are not necessarily borne out in practise, for instance the degree of
ionisation for the helium plasma is predicted to be extremely low, even at 10 000 K, so that
formation of a plasma would be unlikely. Experimentally determined values of
Trot � 2000–2500 K, Texc � 4000–6000 K and ne � 4 � 1013–2 � 1014 cm�3 also yield
widely divergent predictions for the extent of ionisation in a helium plasma. This indicates
that local thermodynamic equilibrium (LTE) does not prevail in the helium ICP, nor
always in plasmas formed with other gases.

Once atoms are formed in the ICP there are several pathways by which they can be
ionised. The main mechanisms are:

(a) Thermal ionisation, caused by collisional energy exchange between atoms, ions and
electrons:

X � e� → X� � 2e�

M � A → M� � A � e�

(b) Penning ionisation, caused by collisions between ground state atoms and argon
metastable species:

Arm � M → Ar � M� � e�

(c) Charge-transfer ionisation, caused by the transfer of charge between ions and atoms:

Ar� � X → Ar � X�

Ar2
� � X → 2Ar � X�(*)

Ionisation energies for potential plasma gases are in the order He � Ne �� Ar � N �
Kr � O� Xe. Helium has proved popular as a plasma gas in microwave-induced plasma
(MIP) generation by virtue of its ionisation energy and large number of metastable states
that are involved in Penning ionisation, making it a more ionising plasma than would be
expected just from consideration of the equilibrium temperature. Conversely, nitrogen
plasmas are dominated by NO�, which dominates the upper limit of ionisation.

A convenient measure of the ionising capability of a plasma is the ionisation tempera-
ture, Tion. For a typical argon plasma operated at 2 kW forward power and an observation
height of 16 mm, Tion � 8730 K and ne � 4 � 1015 cm�3. The degree of ionisation, calcu-
lated using the Saha equation and assuming LTE, that would be expected in such a plasma,
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for elements with different ionisation potentials, is plotted in Fig. 7.1. It is evident that the
degree of ionisation is over 90% for elements with first ionisation energies less than 9 eV.
The ease with which elements are ionised follows the periodic trend of the elements, with
the alkali and alkaline earth elements most easily ionised and the halogens least. However,
since most elements have first ionisation energies of less than 9 eV the ICP is a suitable ion
source for most element determinations. It is the metalloids, non-metals and halogens that
are not ionised to such a large degree.

Temperature measurements have also been made for ICPs formed with molecular gases
[7]. However, comparison between argon and molecular gas plasmas is hampered by lack
of comparable experimental data. For instance, forward power and observation height will
have a profound influence on the values for Tion and ne, and these variables tend to differ
between groups and workers. In addition, the thermometric species (i.e. the way in which
the temperature measurement was made) differs between workers, with different thermo-
metric species often yielding substantially different values for temperature, even in the
same plasma. However, it is generally agreed that the best method for the measurement of
ne is the Stark broadening of the H� line, which is independent of thermal equilibrium. Tion

can then be calculated using the Saha equation and empirical measurements of selected
atom/ion line ratios. In general, the degree of ionisation is poorer in molecular gas plasmas
compared with argon, but can be improved somewhat by increasing the power.

Of all the gases used to form plasmas one would expect helium and neon to be the most
favourable for ionisation since they have the highest ionisation energies of all the gases.
There is limited experimental data available for helium plasmas (and none that is compar-
able for neon plasmas), so a definitive comparison is impossible. However, values for ne

are generally lower in helium than in argon plasmas, and Trot is much lower, showing 
that the helium plasma is far from being in LTE. Another major problem in the operation
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Figure 7.1 Plot of degree of ionisation against ionisation potential.
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of a helium plasma is the propensity for a severe secondary discharge to occur in the
expansion chamber. This causes an increase in the magnitude and spread of ion energies,
making it difficult to find compromise ion-focusing conditions for analytes of widely dif-
fering m/z. It is also necessary to use a much higher pumping capacity and/or smaller sam-
pling orifice due to the lower mass and reduced gas kinetic temperature of helium
compared with argon [7].

7.3 Thermal conductivity

The thermal conductivities of the noble gases are in the order He � Ne � Ar � Kr � Xe,
reflecting the relative viscosities of the gases (Table 7.1). As temperature increases, the ther-
mal conductivities of these monatomic gases increase almost linearly up to the temp-
erature at which ionisation occurs, and then rise more steeply because of the onset of
ionisation to anywhere between 6000 and 10 000 K. The thermal conductivity of helium is
the greatest of the monatomic gases so it is difficult to form a helium plasma with compar-
able thermal characteristics to an argon plasma. Heat is conducted away from the skin rap-
idly so that it becomes difficult to maintain the plasma or achieve a high power density.

The thermal conductivity of a diatomic gas is largely determined by the heat capacity of
the gas, which is comprised of translational, rotational and vibrational components. At
ambient temperatures diatomic gases are only translationally and rotationally excited, and
this effectively determines the heat capacity of the gas. As the temperature increases, the
molecule will begin to be vibrationally excited and the heat capacity will rise accordingly.
When vibrational excitation is very great, the gas will begin to dissociate causing a further
rapid and very large increase in heat capacity. The heat capacity will then decline as the gas
becomes more and more dissociated until, upon complete dissociation, the heat capacity
attains that of any monatomic gas. Subsequently the heat capacity will rise again as the gas
becomes ionised. At ambient temperatures the thermal conductivity of hydrogen, nitrogen
and oxygen are of the same order as the monatomic gases, but these differences becomes
magnified greatly as the gases dissociate. Dissociation of oxygen and hydrogen starts at
about 2500 K and is effectively complete at about 5000 K. The temperature at between 
2 and 10 mm above the load coil in an oxygen plasma has been determined to be approxi-
mately 7000–10 000 K so such a plasma would be expected to be mainly comprised of
monatomic species. However, it is reasonable to suppose that mixing of dissociated and
un-dissociated gas and temperature gradients within the plasma, preclude such a simple
interpretation. In comparison, the dissociation of nitrogen occurs between approximately
5000 and 9000 K, corresponding to a maximum thermal conductivity at around 7500 K.
This overlaps the experimentally determined temperatures of approximately 7000–9000 K
at between 10 and 20 mm above the load coil, so considerable dissociation and recombin-
ation are expected to occur at such temperatures.

Hence, plasmas formed entirely with molecular gases can be expected to have quite dif-
ferent thermal characteristics compared with plasmas formed with monatomic gases, and
in practice they require much higher forward powers to sustain them. Such plasmas are
typically operated at around 3 kW. However, molecular gas plasmas offer more efficient
energy transfer from the skin to the central channel, and are often advantageous for decom-
position of refractory or organic samples.
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7.4 Use of alternative gases (mixed gas plasmas) in ICP-OES

7.4.1 Introduction of nitrogen

Nitrogen is one of the more popular gases to be introduced into plasmas. In the early days
of plasma spectrochemistry, when the Greenfield torch was in common use, nitrogen was
often used as a coolant for the plasma torches. This is because very high flow rates were
required (up to 70 l min�1) and nitrogen is substantially cheaper than argon. Since the vast
majority of torches used nowadays are of the Fassel design, which is less tolerant of gases
other than argon, nitrogen is used less routinely, but has still found several applications. In
the past, numerous articles discussed the use of nitrogen plasmas and nitrogen as an add-
ition to argon plasmas. These articles tended to use forward powers of several kW
(some �10 kW), but more recently, powers of 1.2–2 kW have become more common.

The introduction of nitrogen into one or more of the plasma gas flows can have differ-
ent effects depending on whether the plasma is a source for emission spectrometry or mass
spectrometry and on which of the three gas flows it is introduced. The properties of the
plasma with nitrogen addition have been reviewed in some detail [8].

The introduction of nitrogen to the nebuliser gas alters the physical shape of the plasma
considerably, with a much wider annulus (central channel) and a shorter fireball being
obtained, although the external diameter is unaffected. The wider central channel leads to
reduced sample–plasma interaction [9,10]. If, however, the nitrogen is used to sustain the
plasma, or is introduced to the coolant gas flow, a narrower central channel is produced,
which leads to increased sample–plasma interaction. Increasing sample–plasma inter-
action assists in sample decomposition. It has been noted in the literature that nitrogen has
been introduced successfully during the analysis of slurries and solids [11]. It has also been
noted that introduction of nitrogen to the nebuliser gas does not assist in the decompos-
ition of refractory slurry particles [12]. Introduction to the auxiliary gas flow affects both
the central channel and the external diameter of the plasma [13]. The fundamental prop-
erties of the plasma are described by the temperatures (rotational, translational, electron
and excitation), spectral line width and electron number density. Molecular gas ICPs tend
to have higher temperatures than mixed gas ones. Comparison of an Ar–N2 plasma and a
N2 plasma indicates that the rotational temperature for Ar–N2 is 4500–5000 K whereas 
for N2 it is 6000–8700 K. Similarly, the excitation temperature has been reported to be
4500–7500 K for a mixed gas plasma, but 6000–9500 K for a N2 plasma. The molecular gas
ICPs tend to be closer to LTE than all-argon plasmas, and several studies of the electron
number density of nitrogen plasmas have been made. In general, it has been found that the
overall effects depended on whether the nitrogen was added to the nebuliser or auxiliary
gas flow and on the amount added. A study by Sesi et al. [13] found that the addition of
nitrogen depresses the electron concentration in the central channel and upper zones of
the plasma. Addition to the nebuliser gas causes the largest decrease in electron density in
the central channel. This was attributed to the higher heat capacity of nitrogen in compari-
son with argon (i.e. the nitrogen acts as an ‘energy sink’). Introduction to the auxiliary gas
flow increased the electron density in the toroidal region. It was concluded that most of the
energy was coupled from the load coil into the torus and that only a small proportion
reached the central channel directly. Diffusional processes are relied on to transfer the
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energy from the torus into the central channel and it was thought that the nitrogen ‘sinks
the energy’ faster than it can be transferred.

The background spectral features for Ar–N2 plasmas below 300 nm are basically the
same as for an all-argon plasma, but are more complex between 300 and 500 nm. This may
lead to problems when determining thallium at 351.9 nm and chromium at 425.4 nm.
Similar background spectra are obtained using an ICP sustained by nitrogen.

7.4.2 Introduction of hydrogen

As with nitrogen addition, the introduction of hydrogen causes a thermal pinch effect on
the plasma. The introduction of hydrogen via the nebuliser gas offers the greatest potential
for the modification of the thermo-chemical properties of the plasma. A number of authors
have reported improved detection limits and increased plasma temperatures and electron
densities [14–18]. In the study by Shibata and co-workers [18], the hydrogen was intro-
duced to the carrier gas that transports the analyte aerosol from a tungsten furnace elec-
trothermal vaporiser into the plasma of an ICP-MS instrument. An optical fibre was used
to obtain information on the electron number density (ne � 1013 cm�3) and the excitation
temperature (Texc � 5400 K) in the interface region. These values are higher than those
obtained without hydrogen. The increase in ne and Texc resulted in enhanced ionisation of
the analytes Ag, Bi, In, Pb, Te and Tl. The ion signals increased as the flow rate of hydrogen
increased and the overall enhancement was dependent on the ionisation energy of the ana-
lyte. The use of hydrogen as an ad-mix to the carrier gas for electrothermal vaporisation
(ETV) ICP-AES has been reported by Matousek and Mermet [19]. These authors found
that enhancements in ionisation were achieved and hence the emission intensity of Cr(I)
(an atom line) decreased, whereas the intensity for Cr(II) (an ion line) was enhanced.
There was an overall improvement in analytical performance because the improved preci-
sion relative standard deviation (RSD) more than compensated for the increased back-
ground continuum emission. These authors also concluded that increased electron densities
and excitation temperatures were achieved. The introduction of hydrogen (like nitrogen)
to the nebuliser gas leads to plasma shrinkage and a widening of the central channel. The
electron number density in the lower part of the plasma has been found to increase when
hydrogen is introduced to either the nebuliser or the auxiliary gas flows. This has been
attributed to an increase in the localised plasma power density. There is, however, a depres-
sion in the electron number density in higher regions of the plasma when hydrogen is
introduced via the nebuliser gas flow. The increased plasma power density leads to an
increase of approximately 1500 K in the electron temperature.

Although high levels of hydrogen (�15% v/v) have caused plasma instability, they have
also been found to aid in the volatilisation of slurry particles. Data from Goodall [12] indi-
cated that the recovery of several analytes from a firebrick slurry improved from approxi-
mately 60% in the absence of hydrogen to over 80% when 10% hydrogen was introduced
through the nebuliser gas. Simplex optimisation of the procedure indicated that 6.08% v/v
hydrogen yielded the best recovery for titanium. The increased ability to decompose
refractory slurries was reflected in higher rotational temperatures in the plasma. This was
attributed to the high thermal conductivity of hydrogen gas, which enables increased
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energy transfer from the torus of the plasma to the annulus [16]. This has been supported
by subsequent work by Sesi et al., who found that the kinetic temperature throughout the
entire plasma, in the presence of hydrogen in the nebuliser gas, increased by approximately
2000 K [13]. This increase is even larger if hydrogen is added to the auxiliary flow.

7.4.3 Introduction of hydrocarbon gases

Early work on the introduction of methane to the plasma via the nebuliser gas flow was
carried out by Alder and Mermet [20]. By measuring the Stark-broadened H line at 486 nm
they concluded that the presence of methane decreased the electron density from
6.1 � 1015 to 4.9 � 1015 cm�3.

Hydrocarbon gases have also been introduced to plasmas for atomic fluorescence deter-
minations [21]. Typical operating parameters for ICP-AFS include a forward power of
300–700 W and a much higher observation height than for atomic emission spectrometry
(AES) measurements. Introduction of 10 ml min�1 propane minimises the formation of
metal oxides that have a dissociation energy of 4–6 eV. Introduction of 50 ml min�1 propane
was found to be necessary before the refractory elements Mo, Ta, Ti and V fluoresced.

7.4.4 Introduction of halocarbon gases

Some of the gases described previously (e.g. nitrogen and hydrogen) modify the thermal
properties of the plasma but the halocarbons modify the chemical environment, forming
intermediate volatile species from refractory oxides. Halogenated gases have therefore been
used as an aid to volatilisation during ETV sample introduction to both ICP-AES and ICP-
MS plasmas [22–27]. Halocarbon gases have also been introduced to the plasma directly
[28]. Up to 4.5% freon 116 (hexafluoroethane) was introduced to the nebuliser flow, although
higher concentrations were found to attack the injector and auxiliary tubes of the torch. It
was found that the freon could be used as an aid to particle decomposition during slurry
analysis [28]. A slurry of firebrick (ECRM 776-1) was aspirated and the presence of 4%
freon enabled a Ti recovery of close to 100% to be obtained compared with only 68% in its
absence. It was also noted that the emission intensity decreased as the amount of freon
increased and that the calibration curves deviated from linearity at higher analyte concen-
trations. It is this deviation from linearity that led to the increased recovery of the titanium
from the slurry. The cause of the deviation was attributed to the formation of a classical
mass action buffer system involving metal fluorides. This was confirmed by the identifica-
tion of AlF in the plasma.

7.4.5 Introduction of oxygen

Oxygen has been introduced to both ICP-AES and ICP-MS plasmas. It has been found that
certain interferences (e.g. the CN bands) can be removed by the addition of oxygen,
although this can also be achieved using higher forward power. It has also been noted that
the spectrum between 300 and 500 nm for an O2–Ar plasma is less complex than for either
an N2–Ar or an all-Ar plasma.
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The plasma temperatures for an O2–Ar plasma tend, on the whole, to be slightly higher
than for an all-Ar plasma, but lower than for N2–Ar or air–Ar plasmas (excitation tempera-
ture ~1500 K lower, rotational temperature ~900 K lower). The excitation temperature has
been reported to be 3500–6800 K [29] and the rotational temperature 4000–5000 K [30].
The overall effect depends on the amount of oxygen added, but the highest excitation tem-
perature was observed when 10% oxygen was introduced to the coolant flow (6800 K),
dropping to 4200 K when the coolant gas is pure oxygen. The electron number density
measurements mirror this pattern, with very high density being observed with 10% O2 in
the coolant (much higher than for an argon plasma), dropping substantially when the
argon coolant is replaced entirely by oxygen. Similarly, the net signal intensity and signal-
to-noise ratio for the high excitation energy cadmium line is optimal at 10% added oxygen,
but higher percentages have an adverse effect [31]. A recent application of a mixed argon–
oxygen plasma has been reported by Edlund and co-workers [32]. These workers studied
the effects of oxygen addition to each of the three gas flows of the plasma during the analy-
sis of biodiesel diluted 1:4 with kerosene. A nebuliser flow rate of 0.35 l min�1 oxygen and
0.8 l min�1 argon was found to be the most efficient method of oxygen addition. The effect
was to improve the LODs for the analytes which was attributed to an increase in signal-to-
noise ratio arising from the decreased emission signal from carbon and carbon-containing
compounds. A recent article by Chirinos et al., has compared argon, argon–oxygen and
argon–helium plasmas [33]. These authors used a direct injection, high-efficiency nebu-
liser (DIHEN) to introduce microlitre volumes of sample and then measured the Mg(II)
280.27 nm/Mg(I) 285.213 nm intensity ratios. It was found that small amounts of He or O2

(5%) added to the coolant gas flow increased the ion to atom emission ratio (i.e. made the
plasma more energetic). Since the plasma had improved excitation conditions, potential
spectroscopic and matrix interferences were minimised.

Plasmas made entirely of oxygen have very high temperatures (excitation temperature
of 6000–11 000 K and electron temperatures of 6500–10 500 K) [34]. As with most molec-
ular gas ICPs, the oxygen plasma is regarded as being closer to LTE than an argon plasma.
Electron density in the middle of an oxygen plasma has been found to be 5 �1015 cm�3

under typical operating conditions.

7.4.6 Introduction of helium and other noble gases

In many countries, these gases are substantially more expensive than argon. The use of
neon, xenon and krypton has therefore been relatively limited, although helium has found
several applications. Helium has a very high thermal conductivity when compared with
argon, and so an increase in kinetic temperature is obtained, although the electron tempera-
ture and the electron concentration appear to be relatively unaffected [13]. It is the increase
in kinetic temperature that leads to the enhancement of the ionisation potential of the
plasma and it is this property that makes helium so useful when the halogens or other hard-
to-ionise analytes are to be determined. Introduction of approximately 17% helium to the
nebuliser gas appears to increase the electron density in the annulus but decrease it in the
lower regions of the torus. Both of these changes are slight, however. A small reduction in
electron density is obtained when helium is added to the auxiliary gas flow, the shape of the
plasma is found not to change dramatically. Helium ICPs have been developed but sustaining
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them is far more difficult than for argon plasmas. This is because of helium’s high electrical
resistivity and high thermal conductivity. Often the discharge is sustained at reduced pres-
sure [35], but atmospheric helium plasmas have also been sustained. The fundamental
properties of atmospheric-pressure helium ICPs have been reported by Cai et al. [36]. Using
high resolution Fourier transform spectrometry, these authors found that the line widths
for Fe were similar to those in an argon plasma, but that the H and He line widths in a dry
plasma were larger than those from a wet plasma. The excitation temperature was depend-
ent on the energy levels of the thermometric species and increased in the presence of water
vapour, but was found to be lower than that in an argon plasma. Similarly, the rotational
temperature was also substantially lower than that found in an argon plasma. The appear-
ance of an annular helium plasma differs markedly to that of an argon plasma. It tends to be
filament shaped and have a pinkish tinge to it. Often specialised torches are required,
although a helium plasma can be formed in a modified Fassel torch. It has also been found
that the electron number density of a helium plasma (4.8 �1013cm�3) is approximately 25
times less than for a comparable argon plasma [37]. Increasing the forward power from 1.5
to 2.5 kW increases the electron number density by a factor of 2 and raises the rotational
temperature by 400 K. No improvements in the LOD were reported and at increased power,
the plasma extended to an excess of 30 cm in length [38].

The atomic emission spectra of xenon, neon and krypton from 200 to 900 nm have been
determined in a sealed ICP-AES by Jacksier and Barnes [39]. The plasma power was only
350 W.

7.4.7 Air plasmas for ICP-AES

Air ICPs are obviously cheap to operate and can withstand higher solvent and analyte load-
ings than their argon counterparts. These advantages encouraged two instrument manu-
facturers to develop commercial instrumentation for process control applications, although
these instruments are now no longer available. Often, modifications to the torch and the
generator are necessary to form the plasma. Several articles have been published on this
subject, including one by Yang and Barnes [40] and another by Meyer and Barnes [41].
Abdallah and Mermet [42] used a 6 kW, 54 MHz generator together with a specially designed
torch surrounded by a seven-turn load coil to produce an air plasma.

A low-power air–Ar plasma has been reported by Tang et al. [43] that was sustained on
a commercial 40.7 MHz spectrometer. The molecular bands from CN to C2 were elim-
inated even when organic solvents were introduced. Detection limits of analytes in isobutyl
methyl ketone (IBMK) were superior or comparable to those found in a pure argon
plasma. As an application, waste oil diluted in xylene was analysed.

7.4.8 Carbon dioxide plasmas

There have been very few attempts to generate a carbon dioxide plasma. Yang et al. [44]
were successful in their attempt and generated a carbon dioxide plasma using a power of
2.3 kW. The background spectrum between 190 and 900 nm was investigated and it was
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discovered that the spectrum was rich in molecular bands (CO, CN, CO� and C2) below
520 nm, but above this wavelength, the background spectrum was relatively flat.

7.4.9 Multiple gas plasmas

Although it is not common, there have been reports of plasmas that have a mixture of
alternative gases introduced to them. One example includes the ternary mixture of argon,
helium and nitrogen [45]. The authors determined the effects of the mixture on seven dif-
ferent analytes (Ba, Ca, Cd, Fe, Mg, Y and Zn). It was concluded that the ternary mixture
improved the signal-to-background ratio because the helium suppressed the increase in
background signal caused by the nitrogen.

7.5 Mixed gas plasmas for use with ICP-MS

Different plasma gases will have different isotopic compositions, as indicated in Table 7.1.
The atomic masses of these isotopes will greatly influence the interferences in the mass
spectrum of a plasma, particularly when a complex matrix is present. Such spectroscopic
interferences are caused by atomic or molecular ions having the same nominal mass as the
analyte of interest, thereby interfering with analysis by causing an erroneously large signal
at the mass-to-charge (m/z) ratio of interest. One type of interference is caused by over-
lapping isotopes of different elements. These interferences, termed isobaric interferences,
are easy to predict and well documented so they can easily be overcome by using alterna-
tive isotopes or elemental equations for analysis. The second category is that of molecular
or polyatomic ion interferences caused by polyatomic ions formed from precursors in the
plasma gas, entrained atmospheric gases, water, acids used for dissolution and the sample
matrix. The polyatomic ions so formed may then result in interferences on analytes with
the same nominal m/z.

Interferences caused by the plasma gas, entrained gases and water are present regardless of
whether a sample is being analysed and are dependent to a large extent on the isotopic com-
position of the plasma gas. For instance, consider a plasma comprised of argon, which has the
isotopes 36Ar, 38Ar and 40Ar. Entrained atmospheric air will contribute the isotopes of nitro-
gen and oxygen, and if water is nebulised into the plasma then all the isotopes of hydrogen
and oxygen will also be present from this source and it is possible to observe many poly-
atomic ions in the mass spectrum up to the Ar2

� species at m/z 80. Many of the polyatomic
ions at lower m/z interfere with the determination of transition elements, the interference of
ArO� on Fe at mass-to-charge ratio (m/z) 54, 56 and 58 being a particular example. In com-
parison, if helium is used as the plasma gas then the polyatomic ions will be confined to the
mass spectrum below HeO� at m/z 22, and hence, far fewer interferences arise.

There is also the possibility that molecular ions may form from constituents of the sam-
ple matrix in combination with the plasma gas, entrained atmospheric gases and water.
Matrix elements that cause particular problems are Cl, K, Na, Ca, Mg, Al, Si, S and P since
they are often found at high concentrations in many samples or acids that are used for dis-
solution. In addition, individual samples can cause particular problems, such as the inter-
ference of 196Pt1H on 197Au when determining 197Au in platinum bullion.
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7.5.1 Introduction of nitrogen

Nitrogen addition to MS-based plasmas has been successful in overcoming many interfer-
ences. Several articles have introduced nitrogen as an ad-mix to either the nebuliser or the
coolant gas flows to overcome polyatomic interferences [46–52]. There is disagreement
between authors as to which of the argon flows the nitrogen should be introduced. Addi-
tions to both the nebuliser and coolant have advantages and disadvantages. The advantage
of adding nitrogen to the coolant flow are claimed to be better analytical utility, but it may
lead to reduced plasma stability and, for some instruments, a possible increase in reflected
power. Introduction to the nebuliser gas flow causes less plasma disturbance and is more
efficient; that is, less nitrogen is required to obtain the same results when compared with
introduction to the coolant (3–4% v/v compared with 5–10% v/v). Again, introduction of
nitrogen causes a change in the shape of the plasma and hence re-optimisation of the neb-
uliser flow rate and sampling depth will be necessary to ensure that maximum sensitivity
is obtained.

Several interferences have been overcome. The majority of these are chloride-based
polyatomic interferences such as those by 40Ar35Cl� on 75As� and by 40Ar37Cl�on 77Se�.
The mechanism by which these interferences are overcome appears to be direct competi-
tion between argon and nitrogen to combine with the chloride. As the amount of nitrogen
increases, the amount of 40Ar35Cl� decreases, but the amount of 14N37Cl� increases. This
is not a problem unless vanadium at m/z 51 (14N37Cl�) or titanium at m/z 49 (14N35Cl�) is
also being determined. In addition to these polyatomic interferences being overcome, the
addition of nitrogen may also decrease the amount of metal oxide (MO�) interference and
also decrease interferences from ArO� (56Fe�), CCl� (47Ti� or 49Ti�), ClO� (51V�) and
Cl2

� (Ge). It should be noted that the amount of MO� increases again if over 5% v/v nitro-
gen is added to the nebuliser gas. There appears to be no evidence of MN� or M2� forma-
tion. Introduction of nitrogen to the auxiliary gas flow appears to yield no beneficial effects
[53]. There have been several more recent reports that reconfirmed the original findings
[54–57]. Nitrogen introduction techniques therefore facilitate the accurate determination
of analytes such as arsenic in samples such as seawater, clinical materials and other matri-
ces containing high levels of chloride.

Instead of focusing on practical applications, some researchers have concentrated on the
more theoretical aspects of nitrogen addition. Lam and Horlick assessed the effects of sam-
pler–skimmer cone separation by comparing an all-Ar plasma with a 5% nitrogen-in-Ar
plasma (the nitrogen being introduced to the coolant flow) [58]. Generally, as the separ-
ation distance increased (from 0.61 to 1.18 cm) for an all-Ar plasma, the response of the
analyte and interferent species fell, although the exceptions were ArN� and ArOH�, which
increased. The same was not found for the N2–Ar plasma. The response increased when the
separation increased to 0.84 cm before decreasing again at higher separation distances.
Again, the exceptions were ArN� and ArOH�. This implies that the addition of nitrogen
was having an effect on the dimensions of the barrel shock and Mach disc position within
the interface and that this had implications for the mechanism of polyatomic ion removal.
More recently, nitrogen has been used to sustain (in part) the plasma during ICP-MS
analyses [57]. Nitrogen replaced argon in the nebuliser and auxiliary flows and was also
present in the coolant, although argon was also added to this flow to sustain a stable
plasma. It was found that nitrogen-containing polyatomic interferences increased, but that
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the Ar� signal was weak. Analytes such as arsenic and selenium that are adversely affected
by argon-containing polyatomic interferences could therefore be determined. It was, how-
ever, noted that the analytical sensitivity in the nitrogen plasma was similar to that in an
argon plasma for those analytes with low ionisation energy (�6.5 eV) but was poorer for
those with ionisation energy �6.5 eV.

Nitrogen has a mixed effect on the sensitivity of analyte determinations. Some workers
have described enhancements, others have reported suppressions and some have found
both, depending on the amount of nitrogen added or on the mass of the analyte. It is worth
repeating here that direct comparisons with all argon plasmas can be difficult unless opti-
mised conditions are used. Similarly, if a multivariate optimisation procedure is used, the
analyst should determine what is being optimised (e.g. analyte signal, signal-to-background
ratio, signal-to-noise ratio or detection limits). Introduction of 4% v/v to the nebuliser
flow rate has been found to decrease the overall sensitivity (by a factor of about 3). Despite
this drop in sensitivity, for analytes where the introduction of nitrogen helps overcome a
serious interference effect, the LOD is normally improved.

Non-spectroscopic interferences have also been removed using nitrogen. An example of
this was reported by Xiao and Beauchemin [59], who found that the suppression of signals
of analytes throughout the mass range by 0.1 M sodium solutions in an argon plasma could
be removed if 10% nitrogen was introduced to the coolant gas flow. A reduction of mass 
discrimination effects compared with an all-argon plasma were also reported. A mixed
nitrogen–argon plasma has also been reported to both increase sensitivity and decrease
mass discrimination effects in an article that described the determination of lead isotope
ratio measurements in samples by LA-ICP-MS [60]. In another study, Holliday and
Beauchemin used a 4% nitrogen–96% argon plasma to determine molybdenum in seawater
diluted twofold with de-ionised water [61]. By altering the sampling depth from within the
plasma to 2 mm away from optimal sensitivity, robust operating conditions could be
obtained that suffered far less from non-spectroscopic interferences. The authors concluded
that although the formation of 40Ar35Cl� was partially inhibited, the presence of so much
chloride still prohibited the direct determination of 75As� in this particular matrix. The
determination should, however, still be possible when somewhat less chloride is present.

7.5.2 Introduction of hydrogen

The effect of introducing hydrogen to ICP-MS plasmas have been discussed by several
workers [62–64]. It has been found that the addition of hydrogen leads to signal suppression
of heavier analytes relative to the lighter ones. It also degrades the signal-to-background and
signal-to-noise ratios. It can, however, be used to remove some polyatomic interferences, for
example it decreased MO� polyatomics to one-tenth of that obtained in the absence of
hydrogen, but was found to have no effect on ArCl�, ArO� or ClO� [64]. LODs achieved
under optimised conditions were fivefold better for 155Gd when using hydrogen addition.
There is a possibility of MH� formation, but this was found to be negligible unless very high
concentrations of analyte were present and was therefore not a problem for natural samples.
Interestingly, much of the work performed on the addition of hydrogen to ICP-MS instru-
mentation has concentrated on its introduction to dry plasmas (i.e. where samples are
introduced via a desolvation device or by ETV). The hydrogen that would normally be
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obtained from an aqueous matrix is therefore not present unless it is added directly via one
of the gas flows. Hartley et al. [63] discussed this and concluded that hydrogen had to be
added to ensure sufficient energy transfer from the torus to the central channel.

7.5.3 Introduction of hydrocarbon gases

Hydrocarbon gases have been introduced to the nebuliser gas flow of ICP-MS plasmas to
overcome polyatomic interferences. Several gases have been used, including methane and
ethane. Methane has been used by several workers including Allain et al. [65], Wang et al. [48]
and Hill et al. [66]. Care must be taken to avoid carbon produced as a decomposition prod-
uct from clogging the sampling cone, leading to excessive signal drift. Methane introduced
through the nebuliser flow was particularly successful at reducing interferences arising from
argon and chlorine combinations and hence facilitated the determination of arsenic and sel-
enium. Introduction of up to 1% v/v methane was admissible to the plasma before instabil-
ity occurred. Simplex optimisation of the working conditions indicated that a relatively low
power (1250 W) and a high nebuliser flow rate (1 l min�1) were required [66].

Introduction of methane to the coolant gas flow was far less successful. The plasma became
less tolerant and could withstand concentrations of only 0.2% v/v before becoming very
unstable. In addition, interferences were not reduced and ArO� actually increased, thereby
deteriorating the Fe detection limit. Introduction to the auxiliary flow was also unsuccessful,
although to a lesser extent than introduction to the coolant flow. The introduction of ethene
to the nebuliser gas flow at a concentration of up to 0.5% v/v has also been achieved. This
proved to be successful in overcoming numerous polyatomic interferences, although a con-
stant flow of water into the plasma was required to prevent the accumulation of carbon par-
ticles on the sampling cone. Ebdon et al. have described the utilisation and advantages of
ethene introduction [67]. The interference arising from ArCl� could be eliminated completely
even at chloride concentrations of 33 mg ml�1. Optimisation indicated that a higher nebuliser
flow was required but that normal powers could be used. Similarly, a higher nebuliser flow rate
was required to decrease the interference from ArO� on iron determinations. The LOD for
iron was therefore improved. Similar improvements were obtained for the LODs of 63Cu� and
62Ni� (removal of NaAr� and Na2O

�, respectively). In addition to these interferences being
removed, the addition of ethene also removed the interference effects exerted by ClO�,
thereby facilitating vanadium determinations; that is, the formation of ClO� was reduced to
0.2% of its original value and polyatomic interferences arising from digestion acids (SO2

�, S2
�

and PO2
�) were overcome. In some cases, the improvements in LOD were substantial; for

example, the use of ethene removed the PO2 interferent during Cu determinations and
improved the LOD by a factor of over 100. Overall, the use of ethene was shown to be far more
beneficial for ICP-MS determinations when compared with either hydrogen or methane.

7.5.4 Introduction of oxygen

The only real use for oxygen in ICP-MS is to burn off carbon produced during aspiration 
of organic solvents or from samples with a high dissolved/suspended solids content. If
carbon from such samples is not burned away from the cones, the sample cone may become
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clogged, which leads to excessive signal drift until, when blocking is complete, no ions reach
the detector and hence no signal is obtained. There are two main problems associated with
the introduction of oxygen to ICP-MS determinations: it may exacerbate polyatomic inter-
ferences (e.g. MO� or ArO�) and, equally importantly, it may have a severely deleterious
effect on the cone. An excess of oxygen will burn a large hole through a standard nickel cone,
which would curtail its useful lifetime substantially (possibly decreasing it to only a few
minutes if a large excess is introduced). A balance between the amount of organic material
and the amount of oxygen introduced is therefore required. The amount of oxygen intro-
duced to the nebuliser flow varies according to the organic solvent/sample being analysed,
but is typically 2%–5%, although much higher proportions (20%) have also been reported
[68]. Platinum-tipped cones may be used as these have a higher resistance to oxidative
attack. Applications where oxygen has been introduced are common and so only a few select
examples are given here [69, 70]. The facility to introduce oxygen to assist in the analysis of
organic solvents has now been adopted by instrument manufacturers who have incorp-
orated a calibrated ‘alternative’ gas inlet, thus allowing accurate additions.

A more extreme case using a plasma in which the nebuliser and auxiliary gas flows were
comprised of oxygen but with argon in the coolant flow to maintain stability has been sus-
tained by Uchida and Ito [71]. The plasma operated at a power of 2.4 kW and maximum
signal was obtained with a nebuliser flow of 1.41 l min�1. The sensitivity of the technique
was found to be inferior to that of Ar or N2 plasmas and decreased further with increasing
mass number of the analyte. In addition, it was found that there was a higher ratio of
doubly charged to singly charged ions and the ratio of MO� to M� also increased.

7.5.5 Introduction of helium and other noble gases

For ICP-MS studies, the use of helium has several advantages. It is more ionising, therefore
hard-to-ionise elements such as the halogens may be determined more readily. It can also
circumvent many of the troublesome polyatomic interferences associated with argon (e.g.
ArO� on 56Fe, ArCl� on 75As and ArNa� on 63Cu, etc.). The major drawback is that of cost.
Few laboratories can afford to use helium at flow rates of several litres per minute for extended
periods of time. Several articles have been published recently involving the application of
helium ICP-MS both to atmospheric-pressure plasmas [72–74] and to reduced-pressure
plasmas [75]. Whereas most reduced-pressure plasmas have been coupled to gas chro-
matography [76,77], some reports have indicated that solutions may be nebulised, although
the need for desolvation systems was highlighted [78,79]. An alternative sample introduc-
tion method has been described by Hayashi and co-workers who used ETV to introduce
10 �l aliquots of hair digests [80]. Four analytes were determined simultaneously with pre-
cision of better than 10% RSD. LODs were at the sub-ppb level. Nam et al. [81] indicated
that the atmospheric helium plasma might be prone to matrix effects. Increasing concen-
trations of sulphate, sodium and uranium were found to enhance the signals of As and Br,
but this could be corrected by the use of Se as an internal standard. Likewise, the addition of
helium will generally improve the ionisation characteristics of an argon plasma.

Xenon has been introduced at 10–37 ml min�1 to the nebuliser gas of an ICP-MS instru-
ment [82]. It was found that its presence reduced the interference effects exerted by species
such as N2

�, HN2
�, NO�, ArH�, ClO�, ArC�, ClOH�, ArN� and ArO�, thereby facilitating
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determination of 28Si, 29Si, 39K, 41K, 51V, 52Cr, 54Cr, 54Fe and 58Fe. Xenon has also been intro-
duced at 1.5% to the nebuliser flow to try and elucidate the charge-transfer reactions that
occur between xenon ions and iron atoms [83]. It was concluded that xenon had little effect
on the electron number density or the iron atom-line emission intensities, but that the iron
ion-line intensities were enhanced. A recent publication has described the use of a neon-
based plasma for LA-ICP-MS measurements of solid samples [84]. Although the overall pic-
ture was complicated by the very different operating conditions required between the neon
and argon plasmas (especially the nebuliser gas flow), it was concluded that sensitivity was
reduced when compared with argon plasmas. However, it was also noted that the presence of
argon-based interferences (e.g. 63Cu40Ar� and 65Cu40Ar�) were reduced in the neon plasma,
thus facilitating the determination of 103Rh� and 105Pd� in a copper sulphide sample.
Similarly, a nickel sulphide sample was analysed for 98Ru� and 100Ru� which would other-
wise have suffered interferences from 58Ni40Ar� and 60Ni40Ar�, respectively.

7.5.6 Air plasmas for ICP-MS

Uchida and Ito [85] have used an air plasma as an ion source for mass spectrometry. The
coolant and nebuliser flows were made up completely of air, but argon at a flow rate of
1.5 l min�1 was required in the auxiliary gas to sustain a stable plasma. Using a modified
torch, the analyte signal was found to increase with increasing power, but 2 kW was found to
be sufficient to maintain a stable discharge. Under optimised conditions, N�, O� and NO�

gave strong signals, but Ar� was very weak. The air ICP-MS therefore yielded results compar-
able to the nitrogen ICP-MS. Sensitivity was found to be improved for analytes with low 
ionisation energy (�6.5 eV) but inferior for analytes with higher ionisation energy when
compared with an all-Ar plasma. These results are also similar to those achieved using a
nitrogen plasma.

7.6 Low-pressure plasmas

Reduced-pressure ICPs have been studied using AES principally to investigate excitation
processes within the plasma [86–90]. Smith and Denton [91] have performed a study of the
effects of pressure on the operation of an ICP. They observed that plasmas of most gases
would form easily under reduced pressure even without initial excitation from a tesla coil.

There are a number of advantages of using low-pressure ICPs coupled with mass spec-
trometry. First, the removal of entrained air from the plasma-sampling interface results in
fewer polyatomic interferences in the background spectra. Second, because it is easy to
form a plasma in almost any gas, careful selection of the gas can reduce unwanted isobaric
interferences. Third, low-pressure ICPs can be sustained with low gas flows, therefore
reducing the gas consumption. However, the main advantage of the low-pressure plasma
has been its use as a tunable ion source for mass spectrometry, yielding both atomic and
molecular ions. Traditionally, plasma sources have been operated at atmospheric pressure
and used to atomise the total sample, producing mostly atomic ions. If qualitative deter-
mination of molecular structure or weight are required, it is necessary to use an alternative
ion source such as electron impact (EI), electron ionisation (ESI), chemical ionisation (CI)
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or fast atom bombardment (FAB) – see Chapter 8. These sources, in combination with
MS-MS experiments, have traditionally bridged the gap between total ionisation or partial
fragmentation of molecules; however, some of the sources used for qualitative analysis (i.e.
EI, CI, ESI and FAB) cannot be used satisfactorily to provide atomic ions because of their
propensity for cluster formation.

Plasma source mass spectrometry, which is dominated by the atmospheric-pressure ICP,
has been the choice of many groups for trace element speciation. The use of such a tech-
nique has many advantages. First, the high-energy ionisation source coupled to mass spec-
trometry has yielded detection limits, for many elements, in the sub-picogram range [92].
Another advantage of using such a high-energy source is its ability to quantify an unknown
species by calibrating the instrument with a known compound that has at least one elem-
ent in common with the unknown species. This is possible because the compounds are
completely atomised to their constituent elements in the plasma source. A major disad-
vantage of such techniques is that qualitative identification of analyte species has relied on
comparison of chromatographic retention times, requiring a pure standard of the analyte
in question, or the use of an alternative technique. This has effectively limited the tech-
nique to the analysis of known compounds.

Evans and Caruso investigated the possibility of forming argon and helium low-pressure
ICPs using commercially available atmospheric-pressure ICP-MS instrumentation [93].
Using this instrumentation, it was possible to sustain a 0.5 l min�1, 350 W argon ICP at
0.2 mbar. However, it should be noted that both plasmas operated with reflected power
readings of greater than 30 W, suggesting the ICP generator and matching network were
not ideally suited to the task. Nevertheless, a similar instrument was later used for the
analysis of halogenated compounds, with detection limits in the low picogram range, using
gaseous sample introduction via a gas chromatograph [94].

Since these initial investigations, low-pressure ICP-MS has been applied to the analysis of
non-metallic elements, using continuous sample introduction [95] and ETV [96]. Subse-
quently, Evans et al., investigated the use of a low-pressure ICP-MS as a dual source for mass
spectrometry, providing both trace level elemental analysis and qualitative information of a
series of organohalides and organometallic compounds [97]. This required only moderate
alteration to a commercially available ICP-MS instrument. Only atomic ions were observed
in the mass spectrum when using a 1 l min�1 argon low-pressure ICP operated at 200 W, but
molecular fragments were observed on removing the argon supply and sustaining a
3.5 ml min�1 helium low-pressure ICP at forward powers between 15 and 50 W. However
problems do exist when using commercial ICP-MS instrumentation for the production and
monitoring of ions from the low-pressure ICP, especially when operating in the molecular
mode. These can be summarised as follows:

(a) The rf generator, matching network and load-coil configuration were inadequate to sus-
tain such a low-pressure helium plasma. This is to be expected since they were designed
to sustain a 12–18 l min�1 atmospheric argon plasma at between 1000 and 2000 W.

(b) The ion-sampling interface was designed for sampling ions from an atmospheric-
pressure plasma.

(c) The quadrupole analyser of the mass spectrometer had a mass range from 5 to 255 m/z –
this was inadequate for the analysis of many oraganometallic species, which have molecu-
lar masses exceeding this.
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These problems were addressed by O’Connor et al. [98] in the design and construction of a
dedicated low-pressure ICP-MS instrument. The improved rf power coupling and modified
generator used in this study resulted in a stable 3 ml min�1, 6 W low-pressure helium plasma
being used for the production of molecular ions. However, problems still remained in the
production of molecular ions at low levels, resulting in calibration of the analyte of interest
by using the instrument in the atomic mode. This was addressed by addition of reagent gases
to the low-pressure plasma [75]. The addition of 6 ml min�1 of helium to the 3 ml min�1

helium low-pressure plasma was shown to yield only atomic ions from a series of organo-
halides introduced via gas chromatography. On the introduction of 0.07 ml min�1 of
isobutane to the plasma, fragmentation spectra similar to those produced by electron-impact
mass spectrometry were observed for several halogenated compounds. The addition of
1 ml min� 1 isobutane to the low-pressure plasma resulted in the production of only the
molecular ions of these compounds. Moreover, the addition of isobutane was seen to stabilise
the production of the molecular ions, enabling linear calibration of the instrument in atomic
and molecular mode. Fig. 7.2 shows the resulting spectra of dibromobenzene from a low-
pressure ICP-MS operating in (a) atomic mode and (b) molecular mode.
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Figure 7.2 Spectra of dibromobenzene from a low-pressure ICP-MS operating in (a) atomic mode and
(b) molecular mode.
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7.7 Low-power plasmas

The use of a low-power ‘cool’ plasma was first described by Jiang et al. [99]. The ICP was
effectively cooled by increasing the sampling depth, from 10 to 30 mm, so the plasma was
cooled by air entrainment. On doing this the background spectra form the ICP changed
from one which consisted mainly of Ar�, ArH� and O� to one dominated by NO�, O2

� and
H3O�. This reduction in argon-associated polyatomics enabled the analysis of potassium
isotope ratios. However, a dual-slope calibration plot suggested that the analyte in the cool
plasma suffered a self-enhancing matrix effect. In addition, when the plasma was cooled in
this fashion a loss in sensitivity, compared with the normal operation mode, was reported.

7.8 Conclusions

Mixed gas plasmas have several advantages over all-argon plasmas. The thermal conduct-
ivity of many of the alternative gases is higher than that of argon and therefore there is
often improved heat transfer from the torus of the plasma to the central channel. This
means that many plasmas that contain an alternative gas (the exception being nitrogen, but
only when it is introduced to the nebuliser flow) are more efficient at decomposing parti-
cles and other solids. These plasmas have therefore found use in the analysis of slurries and
aerosol particles. Many mixed gas plasmas offer improved sensitivity over all-Ar plasmas
but the operating parameters are often very different. Optimisation using a multivariate
technique is therefore very important. Introduction to ICP-MS instruments facilitates the
determination of many analytes that, under normal circumstances, suffer from polyatomic
interferences. As well as overcoming spectral interferences, mixed gases can also be used to
overcome interferences such as mass discrimination effects in plasma-mass spectrometry.

The use of molecular gas and helium ICPs may also offer many advantages (e.g. helium
facilitates the determination of halogens and other hard-to-ionise analytes). Molecular-gas
ICPs are also closer to LTE than argon plasmas. The main drawback to the use of mixed gas and
alternative-gas plasmas is that often the instrumentation (matching network and torch) needs
to be modified to sustain a stable discharge. This, added to the fact that many of the gases intro-
duced (e.g. noble gases and helium) are less readily available, adds to the cost of analysis.
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Chapter 8

Electrospray Ionization Mass Spectrometry: A
Complementary Source for Trace Element
Speciation Analysis

Helle R. Hansen and Spiros A. Pergantis

8.1 Introduction

Over the past decade we have witnessed the rapid development of a wide range of hyphen-
ated analytical techniques for the purpose of trace and ultra-trace element speciation analy-
sis [1]. These techniques are mainly based on high-resolution separation techniques coupled
on-line with sensitive element-specific detectors. High-performance liquid chromatography
(HPLC) is used extensively because most metal and metalloid species are non-volatile. In
special cases, however, gas chromatography (GC) can be used for the separation of volatile
species or non-volatile metal species that have been derivatized into volatile forms. The elem-
ent species eluting from the HPLC or GC column are detected on-line using sensitive, element-
specific detectors such as inductively coupled plasma (ICP) – atomic emission spectroscopy,
atomic absorption spectrometry, atomic fluorescence spectrometry, or ICP-mass spectrom-
etry (ICP-MS). In particular, ICP-MS has dominated this area of analysis as a result of its
superior sensitivity and selectivity. Even though the use of this type of hyphenated tech-
niques has proven extremely powerful in detecting and identifying a wide range of arsenic,
selenium, antimony, tin, mercury, lead, and chromium species, directly in biological and
environmental samples at trace or ultra-trace levels, it is recognized that the approach has
shortcomings and fundamental limitations [2]. These limitations arise from the fact that
identification of element species is based on matching chromatographic retention times of
the unknown element species with those of well-characterized standards. Thus the approach
requires the use of a wide range of suitable element species standards. Unfortunately, how-
ever, only a limited number of standards are currently commercially available for most elem-
ents. This necessitates either their synthetic preparation or the isolation of the naturally
occurring species from their corresponding matrices. Limitations, however, persist even when
suitable standards are available, as the possibility for misidentification of element species
resulting from species co-elution cannot be dismissed [2]. In addition, even though the
approach has proven extremely successful for detecting the presence of known element
species in crude biological and environmental extracts, it fails to provide direct structural
information for the characterization of novel species.

It is for these reasons that alternative and/or complementary analytical techniques are
required. Various mass spectrometric techniques, which have been used with great success
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for the characterization of organic molecules and biomolecules, are now attracting consider-
able attention for the purpose of element speciation analyses. For example, fast-atom bom-
bardment [3], thermospray [4], and desorption chemical ionization [5] MS have been used
with varying degrees of success in the past for arsenic speciation analysis in samples of
environmental origin. However, it has become clear that electrospray ionization (ES) mass
spectrometry (MS) and tandem mass spectrometry (MS/MS) are the molecular mass spec-
trometric techniques that exhibit the greatest potential in this respect [6]. ES-MS/MS has
emerged as one of the most powerful analytical techniques for trace level detection and struc-
tural characterization of a wide range of organic compounds and biomolecules. This is
mainly because it allows for the direct and efficient transition of analyte ions from the liquid
to the gas phase. This is of major importance as most biomolecules are insufficiently volatile
and thermally labile to be vaporized directly into the gas phase in order to be mass analysed.
Even though the need to characterize biomolecules (e.g. proteomics analysis) has been the
driving force for the rapid development of ES-MS/MS instrumentation, it is now well estab-
lished that ES is also extremely efficient in generating gas-phase ions of inorganic,
organometallic, and organometalloid compounds. As a result, the technique has attracted the
attention of researchers interested in identifying metals and metalloid species present at trace
levels in environmental and biological samples. Amongst them are those involved in the
development and application of HPLC–ICP-MS techniques for the purpose of element spe-
ciation analysis. In fact, it is now viewed that ES-MS and ICP-MS are extremely well suited
for complementing each other, allowing for advanced element speciation analysis. For
example, the majority of element speciation papers published in one of the leading atomic
spectrometry journals, that is Journal of Analytical Atomic Spectrometry, clearly demonstrate
the complementarity between HPLC–ICP-MS and HPLC–ES-MS/MS. In addition, current
research efforts are being made towards the development of novel mass spectrometric instru-
mentation which incorporates both an atomic source (i.e. ICP) and a molecular source
(i.e. ES) [7]. We, therefore, consider it to be of importance to the readers of this book to
include a chapter on ES-MS; a complementary source for element speciation analysis.

More specifically, the aim of this chapter is to provide an interpretative description of
the fundamental principles of ES-MS and MS/MS, to overview a limited range of state-of-
the-art instrumentation currently in use, and finally present examples of the use of these
techniques in the field of element speciation analysis. In doing so it is not our intention to
provide exhaustive references to all investigators who have made important contributions
in these fields of research.

8.1.1 Historical aspects of ES-MS

Even though the electrospray process had been known for over a century, Chapman, in the
late 1930s, was credited as being the first to conduct experiments involving this process [8].
Dole et al. [9] and Mack et al. [10] were the first to develop electrospray into a practical
method for introducing ionized compounds into a mass spectrometer, including successful
ionization of several high-mass compounds. The modern day development of ES as a source
for MS, however, was first detailed by Yashimata and Fenn [11]. In their pioneering work they
reported on the observation of both positive and negative inorganic ions. The potential of
the technique, however, was not recognized until several years later when Fenn et al. [12]

252 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_008.qxd  8/18/06  4:49 PM  Page 252



demonstrated the essentials of the technique, especially its capability for multiple charging of
analyte ions and the technique’s application for the ionization of biological macromolecules
and polymers. A gauge of the impact of these milestones on the establishment of ES-MS as
an essential analytical technique for the characterization of compounds can be viewed in 
Fig. 8.1 which contains the number of ES-MS publications per year, for the last 30 years. In
fact, John Fenn was awarded part of the 2002 Nobel Prize in Chemistry for his work on the
development and application of ES-MS for the analysis of biomolecules.

Today ES is the predominant mass spectrometric technique used for the determination
of a wide range of analytes present at trace level in biological, environmental, food, clinical,
and pharmaceutical samples.

8.1.2 The role of ES-MS in biomolecule analysis

In order to take full advantage of the capabilities of ES-MS for element speciation analysis it
is important to first have some knowledge of the advances that have so far been achieved
using this technique for the analysis of a wide range of biomolecules in diverse matrices. Of
course this section only provides brief reference to limited areas of application, and for this
reason the reader is encouraged to seek more specialized texts in order to gain detailed
knowledge of the rapid advancement of ES-MS in the area of biomolecule analysis. Knowl-
edge of these advancements is surely to contribute towards the more productive use of ES-MS
for element speciation analysis.

ES-MS is one of the two mass spectrometric techniques, the other being matrix-assisted
laser desorption ionization (MALDI), to have revolutionized the role of MS in biological and
biochemical research. Both are currently used for the high-precision determination of rela-
tive molecular masses of large biomolecules such as proteins, as well as the much smaller
peptides. These determinations allow for protein identification (proteomics analysis), detec-
tion of mutations within proteins, detection of post-translational modifications, structure
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confirmation, and eventual correction of the protein sequences derived from their DNA
sequence. Without going into much detail protein identification by ES-MS generally consists
of three steps [14,15]. Initially, the protein is cleaved enzymatically. Subsequently, the mixture
of resulting peptides is separated, using HPLC or two-dimensional gel electrophoresis, and
introduced into the ES tandem mass spectrometer. The objective is to identify a maximum
number of peptides. Finally, in the last step, to compare the obtained tandem mass spectra
generated from several peptides with databases generated by the application of the rules of
cleavage to all the known sequences. In general, by using this approach, protein identification
can be achieved from the identification of three to six of its peptides. Improved reliability of
protein identification is achieved when using more than one different enzymatic digestions.

Another important application of ES-MS (and of MALDI) is the identification and local-
ization of post-translational modifications in proteins. For example, disulfide bridges play an
important role in establishing and preserving the three-dimensional structure of proteins, it
is therefore of importance to determine if such bridges exist in a protein, as well as which cys-
teine residues participate in their formation. This can be quite conveniently accomplished by
using ES-MS/MS to analyse peptides resulting from a protease digestion of the non-reduced
protein, followed by the analysis of the peptides resulting from an identical digestion of the
protein that has undergone disulfide bridge reduction. In comparing the two mass spectra it
is evident that ions corresponding to peptides connected by a bisulfide bridge will disappear
when the protein has been reduced, yielding two new peptides both containing cysteine
residues.

ES-MS is being used extensively for the verification of the structure and purity of syn-
thetic peptides, as well as for rapidly verifying the fidelity and homogeneity of proteins
produced by genetic engineering.

Most recently attempts are being made to use ES-MS to monitor non-covalent inter-
actions between biomolecules [16]. These interactions are categorized as intra-ionic inter-
actions influencing the three-dimensional structure of an ion, as interactions between
identical or structurally similar species resulting in the formation of multimeric species, and
finally as specific interactions between structurally dissimilar species which are related by bio-
logical function. The literature contains many examples of all three categories of interactions.

8.2 Mechanistic aspects of electrospray ionization

8.2.1 Formation of charged droplets

The ES source can be considered as a special type of electrochemical cell. It consists of two
electrodes placed approximately 1–3 cm apart: the first, a metal capillary (typically 0.2 mm
o.d. � 0.1 mm i.d.) through which the liquid sample is introduced, and the second a plate,
with an orifice, that functions as a counter-electrode and the entrance to the mass analyser.
In order to generate charged droplets from the liquid sample a high potential in the range of
3–6 kV is applied across the two electrodes, under atmospheric pressure conditions. This
potential sets up an electric field at the capillary tip, which partially penetrates the surface of
the liquid emerging from the capillary. In most ES configurations the capillary is set to a volt-
age between �3 – 6 kV, while the counter-electrode is grounded. A positive voltage is applied
in order to generate positively charged droplets that subsequently give rise to positively
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charged gas-phase ions, whereas a negative voltage is applied to generate negatively charged
gas-phase ions.

The sample liquid, delivered to the capillary at a relatively low flow rate of 1–10 �l/min,
‘experiences’ the electric field resulting from the potential applied across the two electrodes.
Assuming a positive voltage is applied to the capillary and the counter-electrode is grounded,
positive ions migrate towards the emerging liquid front, while negative ions migrate
towards the capillary, and in some cases lose their charge through electrochemical discharge
against the wall of the metal capillary. This electrophoretic separation of positive and nega-
tive ions leads to the accumulation of positive ions on the liquid surface, which causes desta-
bilization of the liquid front as it is pulled downfield by the grounded counter-electrode.
This gives rise to a liquid cone, referred to as the Taylor cone after the researcher who was
amongst the first to describe how the competing forces of electric fields and liquid surface
tension affect the cone’s stability. Under a sufficiently high electric field, a liquid filament,
micrometers in diameter, is emitted from the Taylor cone tip. As this liquid filament travels
towards the grounded counter-electrode it becomes unstable and gives off individual droplets,
the surface of which contain an excess of positive ions. The diameter of these charged droplets
is dependent on a number of parameters, most importantly the applied voltage, the solution
flow rate, solvent properties such as surface tension, and solution conductivity. Also, the fre-
quency of this process is dependent on the magnitude of the electric field, the solution sur-
face tension, and solution conductivity.

As already discussed, one of the critical steps in the formation of charged droplets is the
electrophoretic separation of positive and negative ions in solution. The resulting excess of
positive electrolyte ions in the sprayed droplets is assessed quantitatively by measuring the
capillary current which is generally in the range from 10 to 100 nA. It is reported that higher
currents generally result from electric discharge. On the basis of theory and experimental
measurements the following equation has been proposed for the capillary current (I) [17]:

I � constant � (�KVf�/�o)1/2 (8.1)

where � � surface tension, K � conductivity of solution, �o � permittivity of vacuum,
� � permittivity of solution, Vf � flow rate of solution, and constant � 18 for liquids such
as water, acetonitrile, and formamide. This equation is considered to be valid when solu-
tions containing electrolyte concentrations of �10�3 M are electrosprayed at flow rates of
a few �l/min. It is also well established that electrolyte concentrations �10�5 M are
required in order for the ES process to occur [18,19]. The charge balance equation derived
by Kebarle [20] allows for the calculation of the charge Q (moles of charge per litre volume
of charged droplets) resulting from a solution delivered at a volumetric flow of Vf , having
a total droplet current of I.

I/F � [Q]Vf (8.2)

F � Faraday’s constant, corresponding to the charge in coulombs of 1 mol of elementary
charges. Based on Equations (8.1) and (8.2) it can be argued that the charge resulting from
a solution containing 10�5M electrolyte and one with 10�3M, will be at least 10 times
greater for the latter solution. The scenario is even worse when the increased electrolyte con-
centration is due to buffers, other additives or matrix components present in the sample
solution.
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As described already the electrospray source produces a continuous current, and therefore
an electrochemical oxidation reaction must be occurring at the metal capillary. This can occur
by removing negative ions (from the sample solution) or by creating positive ions (from metal
capillary). Also, an electrochemical reduction must be taking place at the counter-electrode by
removal of positive ions. In support of this Blades et al. [21] reported that Zn2� ions were pro-
duced when a Zn capillary tip was used. Also, Van Berkel [22] has shown that some com-
pounds, not normally ionized by ES, undergo solution electrochemical oxidation (in the
positive mode) or electrochemical reduction (in the negative mode) during ES ionization.
This has been shown to occur with high-molecular-weight polycyclic aromatic hydrocarbons
(PAHs), carotenoids, and porphyrins. Also recently the occurrence of electrochemical reac-
tions have been reported to have an undesirable effect on the quantification of metal analytes
such as Ag�, Cu2�, and Hg2�.

8.2.2 Electrospray sources

A schematic representation of a typical ES ionization source is shown in Fig. 8.2a. As men-
tioned previously a positive potential applied to the capillary while the counter-electrode is
at ground potential will generate positively charged droplets. A negative potential applied to
the capillary will result in the formation of negatively charged droplets. In an alternative
design the capillary is at ground potential while the counter-electrode is held at high negative
potential thus forming positively charged droplets, in which case negatively charged droplets
can be obtained when applying a high positive potential to the counter-electrode while hav-
ing the capillary at ground potential. The limitation with conventional ES ionization sources
is that they are only capable of accommodating flow rates between 1 and 10 �l/min and can-
not be used for solvents of high surface tension (i.e. water).

To overcome these restrictions pneumatically assisted electrospray has been developed.
This technique is often referred to as ‘ionspray’. In addition to the applied potentials a gas flow
is added via an outer capillary in order to enhance nebulization efficiency (i.e. aerosol forma-
tion (Fig. 8.2b)). The applied potentials, however, remain responsible for charging the droplet
surface. One of the major advantages of pneumatically assisted nebulization ES is that it pro-
vides for a very efficient and routine interface between conventional HPLC (1 ml/min mobile-
phase flow rates) and ES-MS, and as a result has been adopted by most ES manufacturers.

Progress, however, has also been made in achieving efficient ES ionization at reduced
nl/min flow rates. Wilm et al. [23] developed an ES source that operates at low nl/min flow
rates producing charged droplets, with nanometer diameters, through a 1–2 �m i.d. capil-
lary. This type of ES is referred to as nanospray. The main feature of nanospray is that flow
rates are governed solely by the ES process (i.e. applied potentials and solvent properties).
Nanospray is reported to be more efficient by two orders of magnitude, relative to conven-
tional ES sources, in converting condensed-phase analyte ions into gas-phase ions. This
type of source also allows for improved analysis of solutions having high salt contents [23].

One further recent improvement to the conventional ES source involves placing the capil-
lary diagonal or at right angles to the source axis (Fig. 8.2c). Such a configuration reduces
the amount of solvent and neutral contaminants introduced into the mass spectrometer.
This type of configuration takes advantage of the fact that only the charged droplets/ions
are extracted from the mass spectrometer.
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8.2.3 Droplet disintegration

Droplets formed under electrospray conditions (flow rate from 0.5 to 10 �l/min and total
electrolyte concentrations below 10�3 M) have radii in the order of 0.2–2 �m. It is believed
that these charged droplets contain approximately 50 000 singly charged ions, correspond-
ing to a charge of Q �10�14 C. The electric field they experience causes them to move
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towards the counter-electrode, while undergoing size reduction because of solvent evap-
oration promoted from the heat supplied from the ambient air. It is now common to
employ heated gases in order to assist with this process. A direct result of droplet shrinkage
is an increase in the droplet’s charge density. As solvent evaporation continues the repul-
sive forces resulting from the increased charge density overcome the solvent surface ten-
sion holding the droplet together (after ~100 �s). The Rayleigh equation gives the
condition under which droplets undergo Coulombic fission. It is estimated that droplet
fission occurs at approximately 80% of the Rayleigh limit.

(8.3)

q � charge; �0 � permittivity of vacuum; � � surface tension; and R � Rayleigh limit
(droplet diameter).

Upon fission the parent droplet does not split evenly into smaller droplets. It is believed
that because droplets experience shear forces as they travel through a dense gas they vibrate.
The vibrations result in surface protrusions that have high charge densities. As a result these
protrusions give rise to a jet of microdroplets having a radius of approximately 0.1 �m
(roughly one-tenth of the radius of the parent). The initial jet of droplets is believed to con-
sist of approximately 20 droplets carrying off 2% of the mass of the parent droplet and 15%
of its charge. Kebarle and Tang [17] proposed a detailed droplet decomposition scheme
which illustrates the cascade of Coulombic fissions and the time required for the generation
of offspring microdroplets. The parent droplet, having lost 2% of its mass and 15% of its
charge, also continues to shrink and release offspring droplets.

Efficient formation of microdroplets in the nanometer range is crucial for ES-MS as
larger droplets within the micrometer range are reported to maintain their charge and as a
result do not give rise to gas-phase ions. Therefore the rate of solvent evaporation is very
important and as a consequence solvent vapour pressure needs to be taken into consider-
ation. As a result solvents with low vapour pressure require elevated temperatures in order
to achieve acceptable electrospray sensitivity. Droplet temperature is about 10°C lower
than source gas temperature as a result of solvent evaporation.

8.2.4 Gas-phase ion formation

According to the charge residue model (CRM) gas-phase ions are generated from small
charged droplets following solvent evaporation to the point where no more solvent can be
lost [9,24,25]. As a result the dry charged residue that remains from a solution containing a
single electrolyte (AX) will be (A�)m(AX)n. The values of m and n depend on the charged
droplets resulting through parent droplet fission. It is expected that parent droplets give rise
to species with high m and n values, whereas, subsequent offspring droplets give A� and
(A�)m(AX)n species with low m and n values.

An alternative model used to explain the formation of gas-phase ion during the ES
process is the ion evaporation model (IEM), proposed by Iribarne [26] and Thomson [27].
According to this model gas-phase ions A� are emitted directly from highly charged drop-
lets having a radius in the 10–20 nm range. The IEM theory, however, does not exclude the
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formation of ions according to the CRM. In fact it is proposed that small ions (A�) are pro-
duced via IEM, whereas (A�)m(AX)n ion species (x � 1 or 2 or 3 and n �� 1) are formed
via CRM.

8.2.5 Sampling electrosprayed ions

Introduction of gas-phase ions produced by ES into a mass analyser requires an atmospheric
pressure interface, which is usually based on a two- or three-stage differential pumping sys-
tem. Various different configurations have been used. Typically these consist of a sampling
plate with a narrow orifice through which gases expand. The resulting jet expansion is
skimmed through a second plate and the remaining ion beam is then guided using a series of
ion optics into a mass analyser. Other configurations involve the use of a heated capillary tube
as the first stage in extracting ions from atmospheric pressure regions and guiding them into
the high vacuum stage of the mass spectrometer. This approach also provides improved solv-
ent evaporation from the analyte ions. Sampling and skimmer plates are placed directly after
the heated capillary. Ion optics follow in order to guide the ions into the mass analyser. Current
practice involves the use of a curtain gas supplied in-front of the sampling plate or a heated gas
coming from around the sampling plate towards the aerosol generated from the electropsray
capillary. The function of these gases, which can be heated in most cases, is to prevent neutral
species (mainly solvent molecules) from entering the expansion region of the interface, to
minimize van der Waals cluster formation, and to assist in the drying of the electrosprayed
droplets.

8.3 Mass analysers used with ES

Several different types of mass analysers have been used in conjunction with ES. The analyser
performance characteristics that are most important include their resolution, transmission
efficiency, and upper m/z limit. In the case of trace element speciation analysis the first two
are of paramount importance. In order to provide a clear understanding of the operation
and advantages associated with each type we will briefly devote a section to two important
analysers used with ES-MS/MS. It is assumed that the principles of operation of the quadru-
pole mass analyser are known as it is the main analyser used with ICP-MS. Thus no add-
itional information will be provided here regarding the operation of this in particular
analyser.

8.3.1 Quadrupole: time-of-flight analysers

The ES Quadrupole time-of-flight (QqToF) mass spectrometer was only commercialized
about a decade ago, however, it has achieved widespread acceptance and is now considered
to be one of the most advanced tandem mass spectrometers. This is because of the combin-
ation of high sensitivity, high resolution, and high mass accuracy for ions detected in the
single MS mode as well as for product ions detected in the MS/MS mode.
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The instrument shown in Fig. 8.3 contains a series of three quadrupoles (Q0, Q1, and Q2)
followed by a reflecting ToF analyser [28]. Quadrupoles Q0 and Q2 are rf only, the former
acting as an ion guide and for collisional cooling, and the latter functioning as a collision
cell. In some commercial instruments hexapoles are used instead of Q0 and Q1, however
the basic principles remain the same.

When operated in the MS/MS parent ion mode Q1 is set to only transmit the parent ion of
interest. The mass transmission window being usually 1–3 m/z wide. Parent ions are acceler-
ated to energies between 20 and 200 eV prior to entrance into the collision cell (Q2), where they
undergo collision-induced dissociation (CID) as a result of energetic collisions with a neutral
gas, typically N2 or Ar. Prior to exiting the collision cell the product ions are collisionally cooled
and focused. Subsequently, the product ions leaving the collision cell are re-accelerated to sev-
eral tens of eV per unit charge. The product ions are then focused by using ion optics into a
parallel beam. This beam enters the modulator region continuously, while it is field-free. In
order to introduce the product ions into the ToF analyser a pulsed electric field is applied at a
frequency of several kilohertz per charge. The force experienced by the ions is perpendicular to
their motion, thus causing them to accelerate in the x-direction thus forcing them to enter the
field-free region of the ToF analyser where separation is achieved (Fig. 8.3). A single-stage
reflectron is used to compensate for the initial spatial and energy spread of the ions.

In the single MS mode Q1 is operated in the rf-only mode, while the ToF is used to sep-
arate ions based on their m/z ratio. This is the preferred arrangement because of the high
resolution and mass accuracy afforded by the ToF analyser.

260 Inductively Coupled Plasma Spectrometry and its Applications

Turbo
pump

X

Y

Z

1	2 
Torr

Shield
(‘Liner’)

Accelerating
column

Electrospray Q0 Q1 Q2 Ar

Ion
modulator

MCP 
detector

Io
n 

m
irr

or

Ion 
optics

5�10�7 Torr

4�10�5 Torr10 m Torr 10 m Torr

Figure 8.3 Schematic diagram of a QqToF mass spectrometer (permission from Chernushevich et al., [28]).

1405135948_4_008.qxd  8/18/06  4:49 PM  Page 260



One of the attractive features of the ToF analyser relative to scanning analysers is its rel-
atively high duty cycle. However, even though ions are recorded in parallel (quasi-simulta-
neously) duty cycles between 5% and 30% are achieved. The duty cycle is dependent on the
ion m/z, discriminating against low-mass ions. This discrimination, however, only occurs
in the ion modulator and not in the drift tube.

Another attractive feature of the QqToF instrument is its high resolution, which is far super-
ior to that of triple quadrupole instruments. Resolution of about 10 000 (based on m/
m,
where 
m is the full-peak width at half-maximum) are routinely achieved. Such high reso-
lution allows for the complete or partial separation of peaks with the same nominal mass. This
provides interference reduction and in some cases improved signal-to-noise ratios as the
chemical background is removed. High resolution also provides information on the charge-
state of multiply charged species as a result of being able to determine their isotopic spacing.

Because the detailed discussion of the factors affecting resolution of orthogonal injec-
tion ToF mass spectrometers is beyond the scope of this chapter, a detailed discussion can
be found in the work of Dodonov et al. [29].

High mass resolution and the simplicity of the mass calibration scale are the two main rea-
sons that allow for high-accuracy measurements with the ToF of the QqToF instrument.
High resolution is important as it reduces the possibility of mass peaks overlapping, which
could affect the centroid of the peak significantly. The straightforward physics of the ToF
mass analyser provides for accurate and simple mass calibration. A mass accuracy of better
than 5 ppm can be achieved as long as there are no underlying interferences, there are suffi-
cient ion statistics to measure the peak centroid, and the calibration function has been accur-
ately measured.

8.3.2 Quadrupole ion trap mass analyser

One of the latest mass analysers to be used in conjunction with ES for tandem mass spectro-
metric analysis is the quadrupole ion trap (IT). This device allows for ion storage, mass
analysis, and functions as a tandem mass analyser and can therefore be used to elucidate ion
structures and to study their gas-phase chemistry of ions. The significance and elegance of
this device was recognized in 1989 when the Nobel Prize in Physics was awarded to its inventor
Paul [30,31].

The IT consists of three electrodes, one being the ring electrode and the other two almost
identical electrodes are the end caps [32]. The ring electrode resembles a napkin holder ring
both in shape and size. While the two end-cap electrodes can be envisioned as inverted small
saucers. The hyperboloidal geometry of the electrode internal surface gives rise to a quadru-
pole field and a parabolic potential well within the IT cavity when an rf potential is applied
to the ring electrode, while the end-cap electrodes are kept at ground potential. Such a poten-
tial well is required in order to trap ions of all masses in a three-dimensional 8-shaped tra-
jectory. However, due to the kinetic energy of the ions entering the trap few would actually be
maintained within the potential well without some other means of slowing them down or
cooling them. This is accomplished having an inert gas, such as He, within the analyser to a
pressure of approximately 10�3Torr (0.13 Pa). Ions with increasing m/z ratio are expelled
from the trap to a detector by increasing the rf potential. This scanning approach is referred
to as the mass-selective instability mode.
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Improvements in the operation of the IT can be obtained by applying an additional rf
potential to one of the end caps, with a frequency that matches the frequency of ion oscilla-
tion. It should be noted that this frequency is different from the rf frequency applied to the
ring electrode, however, it is characteristic of the m/z of the ion. Therefore by applying the
correct resonance frequency, in addition to reducing the scan rate of the ring electrode rf
potential, ions can be ejected selectively and with higher efficiency from the IT. This mode of
operation is referred to as the resonance ejection mode. Also, by the application of a low-
amplitude ac resonance signal across the end-cap electrodes the ion kinetic energies of the
trap ions can be increased thus leading to ion dissociation as a result of their many collisions
with the He damping gas. Product ions are ejected through holes in the end-cap electrode,
from low to high m/z, by choosing amplitudes of the fundamental rf potential that sequen-
tially make ion trajectories unstable.

State-of-the-art ITs used in combination with ES are now capable of reaching an upper
mass range of 4000–6000 m/z. Resolutions of up to 5000 have been reported for commer-
cial IT instruments.

8.4 Element speciation using ES-MS

8.4.1 Arsenic

The use of ES-MS techniques for the detection of arsenic species is fairly new. The initial
comprehensive study by Corr and Larsen [6] on the detection of organoarsenic species 
by liquid chromatography (LC) coupled to ES-MS/MS has been followed by numerous
papers by various research groups reporting on the use of ES for arsenic speciation analy-
sis. In the last few years ES-MS and ES-MS/MS techniques have provided the vast majority
of new methods for the targeted identification and quantification of a large number of
arsenic species. In addition, these techniques have been used to obtain invaluable data for
the identification of a novel group of organoarsenicals (i.e. the thio-arsenic compounds).

8.4.1.1 Recognizing As-containing peaks by ES-MS

The detection of arsenic compounds by ES-MS is complicated by the fact that As is
monoisotopic and therefore no characteristic isotopic pattern exists in order to reveal its
presence in the recorded electrospray mass spectra. This difficulty, however, can be over-
come to some extent by simultaneous recording arsenic atomic ions (m/z 75) and molecu-
lar mass spectral data for arsenic compounds when using a HPLC coupled with a single
quadrupole ES-MS system [33,34]. By applying a high fragmentor voltage (source voltage)
the ES-MS may operate as an element-specific detector, however, Pedersen and Francesconi
[33] noted that different organoarsenicals gave inconsistent quantities of atomic ions at m/z
75 (4–25%). Furthermore, they observed that inorganic arsenic (As(III) and As(V)) did not
show any signal for arsenic atomic ions, hence caution needs to be taken when using m/z 75
as an indicator of the presence of arsenic. In fact several research groups failed all together
to optimize their ES-MS system to act as an element-specific detector. Later Kuehnelt et al.
[35] showed that the ability to detect arsenic atomic ions of four dimethylarsinoylribosides
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(arsenosugars) was dependent on the purity of the nitrogen drying gas used. This finding
seems to explain the controversy in the successful detection of m/z 75 ions. Using a purity of
at least 99.999% all investigated arsenic compounds gave a signal at m/z 75. Although it has
recently been shown by Francesconi and co-workers, that even though it is possible to frag-
ment arsenosugars to 75As� in the ES source region, especially when pure arsenic standards
and high-purity N2-curtain gas is used, difficulties still exist regarding the unequivocal
detection of arsenic-containing compounds eluting from a LC column when crude extracts
containing many other organic compounds are analysed [36].

Product ion and fragment ion data characteristic of many known organoarsenicals have
been described [33,37–39] and this information may be used as a database for the identifica-
tion of certain arsenic compounds. The presence of certain common fragment or product
ions such as m/z 91 ([AsO]�), m/z 107 ([AsS]�) or m/z 237 (characteristic of dimethylarsi-
noylriboside) may give a rather good indication if the chromatographic peak contains an 
As compound. However, an element-specific detector is still required for the conclusive
detection of arsenic.

8.4.1.2 Parallel HPLC-ICP-MS and single quadrupole 
HPLC-ES-MS

In recent years HPLC-ICP-MS is most commonly used in a complementary fashion with
HPLC-ES-MS, as the elemental detector, especially when the ES-MS fails to detect the As
atomic ions. The value of single quadrupole HPLC-ES-MS compared to HPLC-ICP-MS for
quantification has been evaluated. It appears from the quantitative results by Pedersen and
Francesconi [33] that quantification of four arsenosugars by ES-MS is most reliable when
based on the protonated molecule (i.e. [M � H]�). Madsen et al. [34] obtained quantitative
results for four arsenosugars within 5–14% of the HPLC-ICP-MS data when using the
[M � H]� for quantification. The ES ionization process is observed to be more affected by
the matrix than in ICP ionization, and quantification of arsenic compounds using the stand-
ard addition approach generally provides more accurate results than when using external
calibration [40].

Hansen et al. [41] first reported the use of simultaneous ICP-MS and ES-MS detection by
splitting the flow of their LC system post-column (1 part into the ICP-MS, 4 parts into the
ES-MS) (Fig. 8.4). Application of the simultaneous set-up gave the first indication of a thio-
containing organoarsenical (dimethyl arsinothioyl acetate) from the m/z 197 and m/z 199
isotopic ratio matching that of 32S to 34S. This species was present as a natural metabolite in
urine of sheep feeding on arsenosugar-containing seaweed. Limited fragmentation was
obtained by adjusting the fragmentor voltage (source CID) on the single quadrupole ES-MS
(Fig. 8.4). The authors then synthesized a standard analogue and the shared identity of the
compound present in the urine samples and the standard was confirmed by tandem MS.
The finding was very important as it directed focus onto this novel group of thio-arsenic
compounds. This has resulted in the identification of several thio-arsenicals by the applica-
tion of ES-MS techniques [42–44].

A similar recent successful application of simultaneous ICP-MS and single quadruple
ES-MS detection after HPLC separation is the characterization of the arsenic-glutathionine
complexes (RnAs(III)(GS)(n�1) where n � 0–3) [45]. Prior to this study, the evidence of
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their occurrence in biological tissues was derived indirectly by comparison of results from
experiments with and without glutathione (GSH) inhibitors. In the relevant study, the 
stability of the RnAs(III)(GS)(n�1) complexes on several HPLC columns was studied. A very
important finding of the study was that the complexes were extremely unstable and 
would not have been observed previously due to the ‘harsh’ conditions often used in ‘rou-
tine’ work.

8.4.1.3 Application of ES-MS/MS for identification of As species 
in crude matrices

Tandem MS/MS techniques have shown to be a suitable tool for the identification of new
arsenic species in biological samples. In order to minimize the matrix effect, sample
cleanup procedures are typically employed as demonstrated in the study by McSheehy 
et al. [37]. They applied multidimensional chromatography before analytical anion- and
cation-exchange chromatography, collection of the individual peaks eluting from the
columns, and subsequent determination of the collected fractions by ES-QqToF-MS/MS
(direct infusion). The applied tandem MS techniques lead to the identification of 15 arsenic
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species in the clam Tridacna derasa and at least two of the species were novel, as argued in
the critical review by Francesconi and Kuehnelt [46].

It may be argued that with an increased number of operational cleanup steps, the risk
that material is lost or arsenic species are transformed increases and the sample cleanup
procedure should generally be kept to a minimum. This may be achieved by direct coupling
of HPLC to ES-MS/MS as demonstrated by Francesconi and Pergantis [36]. They identified
the important arsenic-containing nucleoside, 5�-dimethylarsinoyladenosine (a suggested
key intermediate in the biotransformation of arsenate to arsenosugars), in the same species
of clam (Tridacna derasa) as in the study by McSheehy et al. [37]. In the relevant study the
sample cleanup procedure was kept to a minimum and the selectivity of HPLC-ES-MS/MS
operated in the selected reaction monitoring mode (SRM) as a tool suited for searching 
for well-known organoarsenicals present in vivo in crude extracts was demonstrated. The
SRM results provided definitive evidence for the presence of 5�-dimethylarsinoyladenosine
(m/z 372) in a clam and by measuring three precursor ion/product ion transitions (m/z
372 → 237 (collision energy of 26 eV), 372 → 178 (33 eV), and 372 → 145 (46 eV)), maxi-
mum selectivity was achieved and the HPLC-ES-SRM-MS/MS system could detect the 5�-
dimethylarsinoyladenosine compound as low as 0.3 �g As/l (standard addition method see
below). Such a low limit of detection (LOD) approaches the LODs of HPLC-ICP-MS.

A recent study evaluated the performance of HPLC-ES-SRM-MS/MS as a method for the
identification and quantification of more than 20 arsenic species in complex matrices [39].
The chromatographic set-up in this study allowed for the identification of 28 known organo-
arsenic species. CID breakdown curves were initially constructed for each arsenic species by
recording the product ion spectra in the positive ion mode at various collision energies
between 5 and 60 eV. The CID breakdown curves were used to optimize the SRM conditions
for each individual standard. Calibration curves were obtained for each species (1–50 �g
As/l) by following two selected fragmentation reactions. The limits of detection were calcu-
lated from the linear regression and additionally from the standard deviation obtained for
blank measurements. The LODs from the linear regression were between 0.9–6.8 �g As/l for
most of the standards however a few standards (4 standards) showed higher LODs (from 9.8
to �50 �g As/l). The LOD’s obtained on the measured blanks were generally lower than
those obtained by linear regression approaching the LODs of HPLC-ICP-MS (0.001–6.6 �g
As/l). When applying the HPLC-ES-SRM-MS/MS methodology to crude extracts of marine
reference materials, interference with the quantification using external calibration was
observed due to signal suppression caused by co-eluting matrix components. Consequently,
application of the standard addition method along with a combined cation–anion-exchange
HPLC method compensated for such matrix effects. However, the results of the study
demonstrated that major matrix effects cannot be fully compensated by the standard addi-
tion method without adequate chromatographic separation of the analyte from the inter-
fering matrix component.

8.4.2 Selenium

Se is an essential element which in excess may cause toxic effects to humans and animals,
however, in most cases it is associated with diseases related to its deficiency. Because of
large variability of Se supplements with respect to bio-availability and anti-cancer prevention
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efficacy, large attention has been given to Se speciation over the last decade. Since most of
selenium species present are non-volatile, the coupling of HPLC with ICP-MS has been the
primary analytical tool in these studies. However, the method has with the appearance of
many unknown Se compounds in the recorded chromatograms revealed an increased
demand for molecular MS techniques capable of identifying Se species in Se-enriched
materials and other biological samples. ES-MS, either as an HPLC detector or in the infu-
sion mode, using triple quadrupole and QqToF systems, has been applied for the identifi-
cation of non-volatile seleno-compounds as discussed below.

8.4.2.1 Recognizing Se-containing peaks by ES-MS

The natural isotopic distribution of selenium (74Se (0.9%), 76Se (9.0%), 77Se (7.6%), 78Se
(23.6%), 80Se (49.7%), and 82Se (9.2%) (natural isotope abundance in brackets)) should the-
oretically reveal Se-containing compounds rather easily by the appearance of their charac-
teristic isotopic pattern in the ES-MS mass spectra. However, poor sensitivity in the presence
of a complex matrix, the presence of multiple Se-atoms, and the formation of doubly
charged ions of high-molecular-weight Se species (as selenium-containing proteins) may
make the recognition of the Se isotopic pattern difficult. For low-molecular-weight Se species,
however, the characteristic isotopic pattern of Se may be recognized more easily. McSheehy
et al. [47] concluded, on the background of their work on the identification of �-glutamyl-
Se-methyl-selenocysteine in garlic, that CID-ES-MS/MS performed on the individual Se iso-
topes allows for the identification of seleno-compounds in natural products without the
need for an authentic standard. Their compound identity was based on CID of four ions cor-
responding to the different selenium isotopes 76Se, 77Se, 78Se, and 80Se in the infusion mode
after a two-dimensional chromatographic sample cleanup procedure had been applied. It
may be argued if ES-MS/MS can allow for the identification of novel seleno-compounds
without harmonizing CID fragmentation pattern between the analyte and a standard. A
remark in the conclusion made by McSheehy et al. [47] is that �-glutamyl-Se-methyl-seleno-
cysteine had already been proposed to be present in garlic prior to their study (see below) by
comparing chromatographic retention time and ES-MS mass spectrum of the analyte with
that of a synthesized standard [48].

8.4.2.2 Parallel HPLC-ICP-MS and HPLC-ES single quadrupole MS

Kotrebai et al. [48] analysed Se-enriched garlic and yeast sample extracts by ion-pair (IP)
HPLC-ICP-MS and ion pairing-HPLC single quadrupole ES-MS. In this study certain
standards (seleno-methionine (Se-Met), Se-adenosyl-selenohomocysteine, �-glutamyl-
Se-methyl-selenocysteine) were available and the occurrence of Se-Met and Se-adenosyl-
selenohomocysteine in yeast extract and �-glutamyl-Se-methyl-selenocysteine in garlic
extract was based on the comparison of chromatographic retention times and molecular
mass with these standards. A second major Se-peak was observed in the chromatogram of
garlic and this peak was tentatively identified as �-glutamyl-Se-selenomethionine based on
its molecular weight. However, as no standard was available for comparison of chromato-
graphic retention time and mass spectra this identification was rather inconclusive.
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8.4.2.3 ES-MS/MS analysis after chromatographic purification
(heart-cutting)

Prior the study by Kotrebai et al. [48], the group of Lobinski [49] reported the novel iden-
tification of Se-adenosyl-homoselenocysteine as a major Se-compound present in yeast
using pneumatically assisted electrospray tandem MS. At this stage no standard of
Se-adenosyl-homoselenocysteine was available and due to the relative high detection lim-
its of ES-MS (compared to ICP-MS) and the vulnerability of the ES-MS ionization to the
presence of salts, parallel detection by HPLC-ICP-MS and HPLC-ES-MS was unsuccessful.
Instead, the compound of interest (as detected by using HPLC-ICP-MS) was pre-
concentrated by reversed-phase (RP) fraction collection (heart-cutting) and freeze-drying,
and separately analysed by off-line ES-MS/MS. The characteristic natural abundance Se
isotopic pattern was recognized in the resulting mass spectra, the fragmentation pattern of
the compound was established by CID-MS/MS and the identity of the compound tenta-
tively identified as Se-adenosyl-homoselenocysteine. As no such standard was available the
ultimate confirmation of its identity was obtained by comparing its CID fragmentation
pattern with that of its sulphur analogue (32S-adenosylhomocysteine). The CID mass spec-
trum of the molecular peak of 32S-adenosylhomocysteine showed identical intense signals
at m/z 136 and m/z 250 corresponding to the Se-free fragments of the Se-containing
molecular ion (Fig. 8.5).

8.4.2.4 Parallel HPLC-ICP-MS and HPLC-ES-MS/MS analysis

A study by Infante et al. [50] demonstrates how the combination of RP-IP chromatography
with ICP-MS and SRM-ES tandem MS allowed the identification of Se-methylselenocysteine
(SeMC) in selenized yeast (minor species) and in Selenium MC™ tablets (major species).
Apart from comparing the chromatographic retention time, molecular mass (m/z 184,
[M � H]�) and isotopic pattern of the unknown Se compound in the extract of the
Selenium MC™ tablets with those of a SeMC standard, specific transitions from the pre-
cursor ion (m/z 184) to two product ions were measured (SRM; 184 → 95 and 184 → 167)
and provided further proof for the occurrence of SeMC in the SeleniumMC™ tablets. Only
by using the selectivity of the RP-IP-HPLC-ES-SRM-MS/MS method allowed for the iden-
tification of SeMC as a minor Se compound in an extract of selenized yeast for the first
time. The obtained ratio of the transition intensities for the sample (2.2) was similar to that
obtained for the SeMC standard (2.4). The existence of SeMC may be relevant to the can-
cer preventive activity of Se yeast since the metabolism of this species, mostly studied in
animals, indicates that SeMC is not incorporated into any proteins in place of methionine.

8.4.2.5 Selenium-containing proteins

Selenoproteins incorporate the amino acid selenocysteine, a cysteine analogue in which a
selenium atom is found instead of sulphur. Proteins containing selenium in the form of a
selenomethionine residue are classified as selenium-containing proteins. ES-QqToF-MS has
been successfully applied in combination with ICP-MS and MALDI-ToF-MS to identify
selenium-containing proteins in selenized yeast [51]. As discussed above, ES-MS may not be
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suitable for identifying target ions of high-molecular-weight seleno-compounds due to
poor detection limits obtained in the presence of a complex matrix, complex isotopic pat-
tern due to the presence of multiple Se-atoms or due to the formation of multiply charged
ions. MALDI-ToF-MS on the other hand suffer less from these interferences and may serve
as a complementary technique to ES-MS/MS. Encinar et al. [51] reported for the first time
the identification of two seleno-compounds with molecular masses exceeding 1000 Da in
their work on selenized yeast. First they identified Se-containing fractions by size-exclusion-
ICP-MS. The water-soluble protein fraction was treated with trypsin and subject to RP
HPLC-ICP-MS. The different Se-containing fractions were collected, pooled, freeze-dried,
and re-dissolved before being subject to analysis by MALDI-ToF-MS and ES-QToF-MS/MS.
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The molecular mass of the Se-compound in each fraction was determined by MALDI-ToF-
MS and structural information of each compound was obtained by CID-ES-MS/MS. The
knowledge of the sequence of a few peptides allowed for a database search as the yeast
genome is completely sequenced. In the database source, Se-methionine was naturally
replaced by methionine. In this way, the stress-induced protein SIP18 (8874 Da) was identi-
fied as the relevant protein. SIP18 contains 79 amino acids of which 11 are methionine
residues in which sulphur atoms can be replaced by Se. Following MALDI-ToF-MS results
obtained directly on the water-soluble protein fraction (no enzymatic treatment) isolated
by size exclusion chromatography confirmed the occurrence of a protein in the region of
9 kDa. Without the detailed study described above, the identity of this group of peaks would
have been impossible to interpret as belonging to the SIP-18 protein in which two to nine
methionine residues were replaced with selenomethionine.

The methodology developed was applied on one other water-soluble fraction and the
database source revealed that the relevant protein was the heat-shock protein HSP12, a pro-
tein with a molecular mass at 11693 Da which contains 109 amino acids residues including
one methionine. Hence, in this selenium-containing protein only one methionine residue
was replaced by selenomethionine.

8.4.3 Antimony

In contrast to HPLC-ICP-MS, ES-MS has only been used in a limited number of antimony
speciation studies. More specifically, ES-MS has been applied mainly for the determination
of the relative molecular masses of complexes formed in vitro between Sb and various
organic ligands. The absence of ES-MS for the speciation of Sb in ‘real’ samples is especially
notable in the literature. In this respect HPLC-ICP-MS is leading the way; however, lack of
appropriate standards is limiting the progress that can be made by using this approach.

8.4.3.1 Recognizing Sb-containing peaks by ES-MS

For several reasons it is believed that ES-MS can have a significant impact on Sb speciation
analysis. Antimony has two naturally occurring isotopes (i.e. 121Sb (57.2%) and 123Sb
(42.7%)), which provide a characteristic pattern in ES-MS spectra thus making it relatively
straightforward to recognize antimony-containing peaks. These isotopes should also be
useful if ES-MS is to be used as an element-specific detector for antimony (m/z 121 and
123), an approach which to our knowledge has not been fully exploited so far. Thus, Zheng
et al. [52] observed very low-intensity signals at m/z 121 and m/z 123 when analysing
trimethylated Sb compounds on an ES-ToF-MS instrument when applying a cone voltage
(also referred to as source voltage or fragmentor voltage) of 100 V. No comment about this
observation was made, presumably due to the very low intensities of the elemental ions.
The electrospray behaviour of inorganic Sb(V) and Sb(III) (potassium hexahydroxyanti-
monate and Sb(III)tartrate, respectively) was also studied by Zheng et al. [52], but the abil-
ity to detect the elemental ions was not reported. Also, in the case of Sb speciation analysis
in complex matrices (e.g. biological or environmental samples), the selectivity of ES-
MS/MS, and its potential to achieve low limits of detection, has not been exploited so far.
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8.4.3.2 Sb interaction with biomolecules

Sb(III) has a strong affinity for thiols and the interaction between antimony and the low-
molecular-mass thiol trypanothione has been documented in vitro by using ES-MS as a com-
plementary technique to nuclear magnetic resonance (NMR) [53–54]. Sun et al. [55] first
used ES-MS complementary to NMR to characterize Sb(III)(GS)3 and later Wehmeier et al.
[55] detected Sb(III)(GS)3 and (Me)Sb(III)(GS)2 by using direct infusion ES-MS and
hydride generation-cold trap-ICP-MS. Apart from detecting the chemically synthesized
complexes, both complexes were also identified in sewage samples (spiked with Sb(III)) sug-
gesting that these complexes may play an important role as intermediates in the biomethyla-
tion of antimony. Wehmeier et al. [56] tested various chromatographic systems (anion
exchange and RP) for the elution of the Sb–GSH complexes but found that the compounds
were irreversibly retained under all tested conditions, demonstrating the difficult task of per-
forming chromatography on antimony species. Antimony also possesses a high affinity for
organic molecules with vicinal cis-diols, which has been used in the synthesis of the anti-
monial anti-leishmanial agent meglumine antimonate (glucantime) (characterized by NMR
and ES-MS [57]). The ability of antimony to form complexes with biomolecules possessing
vicinal hydroxyl groups is currently being studied in our group by the use of ES-MSn, and
HPLC-ES-MS/MS and HPLC-ICP-MS [58].

8.4.3.3 Complexation behaviour of Sb

The important contribution of ES-MS towards our improved understanding of the chemistry
of Sb with various organic ligands should be stressed. Lintschinger et al. [59] showed by using
ES-MS that (CH3)3SbCl2 was prone to form complexes with organic molecules present in its
solvent. More specifically, in the presence of acetic acid in a MeOH–water–CH3COOH
(50:49:1) solvent system this compound was detected solely as a positively charged trimethyl-
antimony acetic acid ester ([(CH3)3Sb-OOC-CH3]

�) (indicated by two ion peaks observed at
m/z 225 and 227). In the absence of acetic acid (MeOH–water, 1:1 solvent system) the follow-
ing trimethylantimony species were detected: ([(CH3)3SbOH]�, [(CH3)3SbOH � H2O]�,
[(CH3)3SbCl � MeOH]�, and [(CH3)3SbOH � MeOH]�). Similar complexation behaviour
was observed for Sb(V) and Sb(III) with citric acid, as reported by Zheng et al. [60].

The ability of Sb(III) to complexate with ethylene diamine tetra-acetic acid (EDTA) is
extensively used to obtain chromatographic separation between Sb(III) and Sb(V). The
chromatographic system most often employed with ICP-MS consists of a strong anion-
exchange column (Hamilton PRP-X100) and a mobile phase of EDTA (10–20 mM). The use
of the complexing ligand, EDTA, allows for the successful elution of Sb(III) from this col-
umn. However, it is expected that when using such a strong complexing ligand in the mobile
phase, most trivalent organoantimony species present in a sample will dissociate and form
the Sb(III)–EDTA complex. This limits our ability to carry out meaningful and detailed spe-
ciation analysis. Some preliminary work has been carried out in our group using HPLC-ES-
MS to characterize the complexation behaviour of inorganic Sb(III) and Sb(V) with ligands
commonly used in the mobile phase (i.e. EDTA and citric acid). The objective is the devel-
opment of an HPLC-ES-MS/MS method suitable for the quantification of Sb(III) and Sb(V).
The ability of Sb(V) and Sb(III) to form complexes with the organic ligands in the mobile
phase (i.e. Sb(V)–citrate (m/z 361–363) and Sb(III)–EDTA (m/z 409–411) formed and
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detected, respectively) is used to achieve separation and detection of the two (Fig. 8.6). In
order to optimize the method for application on samples containing a complex matrix, two
selected fragmentation reactions were followed in the SRM mode for each species and it is
estimated that the LOD for both Sb(V)–citrate and Sb(III)–EDTA is below 6 �g/l.

8.4.4 Tin

Interest in speciation and determination of organotin compounds has grown in the last
decades because of their multiple use and toxicological properties. Due to the volatile
nature of derivatized organotin compounds, gas chromatographic separation has most
frequently been employed with an elemental detector rather than HPLC separation.
However, HPLC has also been used with element-specific detection, such as ICP-MS. The
potential of Sn speciation using liquid injection and a molecular detector as atmospheric
pressure chemical ionization (APCI)-MS [61], ion–electron impact (EI) MS [62], or ES-MS
(see below) has been explored to a certain extent.

8.4.4.1 Recognizing Sn-containing peaks by ES-MS

The mass spectra of the organotins are very characteristic, in that tin has 10 stable isotopes
(112Sn (1.0), 114Sn (0.7), 115Sn (0.3), 116Sn (14.5), 117Sn (7.7), 118Sn (24.2), 119Sn (8.6),
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120Sn (32.6), 122Sn (4.6), and 124Sn (5.8)), thereby providing a clear and distinct mass spec-
tral pattern, making it relatively straightforward to recognize the Sn-containing peaks
(assuming that only one Sn-atom is present and the Sn-compound is not multiple
charged). The ability of both ES-MS and ES-MS/MS instruments to detect the elemental
ion of tin has been explored. In a comprehensive study by Corr [63] a tandem ES-MS
instrument was optimized to detect the molecular ion, elemental ion, and product ions of
tributyltin (TBT). Especially the effect of optimizing the curtain gas flow rate and declus-
tering or fragmentor voltage (or source voltage) was discussed in relation to obtaining a
clear signal of the molecular TBT and the elemental ion of Sn. The best signal of the non-
complexed molecular ion was obtained by applying 25 V declustering voltage, whereas a
declustering voltage of 250 V was applied (along with a relatively elevated curtain gas flow)
for the detection of the tin atomic ions. More specifically, at a declustering voltage of 250 V
certain hydrogen adducts of Sn were observed (i.e. SnH3

�, SnH�) and only when increas-
ing the voltage to 350 V was the final hydrogen eliminated from Sn for predominant detec-
tion of Sn� at m/z 120 (however, the sensitivity was only 25% compared to that observed

272 Inductively Coupled Plasma Spectrometry and its Applications

Time (min)

In
te

ns
ity

 (
10

3  
io

n 
cp

s)

0
0

0.5

1.0

1.5

2.0

2.5

PACS

PACS

PACS � 2.96 �g Sn g�1

PACS � 2.96 �g Sn g�1

PACS � 1.48 �g Sn g�1

PACS � 1.48 �g Sn g�1

18

9

27

36

45

54

2 4

(b)

(a)

6 8 10 12 14 16 18

Figure 8.7 Elemental mode detection by monitoring m/z 120 (a) and MS/MS mode detection (SRM; m/z
291 → 235 (10 eV) (b) of TBT in PACS-1 sediment reference material (taken from Corr [62]).

1405135948_4_008.qxd  8/18/06  4:49 PM  Page 272



using 250 V). Corr [63] applied the element (using a declustering voltage of 350 V) and
SRM mode for quantification of TBT in NRCC harbour reference material (PACC-1) and
obtained values differing by only 1.6% and 2.4% from the certified values of TBT (elem-
ental mode and SRM mode, respectively) (Fig. 8.7). Quantification was performed by
using the standard addition method in both modes (elemental and SRM, Fig. 8.7). TBT
was detected in the standard reference material at 0.13 �g Sn/l.

Wu et al. [64] optimized a single quadrupole ES-MS instrument as an element detector for
Sn in TBT. They also observed the formation of Sn-hydrogen adducts. By applying a frag-
mentor voltage of 100 V the main ion of Sn detected was at m/z 123 (SnH3

�) but increasing
the fragmentor voltage to 150 V allowed for predominant detection of m/z 121 (SnH�) (hence
the last hydrogen could not be eliminated). This study describes in detail the effect of opti-
mizing the capillary voltage and the fragmentor voltage for TBT detection. The LOD obtained
for TBT by direct liquid injection (20 �l) was 2.5 �g Sn/l (M�), but by coupling solid-
phase microextraction (SPME) to the HPLC-ES-MS, a lower detection limit was achieved
(0.1 �g Sn/l). The improved LOD was due to effective analyte–matrix separation and desalting
achieved by the SPME system as well as the high extraction efficiency of the SPME.

8.5 Conclusions

It is clear that ES-MS has already exhibited significant potential in the field of element spe-
ciation analysis. In particular, it has been used, and is still used, extensively for arsenic and
selenium speciation analysis, in which case its contributions have been of major impact.
For several other metals and metalloids, even though it has found limited application so
far, it has already made significant contributions to improve our understanding of their
speciation. It is clear from recent publications in the area of element speciation that HPLC-
ICP-MS and HPLC-ES-MS/MS must be used, in a complementary fashion, in the many
cases where challenging identification problems exist. It is therefore of major importance
for the element speciation community to follow the rapid advances currently being made
in the development of new advanced MS instrumentation and the methodologies used for
the analysis of biological and environmental systems.
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Chapter 9

Geological Applications of Plasma
Spectrometry

Douglas L. Miles and Jennifer M. Cook

9.1 Introduction

Modern earth sciences span topics ranging in scale from the origin of the solar system and
the physical and chemical evolution of the Earth over a period of 4.5 billion years, the for-
mation and disappearance of ocean basins and the weathering of continents, to the iso-
topic composition of a single grain of the mineral zircon, which is less than 100 �m across.
An understanding of geochemical processes – for example the role of fluids in the cycling
of elements through the geosphere – helps to underpin our search for minerals and hydro-
carbons, sheds light on the changes in climate that have occurred throughout Earth’s his-
tory, and is increasingly important in guiding our decisions about how and where to
dispose of the ever-growing quantities of stable and radioactive waste we generate.

Because of the range and complexity of the geological and geochemical processes they
seek to unravel, earth scientists have an insatiable appetite for data on the chemical compo-
sition of the rocks, sediments, minerals and fluids they study. Geochemists have always been
quick to pioneer the use of new analytical techniques, often long before commercially man-
ufactured instruments based on them were available. For example, Victor Goldschmidt –
regarded as the father of modern geochemistry – exploited the potential of X-ray spectroscopy
very effectively in the 1920s [1]. More recently, much of the early work on inductively cou-
pled plasma–mass spectrometry (ICP-MS) was done in geological research institutes and
surveys, and in university earth science departments. Such synergy has greatly benefited
both the earth sciences, by yielding geochemical information previously unobtainable, and
the wider analytical community, by advancing our understanding of the capabilities and
limitations of a new technique.

Atomic spectrometric techniques have been employed in geochemical analysis for many
decades. X-ray fluorescence spectrometry (XRFS), which is ideally suited to the analysis of
solid materials, is widely used for the determination of major and trace elements in geological
samples, where its inherent precision is particularly valuable in the determination of the major
components of silicate and other rocks. Optical emission spectrometry, in which the emission
spectra of analyte elements in a solid sample are generated by an electrical discharge between
two electrodes, was used extensively in geochemical analysis [2] in the 1940s, 1950s and 1960s,
often supplanting the titrimetric, colorimetric and flame photometric methods [3–5] used at
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the time for the determination of trace elements. The sensitivity and multi-element capability
of dc arc optical emission spectrometry and its applicability to the direct analysis of solids
made it attractive to geochemists, in spite of somewhat poor precision because of the instabil-
ity of the excitation source. This well-recognised limitation prompted one of the most signifi-
cant collaborative studies in early postwar geochemistry [6] and led to the production of two
famous reference materials: the granite G-1 and the diabase W-1.

The development of atomic absorption spectrometry (AAS) in the 1960s did not eclipse
the use of emission spectrometry in geochemical analysis as much as it did in some other
fields, largely because of the limitation in AAS of having to determine one element at a
time and the need to dissolve solid samples prior to analysis. Nevertheless, AAS was quickly
adopted as an analytical technique for geological materials [7,8]. It still provides a conveni-
ent means of determining certain elements that are important in geochemistry and min-
eral exploration, such as As, Sb, Au and Hg, and is widely used.

The development of the ICP, initially as an excitation source for optical emission spec-
trometry, rekindled interest in emission spectrometric methods and had an early impact
on geochemical analysis in the 1970s, when commercial ICP-AES (Auger electron spec-
troscopy) instruments became available. Its multi-element capability, good sensitivity for
many geologically significant elements and the relatively good precision stemming from a
more stable source counterbalanced the fact that it required liquid samples. Over the next
20 years it became established as a major analytical technique in the earth sciences, as it did
in many other fields.

The subsequent development of ICP-MS, with its even greater and more uniform sensi-
tivity for many elements, together with its ability to determine individual isotopes, her-
alded a second explosion of interest in ICP spectrometry among earth scientists. Its rapid
acceptance as a potentially powerful geoanalytical technique was doubtless aided in part by
the fact that, in the UK, much of the pioneering development work was accomplished by
Alan Gray and Alan Date [9,10] when the latter was on the staff of the then Institute of
Geological Sciences, now the British Geological Survey (BGS). Several of the early applica-
tions papers on ICP-MS reflect its geological associations [11–14].

Three excellent general textbooks on ICP spectrometry [15–17] cover the field up to
roughly the beginning of the 1990s and reflect the strong geochemical background of
many of their authors. Two more recent books on ICP-MS [18,19] provide an update on
developments over the last decade. Various reviews of geoanalytical applications of plasma
spectrometry have been published [20,21,22,23], including several in a special issue of
the Journal of Geochemical Exploration published in 1992 [24 (includes Refs. 25,26)]. On
the broader aspects of analytical geochemistry, Potts’ tome [27] remains a classic and a
slimmer book edited by Gill [28] is a useful addition to the literature. The proceedings of a
number of geoanalytical conferences [29–34, 35,36], some concerned specifically with
plasma spectrometric applications, provide further valuable sources of information. Articles
on geochemical applications of ICP techniques appear regularly in Geostandards and
Geoanalytical Research, formerly Geostandards Newsletter, as does a comprehensive annual
bibliographic review of the literature concerned with the analysis of geological reference
materials. The analysis of geological materials by various techniques is reviewed annually
in applications reviews in Analytical Chemistry and in the Atomic Spectrometry Update:
Environmental Analysis, which appears in each February issue of the Journal of Analytical
Atomic Spectrometry.
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This brief chapter cannot be a comprehensive account of the role of ICP spectrometry in
the earth sciences, but it aims to provide general advice to those unfamiliar with handling
geological materials and to highlight some of the areas covered in the recent and rapidly
expanding literature. It concentrates on the application of plasma spectrometric techniques
to the analysis of geological solids. The analysis of waters, which is frequently an integral
part of many geochemical investigations [37], is covered in Chapter 10.

9.2 Sampling and sample preparation

9.2.1 Sampling

The importance of sampling and sample preparation in geochemical analysis cannot be
over emphasised. Unless sufficient thought is devoted to devising appropriate sampling
schemes, and unless suitable procedures are used to prepare samples, any subsequent ana-
lytical effort – no matter how powerful and sophisticated the technique – will be wasted.

A detailed discussion of sampling strategies and sample preparation methods is beyond
the scope of this chapter, but both they and the subsequent analytical procedures must be
seen as interrelated steps on the journey through any geochemical investigation. Typically,
the stages involved are:

(1) Definition of the problem or theory to be investigated.
(2) Formulation of an investigative strategy.
(3) Sample collection.
(4) Physical and/or chemical preparation of samples.
(5) Analysis.
(6) Evaluation of sampling and data quality.
(7) Data interpretation and derivation of geochemical information.

Such a scheme is often used iteratively, in which case step 6 is especially important. After
an initial sampling and analysis phase – often referred to in geochemical surveys as an ori-
entation study [38] – the quality and suitability of the data obtained are assessed. Valuable 
lessons are often learnt at this stage as the new information brings to light problems or
ambiguities that could not have been foreseen at the planning stage. The sampling and ana-
lytical methodologies are then revised as necessary before the main survey is undertaken.

Factors to be considered in devising a sampling scheme include:

● The type of material being collected in relation to the geological environment being
studied, for example is it planned to collect a particular size or density fraction of a sedi-
ment in order to increase the likelihood of detecting economically important mineral
deposits?

● The size of sample that should be collected, bearing in mind the heterogeneity of the
source material and also the preparative and analytical techniques to be employed.

● The number and spatial distribution of samples [39].
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● Whether special precautions need to be taken to avoid the chemical composition of sam-
ples changing during and after collection (e.g. oxidation or contamination from sampling
equipment).

● How the precision or bias in any sampling scheme will be estimated.
● What quality assurance procedures will be used to ensure that samples are correctly,

unambiguously and securely identified, and tracked through the analytical process.

Properly devised sampling schemes have always been important in, for example, mineral
exploration, where typically the aim is to locate a relatively small area containing econom-
ically viable amounts of the desired substance present at concentrations significantly higher
than those in the vastly greater volume of rock that makes up the surrounding countryside.
Often the sampling techniques used and the media sampled are chosen so as to enhance the
contrast between barren and mineralised areas. The need for well thought out geochemical
sampling schemes has been given an added boost in recent years with the realisation that
past industrial activity in many countries has left a legacy of contaminated land that cannot
be safely redeveloped until the nature and extent of the contamination has been reliably
delineated. The extremely heterogeneous nature of most of these sites adds to the many
problems associated with sampling them.

In contrast to the voluminous literature on the estimation of analytical error, there are
relatively few articles dealing with the uncertainty introduced into geochemical data by dif-
ferent field sampling schemes. Ramsey, Thompson and their colleagues have called atten-
tion to the need for a comprehensive framework and methodology concerned with the
quality of sampling to be established [40]. They have drawn helpful analogies between ana-
lytical measurements and sampling procedures over concepts such as uncertainty, true-
ness, bias, accuracy, error, precision, internal quality control, proficiency testing and
collaborative trials, and also proposed a role for reference sampling targets by analogy with
reference materials. They had earlier highlighted the importance of considering both sam-
pling variance and analytical variance in relation to natural geochemical variance in order
to assess the overall fitness for purpose of data arising from a combination of the two oper-
ations [41–44]. They also pointed out the merits of using robust [45,46] rather than clas-
sical analysis of variance (ANOVA) when analysing data, in order to moderate the effects
of outlying values. To illustrate some of these points they investigated the bias of different
sampling protocols employed on an area of land contaminated by lead smelting in the 14th
to 16th centuries [47–51], carrying out the analyses by ICP-AES. Ramsey [52] has pub-
lished a tutorial review of sampling as a source of measurement uncertainty. An approach
for optimising contaminated land investigations using measurement uncertainty to judge
fitness for purpose was demonstrated by two case studies [53]. This has proved useful,
especially in demonstrating the value of in situ measurement techniques, showing that they
can be more cost effective despite the higher uncertainty of the measurements they pro-
duce [54]. Alternative approaches to the estimation of uncertainty arising from sampling
have been described [55–57]. Recently, Ramsey has identified 12 issues that impact on the
quality of environmental sampling and its associated uncertainty [58]. In situ measure-
ments have allowed the direct study of heterogeneity, which is usually the factor limiting
the uncertainty arising from sampling [59]. The wider field of geostatistical error manage-
ment has been discussed in detail by Myers [60], mainly in the context of mapping areas
compromised by hazardous wastes.
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9.2.2 Sample preparation

9.2.2.1 Comminution

Once samples1 have been collected according to an appropriate protocol, some form of sam-
ple preparation is almost always required prior to analysis. The aim of this very important
step is to change the physical form of the geological material to make it compatible with the
chosen analytical technique, but without changing its chemical composition. Whatever the
subsequent treatment, the first stage is usually mechanical comminution of solid samples to
produce a powder. The twin dangers during crushing and grinding, as with virtually all other
sample preparation procedures, are that the chemical composition of the test material will be
modified by contamination from the equipment or, less commonly, by loss of volatile ana-
lytes and that the original composition will be fractionated in some way so that the final pow-
der will not be truly representative of the starting material, for example, by some minerals
being more easily broken down than others or by density effects. Changes in oxidation state
can also occur at this stage.

Most solid geological samples are composed of several minerals or other discrete phases.
The resultant powder will thus be a heterogeneous mixture of particles derived from the vari-
ous components. It is therefore essential to ensure that it is thoroughly mixed before sub-
sampling for further treatment. If a sample has been stored for some time or subjected to
vibration, differences in density, size, shape or magnetic properties between particles can
cause selective settling. The problems of sub-sampling bulk particulate materials were exam-
ined in detail by Gy [63] in the 1960s and 1970s, largely in the context of mineral extraction
and processing. Ingamells and Switzer [64] proposed the use of a ‘sampling constant’ in geo-
chemical analysis to minimise sub-sampling errors. Many of the processes involved in the
preparation of samples of contaminated land [65] are equally applicable to geological sam-
ples. Ramsey and co-workers have shown that it is possible to estimate and minimise the por-
tion of measurement uncertainty that arises in sample preparation [66,67].

In practice, the aim of the primary reduction stages of sample preparation is to produce
powders with uniform physical characteristics. It is usual to start with fairly large samples
weighing between a half and several kilograms and to treat the whole sample initially, hav-
ing first removed with a rock splitter weathered material and zones contaminated by equip-
ment, hammer paint, cutting lubricant, drilling fluid, etc. and taken sub-samples from
which thin sections can be made for later mineralogical examination. Depending on the
nature of the geochemical investigation, it may be appropriate to separate mineralised vein
material from the country rock at this point.

Typically, the first reduction stage involves reducing fist-sized lumps of rock to c. 4 mm
particles in a mechanical jaw crusher. Some contamination of the sample by metal worn
from the fixed and reciprocating plates of the crusher is inevitable. This can be minimised
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by using hardened chrome steel, which may contribute a few to tens of parts per million
(ppm) of Cr and Mn and up to hundreds of ppm of Fe. Physical fractionation of the par-
ticulate product is sometimes observed during crushing, for example, when comminuting
hornfelses or mica-rich rocks, and it is always important to mix the crushed material thor-
oughly before successively riffle splitting it to obtain a several hundred gram sub-sample,
which is then taken on to the grinding or milling stages.

The coarsely crushed material may be reduced to fine powder in a vibrating cup mill, also
known as a swing mill, Tema mill, ring and puck mill or shatter box in the USA. This con-
sists of a circular pot with a shallow cylindrical cavity carrying one or more freely moving
rings and a smaller solid puck. Sample is poured into the spaces between the mill elements,
the lid firmly clamped on and the whole assembly subjected to rapid eccentric orbital
motion within a safety enclosure. Particles are ground between the inner walls of the pot
and the ring and puck. Various materials are used in the construction of vibrating cup mills.
Hardened chrome steel has good wear resistance but contributes significant amounts of Fe,
Cr, Mn, Ni, Co and V. Tungsten carbide is very hard and usually causes less contamination,
but still contributes W and Co. Where it is essential to reduce contamination to the absolute
minimum (e.g. for trace element studies) samples have traditionally been ground in mills
made of the natural silicate material agate. While agate contributes negligible amounts of
metallic contaminants, it is far less hard wearing than steel and prone to fracture. Its lower
density means increased grinding times and it is extremely expensive – a single 100 ml
capacity agate milling vessel can cost c. $1000. Mills made of aluminium–silicon–oxynitride
alloys (e.g. Syalon 101) are now available. In trials [68], this material exhibited high wear
resistance, good durability, a milling efficiency intermediate between that of agate and steel,
and low contamination potential, although contributions from its rare earth oxide additives
(Y or Er) were detected.

A vibrating cup mill will reduce many solid geological materials to a 150 �m powder
within 15 min. When a very fine powder, for example, �30 �m, is required, particle size can
be reduced further by using a planetary ball mill such as the Fritsch P5. Typically, up to 25 g
of powder is placed in the shallow cylindrical milling vessel, which also contains four freely
moving solid spheres. The charged and capped milling vessels, usually in sets of four or
eight, are securely clamped to a table that spins and counter-rotates them at high speed for
typically 20–30 min. Similar factors of cost, durability and the likelihood of contamination
govern the choice of construction materials for ball mills as with other milling equipment.

Apart from the ever-present problem of contamination, special care needs to be taken over
the comminution of certain types of sample, such as bentonite, siliceous limestones, boulder
clay and those consisting of hard particles dispersed in a softer matrix. Paradoxically, hard
materials usually mill well because of preferential fracturing, whereas difficulty can be experi-
enced with softer, more elastic minerals. Samples that are to be analysed for their precious
metal content require special attention to avoid problems caused by the nugget effect (see
Section 9.6).

The physical preparation of geological samples may be all that is required for some ana-
lytical techniques, such as XRFS, which are applied directly to solid materials. However, for
analysis by ICP spectrometry, it is usually necessary to bring samples into solution. As we
shall see shortly, this is not always a straightforward task for geological materials, some
components of which can be extremely resistant to acid attack. As an alternative to dissol-
ution, the introduction into the ICP of finely ground solids (�5 �m) in the form of a
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slurry therefore has some attractions. Jarvis and co-workers [69,70] have discussed the role
of slurry nebulisation in geochemical analysis by ICP spectrometry and demonstrated its
use in the determination of gold and the platinum group elements (PGEs) [71] and the
rare earth elements (REEs) [72]. Ebdon et al. [73] have reviewed slurry nebulisation in
plasmas. Alternatively, electrothermal vaporisation (ETV) can be utilised for the direct
analysis of slurries or solids by plasma spectrometry [74]. These sample introduction tech-
niques tend to be limited to specialist applications and should be regarded as being com-
plementary to other approaches [75].

In a novel and potentially powerful and information-rich approach to the direct analysis
of fine particles by ICP spectrometry, Thompson [76] and co-workers modified the elec-
tronics of a standard ICP-AES system and investigated the time-resolved signals obtained
from dilute suspensions (0.3 g l�1) of refractory oxide and silicate minerals introduced by
means of a Babington-type nebuliser. A fast multichannel analogue-to-digital converter and
data acquisition system was connected directly to the anodes of the photomultiplier tubes
via virtual-earth preamplifiers, enabling individual element channels to be sampled at a fre-
quency of 20 kHz. They demonstrated that individual particles in a mixture of finely ground
zircon, olivine and albite could be identified during their brief (c. 0.5 ms) passage through
the observation zone of the ICP from, respectively, their Zr, Fe and Al signals. Moreover,
they showed it was possible to distinguish between particles of orthopyroxene and clinopy-
roxene on the basis of the relative proportions of their Ca, Fe and Si signals. One would
think that this approach could have application in process control in industry, as well as
being useful to those studying particle generation in laser ablation (LA).

9.2.2.2 Sample decomposition and dissolution

While the direct injection of fine particles into the ICP, either as slurries, suspensions or as the
products from LA events, has important applications in certain areas of geochemical analysis,
at present by far the most common form in which geological materials are introduced into the
plasma is as nebulised solutions. The preparation of these solutions is a major consumer of
time and resources in the overall geoanalytical process. Like the preceding sample collection
stage, it is a crucial process to which considerable thought, care and often ingenuity must be
devoted to ensure that the analytical data subsequently obtained are fit for purpose.

There is a voluminous literature on the decomposition of geological and environmental
materials. Detailed discussion of the topic is beyond the scope of this chapter. Extensive
guidance can be found in books by Bock [77], Šulcek and Povondra [78], and other reviews
[79–81, 82].

During the dissolution of any type of sample prior to analysis there is the danger that its
chemical composition will be modified, either by contamination from equipment or
reagents or by loss of analytes through, for example, volatilisation. A very real problem
with geological materials is the incomplete dissolution of some phases. Analysts unfamil-
iar with handling geological samples should reflect on the fact that some mineral grains
will have existed virtually unchanged for hundreds of millions of years, during which time
they will have been subjected to high temperatures and pressures and been in contact with
aggressive fluids. They are thus some of the most refractory solids known and extreme
measures may be needed to render them into solution.
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Because of the variety and complexity of geological materials, one must choose a sam-
ple decomposition technique that is compatible with the aims of the investigation, the
mineralogy of the material, the elements to be determined and the analytical technique to
be used. Sample decomposition procedures designed to produce solutions suitable for
analysis by ICP spectrometry can be broadly grouped into three types:

● Complete or partial dissolution with acids other than hydrofluoric acid.
● Complete or partial dissolution with acid mixtures including hydrofluoric acid.
● Fusion at high temperature with a suitable flux, followed by dissolution.

Dissolution techniques should never be applied uncritically. They hide many pitfalls for
the unwary geoanalyst. Regrettably but understandably, few reports highlighting problems
with sample dissolution and the difficulties in data interpretation that can flow from them
have made it to the open literature. Those that have repay reflection [83–90].

9.2.2.2.1 Decomposition with acids
Treatment of samples with concentrated inorganic acids, either separately or in combination,
is probably the most commonly used decomposition technique in geochemistry. The key dis-
tinction between acid dissolution procedures is whether or not hydrofluoric acid is included
to attack the silicate lattice.

Concentrated inorganic acids are readily available commercially in varying degrees of
purity, which escalate along with their cost. Those of the highest purity may be used without
further treatment to dissolve geological materials, even when data on many trace elements
are being sought at concentrations down to tens of parts per billion in the solid. However, for
certain elements (e.g. Pb) when full advantage of the great sensitivity of ICP-MS is being
taken to determine them at ultra-trace levels, or for certain isotopic measurements, add-
itional purification and digestion under clean-room conditions may be required to reduce
contamination from acids and apparatus to acceptable levels. Full procedural blanks should
be run frequently with all batches of samples analysed so that data quality may be monitored.
In practice, lower limits of measurement for several of the first row transition elements (e.g.
Cu and Zn) are limited by a combination of contamination from the acid and digestion
process and matrix-related polyatomic interferences.

Concentrated hydrochloric and nitric acids are occasionally used on their own to dissolve
some minerals. Both will attack carbonates readily. The oxidising character of nitric acid
means that it is to be preferred for the dissolution of, for example, sulphides, tellurides and
arsenides. Conversely, hydrochloric acid is better at dissolving iron and manganese oxides,
borates and sulphates other than barite. However, these acids are most frequently used com-
bined together as aqua regia, which is a mixture of three parts concentrated HCl plus one
part concentrated HNO3, to dissolve, or, more correctly, leach, a wide range of geological
materials. The effectiveness of hot, fresh aqua regia is due partly to its strong oxidising char-
acter, the complexing ability of the chloride ion and the catalytic effect of the nascent chlor-
ine produced. It is widely used to leach samples from mineral exploration surveys, where the
aim is usually to identify anomalously high concentrations of target or pathfinder elements
that indicate the presence of economically viable deposits.
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While hydrochloric, nitric and also perchloric acids will all attack a wide range of minerals
to varying degrees, only hydrofluoric acid2 will break the strong Si–O bonds and disrupt the
lattice of silicate minerals sufficiently to dissolve them. Hydrofluoric acid is rarely used on its
own, partly because the fluorides of the some major elements, especially calcium, are not par-
ticularly soluble. Because of its ability to dissolve silica, hydrofluoric acid must be handled in
plastic rather than glass apparatus. Sample decomposition procedures involving hydrofluoric
acid should be carried out in polytetrafluroethylene (PTFE), perfluoro-alkoxyalkane (PFA)
or platinum vessels.

Hydrofluoric acid is typically used in conjunction with nitric and perchloric acids. The
former, being a strong oxidising acid, will attack sulphides. The latter, also a strong oxidising
agent when hot and concentrated, has a high boiling point and allows the acid mixture to be
heated sufficiently to drive off the volatile SiF4 and residual HF if the decomposition is car-
ried out in open vessels. This loss of silica greatly reduces the total salt content of the final
solutions, which is especially advantageous if analysis is to be carried out by ICP-MS.
Perchlorates, other than those of some of the alkali metals, are generally very soluble, but they
can also be unstable in anhydrous form and may spontaneously combust. For this reason,
decompositions involving perchloric acid must be carried out in special fume cupboards
where the exhaust gases are scrubbed with water and where wash-down systems are incorp-
orated to avoid the build-up of potentially hazardous perchlorates in the hood and ducting.

Typically, residues of rock solutions derived from mixed acid digestions are dissolved in
hydrochloric or nitric acid and then diluted to give solutions which are c. 5% (v/v) with
respect to the acid. Where analysis is to be carried out by ICP-AES alone the choice of acid
is not critical. However, nitric acid should be used if the solutions are to be analysed by
ICP-MS, to avoid additional polyatomic interferences involving chlorine.

Because sample decomposition is often the rate-limiting step in the overall analytical
process, advantage may be taken of the economies of scale that can be achieved during dis-
solution with acid mixtures in open vessels by processing large batches of samples in PTFE
tubes or Savillex® PFA vials fitted into a programmable heating block. A typical procedure
routinely used in the authors’ laboratory for batches of 50–120 samples is given below:

(1) Weigh 0.1 � 0.0005 g of each sample into uniquely numbered, 18 mm diameter PTFE
test tubes.

(2) Add 1 � 0.1 ml HF to each tube and swirl. Place the sample tubes into the hot-block
and leave for at least 4 h at 50°C.

(3) Remove the tubes from the hot-block and allow to cool to approximately room tem-
perature. Dispense 0.8 � 0.1 ml HNO3 and 0.4 � 0.1 ml HClO4 into each tube. Swirl
and replace in the hot-block.
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(4) Set the heating program to run for 5 h at 100°C, then 1 h at 140°C, followed by 6 h at
190°C. The cooler upper parts of the PTFE tubes above the hot-block encourage a
degree of refluxing of the acid mixture. Care is required here to avoid baking the
residue and forming insoluble fluorides [91].

(5) Remove the tubes from the hot-block once they are cool enough to handle. Allow
them to cool to approximately room temperature then add 1 � 0.1 ml 50% HNO3.

(6) Warm the tubes gently in the hot-block at 50°C for at least 30 min. Check that the solu-
tions appear clear. Gentle swirling may help to encourage difficult samples into solution.

(7) When the dissolution is complete, add 9 ml deionised water to each tube using an
automatic pipette. Cap the tubes securely and shake vigorously.

(8) Pour the contents of each tube into labelled clear polystyrene vials and cap securely.
(9) Examine each solution to check for precipitates or any undissolved sample and record

the details.
(10) Procedural blanks, reference materials and duplicate dissolutions of the same sample

should be included randomly within each batch at a frequency of not less than one
for every ten samples.

Where decompositions involving HF/HNO3/HClO4 mixtures are carried out in open
vessels, the volatile fluorides of other elements, including As, B, Cr, Ge, Sb and Ti, may be
lost in addition to SiF4. To avoid this, decomposition may be carried out in sealed PTFE
bombs and excess HF complexed by the addition of a saturated solution of boric acid. This
will protect glass and quartz components of the ICP sample introduction apparatus from
attack, but the total salt content of the solutions will be high and considerable dilution will
be required.

9.2.2.2.2 Decomposition by fusion
Certain oxide and silicate minerals, such as cassiterite, chromite, corundum, rutile, spinel,
zircon, tourmaline and beryl, are resistant to attack from hot acid mixtures. Fusion of the
powdered sample with a suitable flux at high temperature, followed by dissolution of the
melt, must therefore be employed to achieve complete decomposition. Several compounds
have been used as fluxes, especially alkali metal borates, carbonates, oxides and hydroxides.
Fusion with lithium metaborate was proposed by Ingamells [92] and is widely used, some-
times in conjunction with lithium tetraborate. It will successfully break down most – but
not necessarily all [93,94] – silicate and accessory minerals. All fusion methods require a
degree of manipulative skill and experience to obtain consistent results across the broad
range of geological materials. An early review [95] of fusion using lithium metaborate
gives an insight into some of the practicalities. Several factors need to be considered,
including choice of crucible material in relation to cost, flux and sample type, ratio of flux
to sample, fusion temperature and mode of dissolution of the melt. A typical procedure
[16] involves thoroughly mixing 0.5 g of powdered rock with 1.5 g of lithium metaborate
in a platinum crucible, heating for 30–45 min at 1000°C in a muffle furnace while swirling
the melt occasionally, cooling to room temperature and immersing the crucible in dilute
nitric acid on a magnetic stirrer for 1–2 h to dissolve the melt.

From the point of view of subsequent analysis by ICP spectrometry, especially ICP-MS,
all fusion methods have the disadvantage that the presence of the flux raises the salt 

286 Inductively Coupled Plasma Spectrometry and its Applications

1405135948_4_009.qxd  8/18/06  4:51 PM  Page 286



content of the final solutions significantly. Greater dilution is therefore required prior to
measurement than is necessary for solutions derived from acid digestion, and detection
limits are degraded accordingly. However, with the much greater sensitivity of the current
generation of ICP-MS instruments, acceptable limits of quantification can be achieved for
many geologically important trace and REEs on a routine basis (see Section 9.5). There is
evidence [81,87] that elements such as Pb and Zn may be lost by volatilisation during
fusion. There is also the possibility that trace amounts of some analytes, present as con-
taminants in the flux, will be introduced. Careful assessment of data from the analysis of
procedural blanks is therefore essential. Depending on the flux used, the determination of
certain elements (e.g. Li and B) is obviously precluded. Moreover, contamination of the
sample introduction system from the high concentrations of Li and especially B will make
subsequent determination of those elements difficult at trace levels without rigorous
cleaning.

Fluxes other than lithium borates are quite commonly used to prepare geological mater-
ials for the determination of particular suites of elements. Alkali metal carbonates have
been used to fuse samples to be analysed for B [96–98], W and Mo [99]. Sodium hydrox-
ide has a long history as a flux in the analysis of silicates [4,5] and was used by Walsh [100]
in a preparation scheme for the determination of the REEs. This combined acid attack with
fusion of the insoluble residue likely to include resistant minerals such as zircon, sphene
and garnet, which can contain a significant proportion of the REEs (see Section 9.5).
Fusion with sodium hydroxide requires a high flux to sample ratio, but it can be carried out
in inexpensive nickel or zirconium crucibles and does not introduce into the final solution
high concentrations of elements not already present in geological materials (e.g. Na). For
similar reasons, an allied technique, sintering with sodium peroxide at 450°C, has the
advantage that most geological samples can be completely decomposed by this method rela-
tively rapidly, but high blanks may reduce its applicability to the measurement of elements
at low abundances [82]. In the authors’ experience, this technique has proved particularly
good at attacking minor phases. When used in combination with glassy carbon crucibles,
it contributes much lower levels of contamination from nickel or zirconium. This in turn
reduces the levels of interferences from these elements. The reductive fusion that forms the
basis of the fire assay technique for the determination of Au and the PGEs is discussed in
Section 9.6.

9.2.2.2.3 Microwave-assisted decomposition
The decomposition of solid materials by acids and other reagents in closed vessels at ele-
vated temperatures and pressures assisted by microwave radiation is often used as a sample
preparation technique in the biomedical and environmental fields [101]. It has attracted
attention in analytical geochemistry too, but the perceived advantages of most microwave
systems need to be balanced against some important logistical considerations. An evalu-
ation [102] of the dissolution of 51 geological reference materials with an HNO3/HCl/HF
mixture in polycarbonate bottles in a microwave oven showed that, while many samples
were completely dissolved, those containing minerals resistant to such acid attack, for exam-
ple chromite, corundum, quartz, rutile and zircon, were not. A comparison [81] between
lithium metaborate fusion, digestion with HF/HClO4 in open vessels and digestion with
HF/HNO3/HClO4 in sealed containers in a microwave oven showed little difference in the
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elemental concentrations measured for nine reference materials between the open vessel
and microwave digestion techniques, apart from higher values for chromium from some
samples. Neither procedure was suitable for the dissolution of resistant mineral phases,
resulting in low recoveries of elements such as Cr, Hf and Zr from some materials. The same
workers carried out a detailed evaluation [103] of the use of two microwave systems, one
incorporating a pressure monitoring and control system, in the determination of Au and
the PGEs in seven geological reference materials. Despite a thorough investigation of a
range of acid mixtures and heating cycles, they were unable to find a set of conditions that
would allow the complete dissolution of all types of material. In several cases, insoluble
residues remained which required subsequent fusion.

The picture that emerges about the suitability of most current laboratory microwave
systems for aiding the dissolution of geological materials is that, while the moderately
increased pressures (c. 5–15 bar) and temperatures inside sealed microwave vessels may
speed up dissolution rates significantly, these effects are not sufficient to overcome the
chemical and thermodynamic barriers to the dissolution of several geochemically import-
ant minerals. These remain largely resistant to attack, as they do during digestion with the
same acid mixtures in open vessels [82].

A point in favour of microwave systems, which they share with all other sealed bomb-
type digestion equipment, is the ability to retain volatile analytes, which may be crucial in
some investigations. However, the fact that microwave-assisted dissolution is not as widely
used in the preparation of geological materials for analysis as might be expected can be
traced in part to manipulative and logistical factors. Most microwave systems consist of
6–12 specially designed vessels mounted in a carousel within the oven. Typically, these
need to be charged with sample and reagents and then sealed carefully, often with the aid
of a tool to apply a constant torque to the caps. At the end of a microwave irradiation cycle
the vessels must be cooled before they can be opened safely. If no further microwave-
assisted treatment is required, the digests are removed and taken on to the next stage of
preparation.

At this point, the microwave vessels need to be thoroughly cleaned before the next set of
samples can be added. This is not always a quick or straightforward task because of the
insoluble residues generated by some materials. Investment in a second set of vessels will
enable irradiation to continue while one set is being cleaned, but the actual throughput of
samples attainable is still relatively low compared to the large numbers many geoanalytical
laboratories are used to receiving. Because of the need to include procedural blanks, qual-
ity control standards or reference materials in the dissolution procedure, the number of
actual samples that can be processed is further reduced. Other considerations include the
initial capital cost and the fact that HClO4 cannot be used with some systems because of
the danger of reaction with the plastic used in their construction.

A radically different microwave system that may find significant application in the
preparation of geological samples has recently been introduced by the Milestone company
[18]. Instead of a conventional oven holding a small number of individual sealed vessels,
their UltraCLAVE™ apparatus consists of a single 4.2 l titanium–nitride-coated stainless
steel vessel which is pressurised with nitrogen or argon up to 200 bar. Into this can be
placed many tens of samples in conventional containers, which may be open or loosely
capped to allow for equalisation of pressure. Microwave radiation from the magnetron
enters the pressure vessel through a microwave-transparent port. The system offers the
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possibility of processing large numbers of samples rapidly at pressures and temperatures
where real improvements in the efficiency of acid digestion can be expected.

9.2.2.2.4 Selective extraction schemes
While total dissolution of geological samples may be the aim in many circumstances, the differ-
ential solubility of component phases may be turned to advantage in some investigations where
information on the association of elements with particular phases is being sought, for example,
to establish which metals are bound in sulphides, carbonate cements or oxide, and amorphous
oxyhydroxide coatings. In some cases it may be sufficient to attack samples with mineral acids
that leave the silicate lattice relatively intact. If more detailed information on the distribution of
analytes between phases is required, selective extraction schemes, such as that proposed by
Tessier and co-workers [104], may be used. These involve sequential dissolution of the sample
with a variety of reagents, including weak acids, and oxidising, reducing and complexing agents.
Such procedures have been used for many years in exploration geochemistry [105–108] and are
now being applied in the environmental field [109–113]. However, several different schemes
have been published and they all yield data that are heavily method dependent and need to be
interpreted with care [114–116]. Because of the difficulty in comparing data obtained from dif-
ferent procedures, the European Commission has proposed a three-step sequential extraction
scheme, commonly referred to as the BCR method, in which the exchangeable, reducible and
oxidisable fractions are methodologically defined [117]. With modifications [118], it has been
successfully used to provide reproducible inter-laboratory data for several soil and sediment ref-
erence materials [119,120] and is commonly applied as a reference method [121]. A very weak
partial leach, based on the generation of hydrogen peroxide by the action of the enzyme glucose
oxidase on dextrose [122], has been used for mineral exploration.

Procedures that combine non-specific extraction with chemometric data processing may
offer an alternative approach [123–125]. The experimental design is based on sequential
extractions using increasing concentrations of nitric acid, which simplifies the chemical
analysis of the resulting solutions compared to many other sequential extraction schemes.
Recently the method has been modified by substituting aqua regia as the extractant, on the
grounds that it is more effective in dissolving iron oxides [126].

Chemical extraction tests are often used to evaluate the amount of bioaccessible metals and
metalloids in potentially contaminated soils. In practice, however, they only give a broad idea
of the easily mobilised fraction. Consequently, physiologically based extraction tests (PBET)
have been devised to simulate the leaching of a solid matrix in the human gastrointestinal tract
[127,128]. The test is essentially a two-stage sequential extraction using various enzymes at
37°C to mimic conditions in the stomach and small intestine. The BioAccessibility Research
Group of Europe (BARGE) has undertaken a comparison of techniques [129] and the status
of such in vitro methods has been summarised by Wragg and Cave [130]. At present these tests
are only validated against animal or human studies for a handful of elements.

The inherent multi-element capability of ICP spectrometry makes it a particularly
appropriate and powerful technique for the analysis of solutions derived from sequential
extraction schemes. Some care needs to be taken to ensure that no artefacts are introduced
into the data as a result of interferences from the different matrices. One approach is to
evaporate the original solutions and take up the solutes in dilute nitric acid. In preparing
solutions for analysis by ICP-MS quite large dilution factors may also be necessary.
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9.3 Determination of major elements

It is a convention in geochemistry to distinguish between those elements that make up the bulk
of the minerals in a rock – the major elements – and those present in very small amounts – the
trace elements. Somewhat arbitrarily, a concentration greater than c. 0.1% by mass is often
used to delineate major elements, while trace elements are taken to be those present below
0.1%. Occasionally, one may come across the term minor element referring to those elements
present at concentrations between 0.1% and 1% but, given the great range in composition of
geological materials and the fact that an element may be a major element in one type of rock
and a trace element in another, such fine distinctions are not particularly helpful.

Geological materials vary enormously in their overall composition but, in the majority of
silicate rocks, the elements Si, Ti, Al, Fe, Mn, Ca, Mg, Na, K and P constitute the major com-
ponents. Expressed as their oxides, and summed together with the weight lost on heating the
ground rock sample to high temperature, thus driving off CO2 and H2O derived, respectively,
from carbon and hydroxyl ions, they typically constitute 100 � 0.5% of the mass. This cal-
culation is traditionally used as a first check on the likely reliability of any analytical data and
is an indication of the levels of accuracy and precision expected of the determination of
major elements in geological materials. In many geochemical laboratories, XRFS is routinely
used to determine the ten major elements in rock samples. Measurements are carried out on
glass discs made by fusing finely ground rock with 5–10 times its mass of a suitable flux, such
as a 2 � 1 mixture of lithium tetraborate and metaborate. Fusion of the sample to a glass
removes mineralogical and particle size effects, reduces surface roughness and produces a
truly homogeneous solid. Provided that calibration has been carried out with suitable stand-
ards and appropriate corrections made for the mutual interference of elements, XRFS will
yield accurate and precise data for major components on a routine basis.

The detection capability of ICP-AES is more than adequate to allow all the major elem-
ents to be determined once in solution, but the technique’s typical precision of c. 1–3% rel-
ative standard deviation (RSD) would suggest that significantly poorer quality data might
be obtained compared to that generated by XRFS. An approach that has been used success-
fully to improve the precision of ICP-AES measurements is to choose appropriate elements
as internal standards for groups of analytes and to ratio their signals, thus smoothing out
some of the fluctuations. For example [131], Ga has been used as an internal standard for Si,
Al and Mg, Cd for Fe and Ca, and Li for Na and K. In order to retain Si and avoid the dam-
aging effects of HF on the ICP sample introduction system, sample preparation for the
determination of the major elements by ICP-AES requires fusion. However, advantage may
be taken of this step to supply the Li internal standard, from the lithium metaborate, and to
introduce the Ga as a 1% addition of Ga2O3 to the flux. In order to avoid the need for a sep-
arate fusion step, some laboratories will forego data on Si and determine the remaining
major elements on solutions derived from the same mixed acid attack that is used to prepare
samples for trace element determination. This can be a realistic compromise when the high-
est levels of accuracy are not required, but it must be remembered that values for titanium
in particular may be affected by incomplete dissolution. Detailed recommendations about
the choice of spectral lines for the determination of the major elements may be found in
Thompson and Walsh [16].

In a detailed and objective assessment of the overall precision of methods for the deter-
mination of the major elements [132], it was found that XRFS using fused glass discs
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yielded a value of 0.23% relative, compared to 0.43% relative for ICP-AES with internal
standardisation following fusion. For many purposes, both techniques would therefore pro-
vide adequate data. In practice, the choice of method will largely be dictated by the instru-
ments that a laboratory possesses.

The accurate determination of major elements at percentage levels in geological mate-
rials has not been a realistic role for ICP-MS up to now, although it has been attempted
using a combination of pulse counting and analogue modes of detection [133,134]. How-
ever, the much greater sensitivity of modern ICP-MS instruments combined with the
wider dynamic ranges afforded by the latest generation of detectors make it a feasible
proposition. Moreover, improved cone design, variable mass resolution and collision cells
can all be used to reduce background signals from the many polyatomic ions prevalent in
this region of the mass spectrum. However, the precision obtainable in the measurement
of major elements by ICP-MS is unlikely to match that of ICP-AES and certainly XRFS.

9.4 Determination of trace elements

By far the single most attractive feature of plasma spectrometric techniques that endeared
them to analytical geochemists from the outset is their ability to detect a very wide range 
of trace elements, once they are in solution, at geologically realistic concentrations. Over the
35 years that ICP-AES instruments have been commercially available, this technique has
reached the position – analogous to that attained earlier by XRF spectrometry – where it is
widely regarded as a powerful and reliable geoanalytical workhorse. Its capabilities and limita-
tions, in terms of tolerance to the composition and concentration of sample matrices, limits of
quantitation and the resultant precision that is realistically obtainable in the determination of
over 40 elements are well known. There is now a wealth of information available in the litera-
ture [16,25,135] to guide the budding geoanalyst through the minefields of plasma operating
conditions, line selection, and the assessment and correction of spectral interferences.

The intensity of their spectral lines is such that many trace elements in unmineralised rock
samples can be determined by ICP-AES directly in solutions derived from a mixed acid attack
or a lithium metaborate fusion. Boron can be determined following fusion with alkali metal
carbonates [96–98]. The REEs can be determined after fusion followed by preconcentration
and separation from the matrix by cation-exchange (see Section 9.5.2). The hydride-forming
elements (e.g. As, Se and Sb) can be determined by ICP-AES using appropriate sample intro-
duction procedures. However, where alternative methods for determining these elements are
available in a laboratory, such as atomic absorption or atomic fluorescence, it may be more
economic and efficient overall to use them rather than tie up a powerful multi-element 
ICP-AES instrument in the measurement of a small number of analytes.

In mineralised rocks, a wider range of trace elements can be detected using ICP-AES,
making it often the technique of choice for the rapid analysis of large numbers of samples
from mineral exploration surveys. A further strength of ICP-AES is its sensitivity for the
geochemically important light elements, Li, Be and B, which exceeds that of alternative
techniques such as XRFS.

However, in unmineralised rocks, the limits of detection routinely attainable by ICP-
AES are not really adequate to permit the direct determination of a number of geochemi-
cally important trace elements at their typical concentrations, either because of lack of
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intensity of their main spectral lines or interference from matrix elements (e.g. Bi, Cd, Hf,
Ta, Nb, Pb, Mo, W, Sn, Ag, U, Th, Au and the PGEs).

The greater sensitivity and wider elemental coverage offered by ICP-MS made it, from
its earliest days [11], an attractive and potentially powerful technique for the determina-
tion of trace elements in geological materials. In the 25 or so years since its initial develop-
ment, that promise has largely been fulfilled. Provided that samples can be brought into
solution, or their vaporised constituents introduced into the plasma by alternative means,
a large number of elements can be determined directly down to concentrations correspond-
ing to a few tens of parts per billion in the solid. If some form of separation or precon-
centration is employed prior to analysis, the limits of detection for many geologically
important trace elements can be lowered further.

There are a number of types of interference that can invalidate geochemical trace elem-
ent data obtained by ICP-MS analysis unless they are avoided or corrected. A major cate-
gory of these are the signals detected at m/z ratios corresponding to isotopes of elements of
interest but which are generated by ions other than those of the analyte. These include:

● Direct coincidence of two or more isotopes of different elements, for example the over-
lap of 58Fe� on 58Ni� or 114Sn� on 114Cd�.

● Background signals – sometimes very large, but confined largely to the region of the
mass spectrum below 80 m/z – caused by ions derived from the main elements and
impurities present in the plasma as solutions are being nebulised, for example 40Ar40Ar�

at 80Se�, 40Ar14N1H� at 55Mn�, 40Ar12C� at 52Cr� and 82Kr� at 82Se�.
● Polyatomic ions derived from combinations of elements present in the plasma and sam-

ples, for example 40Ar23Na� at 63Cu� and 94Zr16O1H� at 111Cd�.
● Oxide ions (MO�), for example 35Cl16O� at 51V�, 44Ca16O� at 60Ni�, 135Ba16O� at

151Eu�, 140Ce16O� at 156Gd� and 143Nd16O� at 159Tb�.
● Doubly charged ions, for example 138Ba2� at 69Ga�.

Other types of interference include suppression of signals from ions of lighter elements
in the presence of high concentrations of heavier elements caused by space–charge effects,
and non-linear variations in sensitivity during an analytical run related to salt deposition
on the sampling cone.

Fortunately, many of these types of interference are now well documented. There is spe-
cific guidance available in the literature [17,18] on, for example, choosing which isotopes to
measure in order to avoid or minimise polyatomic interferences [136–138], avoiding certain
acids (e.g. H2SO4 and HCl) in the final solution so as not to generate additional solvent-
related polyatomic ions, or limiting the total concentration of dissolved solutes to reduce
drift. However, to ensure that the accuracy of data produced by ICP-MS analysis of geo-
logical materials is not compromised, eternal vigilance needs to be exercised over interfer-
ence effects; especially when a laboratory is faced with analysing materials which differ
markedly from those it is familiar with. The powerful multi-element capability of ICP-MS
can be of immense assistance here, enabling a semi-quantitative picture of a sample’s over-
all composition to be obtained rapidly, thus allowing the significance of potential interfer-
ences to be assessed. Similarly, inspection of the apparent isotopic abundances of individual
analyte elements can be a valuable early warning of interferences at particular m/z ratios.
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The precision of ICP-MS measurements depends to a large extent on the geoanalyst’s
ability to correct for changes in sensitivity, which vary in a complex fashion with both mass
and time over an analytical run. Many laboratories base their corrections on only two or
three internal standards to cover the whole of the mass range because of the difficulty of
identifying other suitable elements. Enriched isotopes have been used [134] to expand the
pool of useable internal standards and obtain a more even mass distribution. These, com-
bined with regular measurements of a solution to monitor instrument sensitivity, gave
improved precision for many analytes.

Further developments in instrumentation have meant that some of the polyatomic inter-
ferences which limit the determination of certain trace elements by ICP-MS can now, in
principle, be overcome. Coupling an ICP source to a single- or double-focusing magnetic
sector mass spectrometer [139–141], the latter usually in a reverse Nier–Johnson configur-
ation, provides far greater mass resolution than is obtainable with a quadrupole. This enables
the signals from some interfering polyatomic ions to be resolved from those of analyte iso-
topes occurring at very similar, but not identical, m/z ratios. For example, a mass resolution
of c. 2500 allows the signal from 40Ar16O� at 55.957 m/z to be resolved from that of 56Fe� at
55.935 m/z and that of 35C116O� at 50.964 from 51V� at 50.944. However, mass resolutions
approaching 10 000, which is roughly the limit achievable with most current commercial
instruments, are needed to separate 40Ar35C1� from 75As�, 40Ar40Ar� from 80Se� and
143Nd16O� from 159Tb�. Magnetic sector ICP mass spectrometers also offer improved lim-
its of detection compared to quadrupole systems because of high ion transmission and the
low background count rate arising from their different ion beam geometries. This high sen-
sitivity has been utilised in the measurement of Cd, Pb and U in Antarctic snow cores [142]
at the picogram per gram level, but their greatest current and potential use in geological
applications is probably in the precise measurement of isotope ratios (see Section 9.7).

Other strategies for overcoming polyatomic interferences include the use of cold/cool
plasma techniques [143] and mixed gas, for example argon–nitrogen, plasmas [144–146].
Collision or reaction cells [147,148], which up to now have tended to be used to solve spe-
cific interference problems, may in the future be used more widely to reduce background
polyatomic interferences.

The determination of specific groups of trace elements of particular interest to earth 
scientists is discussed in the following sections.

9.5 Determination of the rare earth and other 
incompatible trace elements

9.5.1 Background

The coherent yet subtly varying nature of the chemistry of the REEs,3 which derives from
the steady filling of their shielded 4f sub-shell and a consequential decrease in ionic radius,
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makes them an especially important group of trace elements to geochemists interested in
unravelling the complexities of petrogenetic processes [149]. The REEs, together with the
high field-strength elements, HFSEs (Nb, Ta, Zr and Hf) and elements such as U, Th, Ba,
Rb and Cs, are referred to as incompatible because they are not readily accommodated in
the structures of the main igneous or metamorphic minerals. Their large ionic radii, in the
case of Rb and Cs, or high polarising power mean that they tend to be excluded from the
ferromagnesian, plagioclase and other minerals that crystallise first from magmas. They
thus tend to be preferentially concentrated in later crystallising accessory minerals. Within
the REEs, the degree of incompatibility decreases from the larger light REEs (LREEs) to the
smaller, more compatible heavy REEs (HREEs).

Most REEs exhibit an oxidation state of �3. The two exceptions are cerium, which can
form Ce4� in oxidising environments, and europium, which can exist as Eu2� under redu-
cing conditions. Since Eu2� has a similar radius to Ca2�, it can substitute for Ca in plagioclase
and become depleted in the melt. A negative europium anomaly is thus a valuable indicator
of the oxygen fugacity prevailing during magma fractionation and mineral formation.

Nowadays, interest in REE geochemistry extends far beyond the domain of classical petro-
genesis [150]. Data on the REE content of geological materials can provide diagnostic informa-
tion on ore formation, mineral alteration, the provenance of detrital grains and even shed light
on the origin of archaeological artefacts. They have been used as geochemical tracers in stud-
ies of water–rock interaction and regional groundwater movement [151–153], and can help
us unravel the hydrothermal processes occurring at mid-ocean ridges [154]. Fresh impetus
has been given to studies of the mobility of REEs in the environment by their use as analogues
for the actinides in studies concerning the disposal of radioactive waste. Thus the demand for
the measurement of REEs at trace levels in geological materials has never been greater.

Before the advent of ICP techniques, established methods for determining REEs
included instrumental neutron activation analysis (INAA) and isotope dilution–thermal
ionisation mass spectrometry (ID-TIMS). These are relatively time-consuming and expen-
sive techniques but they do possess the necessary sensitivity to detect the REEs at the low
concentrations at which they occur in the geosphere. The analytical requirements for the
REEs can be gauged from their average concentrations in chondritic meteorites, which can
be said to represent the composition of the Earth’s primordial mantle. These are [155], in
�g g�1: La (0.24), Ce (0.64), Pr (0.1), Nd (0.47), Sm (0.15), Eu (0.058), Gd (0.2), Tb (0.37),
Dy (0.25), Ho (0.057), Er (0.17), Tm (0.025), Yb (0.16) and Lu (0.025). The so-called 
chondrite-normalised values can be calculated from REE concentrations measured in ter-
restrial igneous rocks, so ironing out the saw-tooth pattern that would otherwise arise when
such data are plotted. In groundwaters, the REEs are typically present at or below �g 1�1

levels. Their concentrations in seawater are very low, c. 0.1–5 ng 1�1, and some form of pre-
concentration, for example, complexation and adsorption onto C18 resin [156] or the use
of ion chromagraphy [157], is required prior to measurement.

9.5.2 Determination of the REEs by ICP-AES

Inherently, ICP-AES has good sensitivity for the REEs. However, its performance for many
of the REEs is compromised by the complexity of their emission spectra, together with 
a number of severe interferences from major elements. Thus, to obtain reliable data by
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ICP-AES down to chondritic abundance levels, the REEs must be separated from the
matrix elements; this is usually achieved by cation-exchange, following dissolution of the
sample.

In one of the first ICP-AES methods published [100], still widely used, 4 ml of HClO4

and 15 ml of HF were added to 0.5 g of powdered rock sample in a platinum crucible, evap-
orated to incipient dryness, cooled and dissolved in 20 ml of 25% HCl. The solution was fil-
tered and the residue ignited to 800°C in a silver crucible before being fused at 800–850°C
with NaOH. The cooled melt was dissolved in 25 ml of 25% HCl, combined with the acid
digest filtrate and diluted to about 100 ml to reduce the acid strength to �10% HCl. The
resulting solution was loaded onto columns containing Dowex AG 50W-X8 resin in its acid
form and rinsed through with 450 ml of 1.7 M HCl. This was discarded as it contains the
major and most of the trace elements. The REEs were then eluted with 600 ml of 4 M HCl.
After the addition of a few mls of nitric acid, the eluted solution was evaporated to dryness
and taken up in 5 ml of 10% nitric acid.

The complex emission spectra of the REEs require careful examination in advance of
line selection and measurement by ICP-AES. Walsh [100] provides an evaluation of the
alternative wavelengths, taking into account the relative abundances of the REEs encoun-
tered in geological materials, as well as their analytical sensitivity and spectral inter-
ferences. Other compilations are available [13,25]. Calibration is usually performed using
synthetic multi-element mixtures of the REEs and Y, often obtained commercially. It has
been estimated [25] that a precision of 3% RSD and an accuracy of better than �5–10%
can be obtained for most elements using the cation-exchange ICP-AES method. This is
probably as good as much of the data in many of the published compilations of the REE
content of reference materials.

9.5.3 Determination by the REEs by ICP-MS

Very early in the application of ICP-MS to geochemical analysis, it was appreciated that the
simple nature of the REE mass spectrum, combined with superior detection limits, would
allow the determination of all the REEs in silicate rocks without separation from the matrix
[11]. Data indicated that most of the REEs could be quantified down to 10 times chondritic
values, using a dilution factor of 500 on a sample subjected to a HF/HClO4 attack [158].

It is important to appreciate that in many rocks the majority of the REEs, particularly
the HREEs, reside in minerals such as zircon, sphene, garnet, apatite and monazite. Many
of these minerals are not completely dissolved by a conventional open vessel HF/HClO4

attack (see Section 9.2.2.2). In some of the early descriptions of the application of ICP-MS
techniques to the measurement of the REEs [12,158–161] great reliance was placed on the
ability of an HF-based attack to render all the sample into solution. In many cases this was
probably true because of the mineralogical composition of the reference materials selected.
There was also resistance to adopting a method involving fusion because of the high salt
content of the final solution. However, Hall and Plant [85] tell the cautionary tale of the
reporting of misleading data produced from samples which had been subjected only to an
HF/HClO4 leach. To obtain reliable data for the REEs and other elements such as Zr and
Hf from samples of unknown composition, complete dissolution needs to be ensured,
either by a ‘mini-fusion’ of the insoluble residue or fusion of the entire sample [25].
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Whereas the salt content of solutions analysed by ICP-AES is usually limited to 1–2%,
ICP-MS is less tolerant of high total dissolved solids (TDS) and their concentration is usu-
ally kept below 0.2%. Using the ion-exchange separation technique developed for ICP-AES
is one way to ensure that the final solution has low TDS (�0.001%) and will permit the
determination of REEs down to well below chondritic abundance in most geological mater-
ials [158]. The efficiency of recovery of the REEs through the ion-exchange process may be
monitored by the use of a pure Tm spike [162,163]. However, with the superior sensitivity
and stability afforded by the latest generation of quadrupole ICP-MS instruments, accept-
able detection limits can be achieved by analysing fusion-based digests directly, even with
large dilution factors. A combination of sample decomposition with sodium peroxide and
ICP-MS [20,82,164] has been shown to be a simple and robust procedure for the determi-
nation of the REE present at chondrite-normalised abundances of greater than one,
together with other geochemically important elements, such as Hf, Nb, Ta, Th, Y and Zr.
Meisel et al. [164] selected a sample:flux ratio of 1:6 and performed the sodium peroxide
sinter/fusion in glassy carbon crucibles. Separation may still be required to determine the
REE at very low abundances [165]. Alterative strategies, such as the use of ultrasonic and
microconcentric desolvating nebulisers [166], an external correction procedure [167] and
ID multiple collector (MC)-ICP-MS [168], have also been explored. In reality, the proce-
dural blanks may well control the detection limit that can be achieved, whichever method is
selected.

Each of the REEs has at least one isotope free from isobaric interference in the mass
range 139 (La) to 175 (Lu). This region is almost free from polyatomic ions formed from
matrix elements. However, the formation of oxide ions (MO�), 16 mass units higher than
the parent isotope, is a common feature in ICP mass spectra, particularly for refractory
elements such as the REEs. Thus oxides of the LREEs will interfere with the determination
of the HREEs. This is compounded by the fact that in the geosphere the abundance of the
LREEs is normally greater than that of the HREEs, and is particularly serious for rocks in
which the LREEs are enriched. Moreover, barium, often present in rocks at �100 �g g�1,
also forms a series of BaO� ions which interfere with both isotopes of Eu.

On modern ICP-MS instruments the operating conditions can be optimised so that the
oxide levels are no more than 1% for CeO� which, along with La, has the greatest oxide ion
yield of the REEs [169]. For any particular set of instrumental conditions, the production
of oxides remains relatively constant [170]. Therefore single-element solutions of Ba and
the REEs can be analysed and used to correct for oxide formation. A suggested list of iso-
topes and the corrections required are given in Table 9.1. A more comprehensive account
of possible interferences, which also serves to demonstrate the additional polyatomic ions
encountered when samples are prepared in HCl, is given by Dulski [169]. Potential inter-
ferences from oxychlorine ions, arising from the use of perchloric acid in sample prepar-
ation, have also been reported [171].

ICP-MS calibrations are typically performed using matrix-matched synthetic multi-
element solutions of REE and Y, which can be prepared from single-element standards and
are available commercially as a certified mixed standard. Usually one or more internal stand-
ards (e.g. In and Re) are added to the dissolved samples, blanks and reference materials to
monitor signal suppression and drift in sensitivity throughout the analytical run. In some
laboratories an REE monitor solution is inserted every 5–10 samples and used to correct
for changes in signal sensitivity, primarily due to progressive blocking of the cones. Other
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workers have modelled non-linear drift using frequent measurements on a solution of a dis-
solved rock, and then used a spreadsheet macro to make corrections [172].

9.5.4 Determination of other incompatible elements

One of the Earth’s fundamental geodynamic cycles is the formation of oceanic lithosphere
at mid-ocean ridges and its later injection back into the mantle at convergent plate bound-
aries. Studies of the evolution of the mantle-crust system over geologic time rely heavily on
geochemical data to shed light on the various melting and fractionation processes that give
rise to the observed compositions of crustal rocks. In addition to the REEs [173], other
incompatible elements, such as the large ion lithophile elements (LILEs) and especially the
high field-strength elements (HFSEs), are valuable tools for probing the origins of magmas
and their melting histories.

Two pairs of HFSEs, Zr and Hf, and Nb and Ta, are used extensively in such studies because
of their similar charges and virtually identical ionic radii. It is subtle changes in their abun-
dance ratios that are of particular interest to geochemists. Hence the quality and comparability
of analytical values for these elements within and between datasets are of crucial importance.
Until relatively recently, different techniques had to be employed to determine the individual
HFSE. Either XRFS or the more sensitive spark-source mass spectrometry (SSMS) was widely
used to measure Nb. INAA was used to determine Hf and Ta, while Zr was usually measured
by XRFS. Detailed comparisons between methods [174] have suggested that there are discrep-
ancies, for example between values for Nb obtained by SSMS and XRFS.

As with the REEs, a major consideration in the determination of the HFSEs by ICP tech-
niques is the need to ensure complete dissolution of their resistant host minerals such as zir-
con [85]. Although it is possible to determine Zr and Nb by ICP-AES directly in solutions
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Table 9.1 Suggested isotopes for the quantification of the REEs by ICP-MS

Element Mass Interferences/comments

La 139 Virtually monoisotopic (99.9% abundant)
Ce 140 Major isotope
Pr 141 Monoisotopic
Nd 146 17.2% abundant
Sm 147 15% abundant
Eu 153 137Ba16O�

Tb 159 143Nd16O�

Gd 160 160Dy (2.34%), 144Nd16O�, 144Sm16O
Dy 163 24.9% abundant, 146Nd16O1H�, 147Sm16O
Ho 165 Monoisotopic
Er 166 33.6% abundant, 150Nd16O�, 150Sm16O
Tm 169 Monoisotopic
Yb 172 21.9% abundant
Lu 175 97.4% abundant
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following lithium metaborate fusion with detection limits corresponding to 1 and 2.5 ppm,
respectively, in the original solid [175], Hf and Ta suffer from a number of spectral interfer-
ences and their detection limits are inadequate. Thus separation from the matrix elements
and preconcentration is necessary before the HFSE can be determined by ICP-AES. Watkins
and Nolan [176] modified their REE cation-exchange separation method, by adding oxalic
acid to the 6 M nitric acid elutant, and were able to determine Hf down to 0.2 �g g�1 by ICP-
AES, in addition to the REEs, Y and Sc.

The advent of ICP-MS opened up the possibility of determining all the HFSEs by a single
technique. Lower limits of detection and improved precision should enable smaller vari-
ations in Nb:Ta ratios to be used with greater confidence in unravelling the geochemical
processes and complex histories of mantle source regions [177]. Nevertheless, separation of
the HFSEs from the matrix elements was often necessary prior to measurement by ICP-MS,
in order to reduce the TDS in the final solution to an acceptable level. Hall [175] used cup-
ferron to separate the analytes from a lithium metaborate fusion solution prior to analysis.

Systematic variations in the Nb:Ta ratios of basaltic and andesitic rocks, obtained from
ICP-MS measurements, have been used to constrain the source in a Cambrian arc-back arc
system [178]. Although the need for complete dissolution was recognised, an HF/HClO4

digestion was used. This avoided the inherently higher reagent blanks of a LiBO2 fusion
and the analytical problems arising from the resulting high TDS matrix, and also the diffi-
culties of determining Li and B at low levels in subsequent samples because of contamin-
ation of the instrument by the flux. Problems with the stability of Nb and Ta in dilute nitric
acid solutions were encountered. The addition of 2% HNO3, 0.5% HCl and 0.1% HF to
stabilise solutions containing more than 4 ppb Ta and 100 ppb Nb was recommended. For
lower concentrations of these elements, the addition of 2% HNO3 and 0.5% HCl together
was sufficient to keep them in solution. As well as the HFSEs, the REEs and the LILEs were
determined in solutions which represented a 1000-fold dilution of the original sample. Rh,
In and Re were used as internal standards. Limits of quantitation of 0.07 �g g�1 for Nb and
0.02 �g g�1 for Ta were achieved. Memory effects were observed, especially for Ta. The
poor washout characteristics of the HFSEs have been noted and wash procedures involv-
ing nitric acid spiked with two drops of HF per 300 ml [179], or a 60–90 s surfactant wash,
followed by a 180 s wash with 2% nitric acid [134] have been used to reduce the blank 
signal to an acceptable level.

In the authors’ laboratory, 42 major, minor and trace elements, including the REEs, Y, Zr,
Nb, Hf, Ta, U and Th, are determined by ICP-MS after fusion with sodium peroxide to
ensure complete dissolution:

(1) Weigh 0.2 g of finely ground sample into uniquely numbered glassy carbon crucibles
and add 1.0 g of sodium peroxide flux using a metal spatula. Mix carefully until the
fine loose sample powder coats the coarse flux grains.

(2) Fuse in a preheated furnace at 480°C for 1 h, unless there is a significant organic com-
ponent, that may ignite. In this case, either ignite the sample first or heat slowly from
ambient to 480°C.

(3) Remove the crucibles from the furnace and allow to cool on an appropriate surface.
(4) Transfer the crucibles to a fume cupboard. Add deionised water dropwise to the fused

materials in the crucible until the reaction subsides. Continue to add water until the
crucible is about two-thirds full (20 ml) and leave for 1 h to leach.
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(5) Partially fill clean 250 ml plastic volumetric flasks with 12.5 ml of 50% HCl and 1 ml
of conc. HF. Carefully pour the contents of each crucible into a numbered volumet-
ric flask via a plastic funnel, transferring as much of the solid as possible. Rinse the
crucible and funnel with a few mls of deionised water.

(6) Add 12.5 ml of 50% HCl to each crucible and leave for 15 min.
(7) Carefully pour the contents of each crucible into the correct volumetric flask. Rinse

the crucible three times with a minimal amount of 1% HCl, transferring the washings
to the volumetric flask. Make up to volume with deionised water. The final solution is
in 5% HCl with a trace of HF.

(8) Leave until fully dissolved: this may take between 1 and 12 h depending on the sam-
ple type. Transfer to a plastic bottle for storage.

(9) Before analysis dilute the sample solutions fourfold with 1% nitric acid, giving a total
dilution of 5000. During aspiration of the sample, add indium and rhenium internal
standards at a nominal concentration of 10 ng ml�1 via a T-piece, giving an overall
dilution of 10 000 in the plasma.

(10) Prepare matrix-matched calibration standards, that is in 20% v/v sodium peroxide,
1% HCl and 1% HNO3.

(11) Include matrix-matched monitor solutions containing most of the elements of inter-
est at 10 ng ml�1 at regular intervals throughout the analytical run and use these to
correct for instrumental drift.

(12) Include two blanks, two duplicate samples and two reference materials with each
batch of 20 samples prepared.

9.6 Determination of gold and the PGEs

At concentrations of 1–10 ng g�1, the average crustal abundances of gold and the PGEs (Pt,
Pd, Rh, Ru, Ir and Os) are some of the lowest in the Periodic Table. Their determination in
unmineralised rocks therefore presents a great challenge to any analytical technique.
Moreover, their distribution is particularly heterogeneous in that they often occur as dis-
crete particles of the native metal or as solid solutions or metallic inclusions in other min-
erals (e.g. chromites and sulphides). This nugget effect means that quite large amounts of
material may need to be collected to provide a representative sample and has implications
for subsequent sample preparation and analysis [180].

Geochemically, Au and the PGEs are classed as highly siderophilic elements. Their behav-
iour and distribution in the Earth can thus shed light on the evolution of the core–mantle
equilibrium. Moreover, the upper mantle appears to contain an excess of PGEs over what
would be expected at equilibrium [181] and it is thought that this may have been introduced
as a ‘late veneer’ by meteorite bombardment during the Earth’s early history. High concen-
trations of some of the PGEs, particularly Ir, have been linked to later impact events that are
thought to have had major consequences for life on our planet. The fractionation of Au and
the PGEs that has been noted during partial mantle melting and their resultant variable sig-
nature in different rock types can potentially help us understand the subduction history of
different parts of the lithosphere. However, all studies of these elements have been hampered
in the past by the lack of reliable data on their concentrations in unmineralised rocks.
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This situation is being slowly rectified as more sensitive methods of analysis, including ICP
spectrometry, are applied to their measurement.

Nowadays, apart from their use in coinage and jewellery, Au and the PGEs have important
uses in electronics, industrial catalysts, glass for cathode-ray tubes and liquid-crystal displays,
road vehicle catalytic converters and as anti-cancer agents. The growing use of Pt, Pd and Rh,
especially in automobile catalysts – 3.9 million ounces of Pt in 2005, of which only 0.8 mil-
lion ounces were recovered – has triggered interest in the natural background levels and
cycles of these elements in the environment and how they might be perturbed by anthro-
pogenic inputs [182,183–185]. Hence there is an increasing requirement for ultra-sensitive
analytical methods for the PGEs over and above the traditional needs of mineral exploration.

Because the PGEs occur at such low concentrations, they can be determined usually only
after separation from the rock matrix and preconcentration, although INAA offers a means
of measuring Au down to ng g�1 levels directly. As they often occur in minerals that are resist-
ant to acid attack, some sort of fusion is required to bring them into solution. Fire assay
remains the mining industry standard for precious metal determinations because it is able to
deal with large sample masses and is amenable to a range of analytical finishes. The ascend-
ancy of ICP-MS predicted by Hall and Bonham-Carter [186] is reflected in more recent
reviews [187–189] of methods for the determination of Au and the PGEs in geological and
related materials.

Fire assay is an ancient technique that has been used to separate and refine noble metals
since the third millennium BC. There are several references to it in the Bible. In Proverbs
17:3 we read, ‘The fining pot is for silver and the furnace for gold: but the Lord trieth the
hearts’. The lead fire assay procedure is a reductive fusion technique, in which finely
ground sample is intimately mixed with litharge and a reductant such as wood charcoal or
flour, and a flux typically containing sodium carbonate, borax, silica and possibly calcium
fluoride to improve fluidity, and heated in a fire clay crucible in a furnace at c. 1050°C for
about 45 min. The exact composition of the flux will depend on the type of sample being
analysed [190]. The aim is to produce a melt of two dispersed, immiscible phases: one of
molten lead formed by reduction of the litharge (PbO) and a liquid borosilicate slag. Gold
and the PGEs have high solubilities in molten lead and are scavenged into it. The melt is
poured into a warmed iron mould where the lead, because of its higher specific gravity, col-
lects at the bottom. The solidified mass is turned out and the lead button separated from
the glassy slag and mechanically cleaned. The next stage is to remove the lead from the
noble metals by an oxidative process known as cupellation. The lead button is placed on a
shallow dish called a cupel, historically made of compressed bone ash, which has been pre-
heated in a furnace to c. 1000°C. Within 30–45 min the lead is rapidly oxidised to molten
lead oxide, most of which is absorbed by the cupel, and a small amount is volatilised. The
noble metals remain on the cupel as a small bead or prill. Recovery of Au, Pt and Pd is
regarded as quantitative but some Os, Ir and Ru are lost as their volatile oxides during cupel-
lation. Where the concentration of noble metals in the samples is expected to be low, silver
is added to the initial charge either as powdered metal or, more commonly, as silver nitrate
solution. This helps to prevent the loss of trace amounts of Au and PGEs and produces a
prill large enough to handle. Gold is sometimes added instead of silver if the former is not
to be determined and Rh is to be measured [191].

The silver or gold prill obtained from lead fire assay is used as the starting point for many
of the analytical techniques subsequently used to determine noble metals, including AAS and
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ICP spectrometry, after dissolution of the prill. The superior detection capabilities of ICP-MS
make it an attractive technique for the simultaneous determination of Au, Pt and Pd. In the
ICP-MS procedure developed by Hall and Pelchat [192] the silver prill derived from a 10 g
sample is dissolved in 0.5 ml of 3 M HNO3 in a graduated test tube. This is heated for 30 min
in a water bath at 90°C. Once the prill has dissolved, 0.5 ml of 2.5 M HCl is added to precipi-
tate excess silver. The solution is heated for a further 10–15 min to avoid low recovery of Pd,
made up to 5 ml with water, mixed and centrifuged. On a 10 g sample this procedure yields
detection limits of 2, 0.1 and 0.5 �g g�1 for Au, Pt and Pd, respectively. This method has been
used for regional geochemical mapping in Jamaica [193] and the Shetland Islands [194] and
to investigate lithostratigraphic and structural controls on the distribution of gold in the
Southern Uplands of Scotland [195].

An alternative fusion technique involving collection into nickel sulphide, rather than lead,
was developed [196] in the 1970s based on the earlier work of Williamson and Savage [197].
The fusion mixture typically consists of 5–20 g of pure nickel powder, depending on the
amount of sample taken, c. 10 g of sulphur, and a flux typically consisting of a 2:1 mixture of
borax to sodium carbonate, and silica as required. As with lead fire assay, the precise make-up
of the charge is usually calculated from previous knowledge of the overall sample compos-
ition. After fusion at c. 1000°C and pouring into an iron mould, the NiS button is separated
from the slag. There is no cupellation step. Instead, the PGE sulphides are separated from the
nickel sulphide by dissolution of the latter in a large quantity (400–600 ml) of hot concen-
trated HCl in the presence of H2S and filtered off. The PGEs are collected quantitatively by this
method but some gold is lost. This procedure was initially adopted for use with INAA by seal-
ing the filter paper containing the PGEs in a vial and irradiating [198]. In order to avoid the
dissolution step and to minimise the high background radiation from 58Co derived from the
large mass of nickel normally used, later workers [199] investigated the possibility of directly
irradiating a small nickel sulphide button [200].

For subsequent measurement by solution techniques, the separated PGE sulphides are
dissolved in a mixture of HCl and H2O2 as used in the first application of ICP-MS to the
determination of the PGEs [201]. Detailed investigations of the losses of the PGEs that can
occur during the various stages of nickel sulphide collection and subsequent dissolution
have been carried out [202–205]. Coprecipitation with tellurium can be used to improve the
recovery [202,206]. Comparison between lead and nickel sulphide fire assay collections fol-
lowed by ICP-MS determination [207] indicates that the former gives good recoveries for
Au, Pt and Pd, and that the latter gives the highest recoveries for Ir, Os, Rh and Ru. In par-
ticular, high base metal content in a sample can impede the recovery of Au, and possibly also
Pd, from a nickel sulphide assay [208]. Proposed modifications to the nickel sulphide
method include the addition of iron to the fusion charge, to produce a button that dissolves
more easily in HCl [209], and a new flux mixture that incorporates sodium metaphosphate
to achieve complete dissolution of chromite minerals [210].

Both lead and nickel sulphide collection involve the use of large amounts of solid reagents
that are difficult to purify, so ultra-low-level determinations of Au and the PGEs may be blank
limited. Fire assay is rightly regarded as a skilled craft as much as a scientific procedure; con-
siderable experience is required to achieve consistent fusions across a broad range of rock
types. Accordingly, there have been numerous investigations of other procedures to determine
Au and the PGEs in order to avoid the fire assay step and its reliance on skilled staff. These have
included dry chlorination [211], fusion with sodium peroxide followed by coprecipitation
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with Te [212,213], slurry nebulisation [71] and various combinations of microwave digestion,
alkali fusion and ion-exchange preconcentration [103,214–217]. Opinions vary about whether
anion- or cation-exchange resins provide better recovery. A combination of ID, high pressure
asher acid attack, on-line cation-exchange separation of the PGEs and ICP-MS detection 
has been advocated for measurements of high accuracy and low uncertainties [218–219].
Recovery of the noble metals with an aqua regia leach is heavily dependent on the nature of
the rock sample, although good recoveries of Pd and Au are usually achieved [220]. Direct LA
of a �1 g nickel sulphide button has been explored [221].

Once the PGEs and Au have been separated from the rock matrix, concentrated and
brought into solution, their determination by ICP-MS is relatively straightforward. They lie
in two separate regions of the ICP mass spectrum: 96Ru to 110Pd and 184Os to 198Pt. All have at
least one isotope free from isobaric overlap and are relatively free from interferences from
polyatomic ions, especially after separation by fire assay. High levels of Ni, sometimes carried
through from the fire assay procedure, and Cu from high copper samples may give rise to
interferences on Ru, Rh and Pd via 61Ni40Ar�, 64Ni37Cl�, 63Cu40Ar� and 65Cu40Ar� [202].
Where samples have been fused in zirconium crucibles, for example using sodium peroxide,
a range of ZrO� and ZrOH� ions may interfere with some isotopes of Pd. Although modern
high-resolution ICP-MS instruments are capable of separating some of the potential inter-
fering polyatomic ions [222–223], the determination of Pd remains a challenge unless chem-
ical separation is employed. Various isotopes have been used as internal standards, including
111Cd, 203Tl, 115In and 187Re.

In many ways, the analysis of geological materials for the PGEs by ICP spectrometry epitom-
ises many of the problems of the determination of trace elements in geochemistry. It highlights
the fact that the final detection step is rarely the limiting factor, apart from sensitivity consider-
ations. Much greater problems are associated with reliably separating trace analytes from rocks
of widely varying composition and preconcentrating them with no, or at least quantifiable,
losses. It is these stages that tax the ingenuity of the geoanalyst and trap the unwary.

9.7 Measurement of isotope ratios

The capability to determine the isotopic, rather than just the elemental, composition of
geological materials is immensely valuable. Precise measurement of the abundance of two
isotopes linked by a radioactive decay chain of known half-life provides earth scientists
with one of their most important tools: the ability to date geological events. The isotopic
signatures of elements in geological materials can indicate different origins or components
that are not apparent from measurements of their bulk chemical composition. In geo-
chemical analysis, as elsewhere, the technique of ID can be harnessed to yield some of the
most reliable analytical data obtainable.

Isotope geology is a major area of the earth sciences which is only touched on very briefly
here. It is a field to which ICP spectrometry has already made significant contributions, par-
ticularly since magnetic sector ICP-MS instruments became more widely available. The
potential capability of ICP-MS to determine isotope ratios was one of the drivers in its early
development [224] and was used by geochemical laboratories soon after commercial instru-
ments became available [225–227]. The basic principles and key instrumental parameters
involved in determining isotope ratios by ICP-MS can be found in Chapter 6 of this volume.
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It is the level of precision needed in the measurement of isotope ratios for dating pur-
poses that makes this the most exacting application for ICP-MS because the variations in
the isotope ratios that must be detected are very small. For example, in the widely used
Rb–Sr geochronometer, where 87Rb undergoes �-decay to 87Sr, which is measured as a ratio
against the stable 86Sr isotope, the value and uncertainty (2s) of a measured 87Sr/86Sr ratio
might be 0.710235 � 20. Variations in the fourth decimal place are significant geochemi-
cally and ratios therefore need to be determined with precisions of ~0.003% RSD. Tradi-
tionally, such measurements are the province of TIMS which, with care and appropriate
correction for mass fractionation caused by differential evaporation rates of light and
heavy isotopes from the filament, can yield data of the necessary precision.

Measurements of isotope ratios on ICP quadrupole mass spectrometers have not really
been able to attain the levels of precision needed for geochronological interpretation,
although they have provided valuable data in other areas as we shall see later. Two funda-
mental factors combine to limit the precision obtainable: the noise in the ICP ion source
and the sequential nature of the ion beam detection. Examination of the noise-power spec-
tra of the ICP has shown how judicious selection of signal acquisition parameters can min-
imise the deleterious effects of non-random noise and yield precisions of ~0.05% RSD for
the 107Ag–109Ag isotope ratio [228]. Subsequent investigations [229] of sources of noise
and offset in the mass spectrometer (e.g. mass scale shift, dead time and mass bias) enabled
206Pb–207Pb ratios to be measured with a precision of ~0.04% RSD, compared to the
0.1–0.5% RSD precision typical of many published lead isotope ratio measurements by
quadrupole ICP-MS [230].

Even when operated to yield their highest possible precision, it is clear that quadrupole 
ICP mass spectrometers cannot match the performance of TIMS [231], but the latter tech-
nique is by no means free from drawbacks either. Extensive preparation and chemical treat-
ment of samples is required to separate the analyte elements from the rock matrix so that a
small amount in sufficiently pure form can be deposited on the filament. This has then to be
loaded, usually 10–15 at a time, into the sample magazine of the mass spectrometer and
pumped down to vacuum. Overall analysis times are of the order of 1–2 h per sample.
Corrections have to be made for the mass fractionation of isotopes during vaporisation from
the filament. This is done by monitoring the signals from a pair of stable isotopes of the ana-
lyte which therefore have an accurately known ratio. Such a correction cannot be made when
determining lead isotope ratios by TIMS because only 204Pb can be regarded as stable. Thermal
ionisation from a filament is limited in its ability to ionise isotopes of elements, such as Re, Os,
Hf and W, which have a high first ionisation potentials. It was the ability of the ICP to ionise
refractory elements that prompted early workers [232,233] to apply the technique to the meas-
urement of the isotope ratios of Re and Os, introducing the latter into the ICP as volatile OsO4.

What would be highly desirable therefore would be to combine the ease of solution sam-
ple introduction at atmospheric pressure into an ICP ion source with the stability and ion
detection capability of the magnetic sector mass spectrometers commonly used in TIMS.
This was first achieved [139] by coupling an ICP to a double-focusing magnetic sector mass
spectrometer fitted with a single Faraday detector and a pulse-counting electron multiplier.
On this instrument, which was aimed mainly at high-resolution elemental analysis, isotope
ratio measurements had to be performed sequentially. In 1992, the coupling of an ICP
source to a double-focusing magnetic sector mass spectrometer fitted with seven Faraday
detectors, allowing true simultaneous isotope ratio measurements, was reported [234].
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The high precisions that could be achieved in the measurement of Pb, Sm–Nd and Lu–Hf
isotope ratios with a multiple-collector instrument were soon demonstrated [235,236] and
the exciting possibilities it offered quickly recognised by earth scientists [237].

Over the last decade, MC-ICP-MS has revolutionised high precision isotope measure-
ment in the earth sciences [238,239]. The isotopic compositions and atomic weights of ele-
ments such as Mo, Te, Sn and W, which have high first ionisation potentials, have been
determined precisely by MC-ICP-MS as a prelude to exploring their use in isotope geology
[240]. The ability to obtain very precise Hf isotope data has considerably advanced our
understanding of the early evolution of the Earth, the Moon and other planetary bodies
[241–243]. The technique has also opened up extensive possibilities for the investigation of
the variations in stable isotope ratios in natural materials that occur through physical,
chemical or biological processes, such as those of Li, B, Ca, Fe, Ni, Cu, Zn, Ge, Se, Mo, Cd,
Sb, Hg and Tl [244,245]. Geochemical applications of magnetic sector ICP-MS, with sin-
gle and multiple collectors, have been reviewed [246].

Factors limiting the precision and accuracy of isotope measurements are discussed by
Becker [247] and Albarède et al. [248]. To obtain accurate data, a number of corrections
must be applied, of which one of the most important is mass bias. In ICP-MS this is often
achieved by internal normalisation, using two stable isotopes, or standard-sample bracket-
ing [246]. In some cases, isotopes of an adjacent element may be used; the classic example
of this is monitoring the ratio of 203Tl:205Tl added to the sample solution to correct the
mass bias on Pb isotopes [249]. Strategies for optimising instrumental parameters to min-
imise mass bias have been explored [250,251]. For the best accuracy and precision it is still
necessary to employ efficient chemical separation procedures prior to measurement to
ensure that samples and standards are in an equivalent matrix. As a result, many of the sep-
aration schemes devised for use with TIMS are being re-evaluated for MC-ICP-MS.

While geochronology places the most stringent demands on the measurement of iso-
tope ratios by ICP-MS, somewhat less precise estimates of isotopic abundances in geo-
logical materials can be extremely helpful as tracers in a system, distinguishing components
that have different origins or histories. This capability was utilised by early workers in the
typing of galena samples from different ore deposits [225,226]. The abundances of the two
isotopes of lithium vary sufficiently to the extent that their different signatures in various
minerals can be identified by quadrupole ICP-MS measurement [252]. Similarly, the ratios
of the two stable isotopes of boron may vary enough [253] so that measurement by
quadrupole ICP-MS can yield data which would indicate either a marine or non-marine
origin of some evaporites [254]. Measurements of 206Pb/207Pb abundances in soils and
atmospheric aerosols by a combination of quadrupole ICP-MS and TIMS has enabled two
different sources of petrol-derived lead to be distinguished from that contributed by the
underlying carbonate bedrock [255]. More recently, quadrupole ICP-MS has been used to
identify sources of depleted and enriched uranium, which can be clearly differentiated
from natural background signatures [256,257].

9.8 Laser ablation

The geosphere is heterogeneous at all scales from tectonic plates measured in thousands of
kilometres to defects in crystal lattices at an atomic scale. Earth scientists are especially
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interested in correlating variations in chemical composition with structure and morph-
ology. A great deal of analytical data is displayed and interpreted in a two- or three-
dimensional context, ranging from geochemical maps of entire countries to plots of
elemental zonation within individual mineral grains. Despite the proven value and power
of ICP spectrometry in geochemistry in terms of sensitivity and speed of analysis, in its
most widely used form – as a technique for the analysis of homogeneous solutions – it
requires the analyst to disaggregate and dissolve heterogeneous solids and thus throw away
a wealth of spatial information it cannot tap directly into.

Earth scientists currently have at their disposal a range of powerful ‘microbeam’ tech-
niques [258,259] to aid them in their quest for spatially resolved data on the chemical com-
position of geological materials at the micrometre scale. These include electron probe
microanalysis (EPMA) [260] and its proton analogue, proton-induced X-ray emission
(PIXE) [261], secondary ion mass spectrometry (SIMS) and its close relative the ion
microprobe [262,263], accelerator mass spectrometry (AMS) [264,265], synchrotron X-ray
fluorescence spectrometry (SXRFS) [266,267] and Auger electron spectroscopy [268]. In
these techniques, the sample is bombarded with a beam of X-rays (SXRFS), electrons
(EPMA and AES), protons (PIXE) or ions, typically of oxygen or caesium (SIMS and
AMS), and the resultant X-rays or sputtered ions detected.

A common feature of most microbeam methods is the need for geological samples to be
specially prepared with a very smooth and polished surface. In addition, it may be neces-
sary in some cases to coat them with a thin layer of gold or carbon to make them conduct-
ing. Sample preparation requirements for, say, ion microprobe analysis are quite stringent
and may involve ultrasonic cleaning prior to coating to remove traces of polishing com-
pounds. The vacuum levels in the sample chamber are typically several orders of magni-
tude lower than those needed in EPMA or electron microscopy and place constraints on
the type of mounting medium. Techniques such as AMS and SXRFS require access to large
specialised facilities, while application of the sensitive high-resolution ion microprobe
(SHRIMP) [269] is limited by the high cost and relative scarcity of such instruments. The
spatial resolution and sensitivity for different elements varies considerably between tech-
niques. For example, until the relatively recent development of synthetic multilayered
analysers [270], the detection limits attainable by EPMA for geologically important light
elements, such as Li, Be and B, were poor. Nevertheless, present microbeam techniques
provide the geochemist with an impressive array of tools with which to study micro-scale
variations in the composition of rocks and minerals. They can truly be said to have revolu-
tionised our knowledge of mineralogy and petrology over the last 40 years.

However, there is great scope in the earth sciences for an analytical technique which com-
bines the high spatial resolution of modern microbeam methods with good multi-element
sensitivity across the Periodic Table following little or no sample preparation, and all at mod-
erate cost. Coupling laser ablation sample introduction with ICP spectrometric detection
goes a long way to fulfilling these criteria, and accounts for the present high level of interest
in the earth sciences in the technique, and in LA-ICP-MS in particular. An especially attrac-
tive feature of LA-ICP compared to many other probe techniques is the lack of need for care-
ful preparation of the sample surface, which does not have to be ground flat and polished or
given a conductive coating. Moreover, no high-vacuum technology is involved in the ablation
cell, which operates at atmospheric pressure. Samples are simply placed in small (c. 20–50 ml)
chamber fitted with a window transparent to the wavelength of the laser. The beam is focused
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through this, usually via an objective lens or, preferably, through a specially adapted micro-
scope. The cell is flushed with argon or helium, which carries the ablated material to the
injector tube of the ICP torch. Much more is understood about the processes involved in
ablation since a number of significant reviews [271–274] were published a decade or so ago.
Current insights into these processes are contained in several recent authoritative reviews
[275–277], including one devoted to the analysis of inclusions [278].

Relatively soon after the first report of laser action in ruby [279] it was recognised that
the intense power densities generated by a focused laser beam could be used to vaporise
small amounts of material for chemical analysis, either directly by spectroscopic examin-
ation of the light emitted from the excited vapour [280] or indirectly by introducing 
the ablated material into another analytical system such as ICP-AES [281]. Studies with
LA-ICP-AES systems demonstrated the potential value of the technique in the earth sci-
ences [282–284], including its use in geochemical exploration [285–287] and the analysis
of individual fluid inclusions [288–290]. They also shed early light on the complex
processes involved in laser–solid interaction [291], the variable composition of ablation
products [292,293] and problems of calibration [294].

However, the combination of LA with more sensitive ICP mass spectrometric detection
holds even greater attractions for geoanalysts. Gray [14] was the first to report the use of LA as
a means of sample introduction for ICP-MS. He used a ruby laser emitting a c. 1 mm beam.
The wavelength of the laser is a key parameter in LA-ICP-MS. While early work on both 
LA-ICP-AES and LA-ICP-MS was carried out with the ruby laser operating at 694 nm, later
applications [295–297] and initially most commercial LA-ICP-MS systems [298,299] tended
to use the Nd:YAG laser operating at its fundamental infrared frequency of 1064 nm.
Independent parallel research in the early 1990s at the BGS [300] and the Memorial University
of Newfoundland [301–303] demonstrated that superior performance could be obtained by
using a frequency quadrupled Nd:YAG operating in the far ultraviolet (UV) region at 266 nm.
This was later confirmed by other workers using both Nd:YAG and excimer lasers [304–307].
Infrared (IR) lasers couple energy very poorly to many minerals because of their variable
transparency to visible and near-IR radiation. Consequently, the ablation characteristics vary
with sample matrix and a significant proportion of the ablation products consist of angular
fragments ejected as a result of thermo-mechanical shock. UV radiation couples more effi-
ciently to transparent material, resulting in a more controllable ablation process and a higher
proportion of very small particles that can be reproducibly transported to the ICP.

Commercial LA systems now typically employ frequency quadrupled or quintupled
Nd:YAG solid state lasers operating at 266 and 213 nm respectively. They have the advan-
tage of compact size, ease of handling and low maintenance. While this type of laser pre-
dominates in current LA-ICP applications, partly because of ease of operation, a number
of workers have evaluated the use of UV excimer lasers [306,308–312]. Although they can
be relatively expensive to maintain and require care in setting up, they are becoming
increasingly popular for certain applications because of their characteristic flat-top beam
profile and high energy output. An argon fluoride laser operating in the far UV at 193 nm
has been shown to generate only minor matrix-dependent element fractionation effects
[311,313] and preliminary results from an in-house F2He mixed gas 157 nm laser system
were encouraging [314]. On the other hand, a 193 nm Nd:YAG laser system has been devel-
oped recently [315]. Its performance was sufficiently impressive that it has been converted
into a commercial product.
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One of the limitations of LA-ICP-MS is that the signal intensities measured do not always
reflect the composition of the sample. This so-called elemental fractionation needs to be
controlled to obtain quantitative results. Differences in ablation and transport behaviour
between different constituents of a sample and between different samples and calibrants,
have been investigated by several workers [273,306,316–318]. There is evidence that some 
of these effects were related to the melting points of analyte elements and their oxides
[319–321], and to solid–liquid transitions and zone refinement processes occurring at 
the ablation site [322]. Early empirical approaches to minimising elemental fractionation
included actively refocusing the laser on the sample as the ablation proceeded [316,323] or
using low laser power initially and then gradually increasing it, which has been used in the
authors’ laboratory to control crater size [300] or gently ablate material to open an individ-
ual fluid inclusion [324]. Recent research has led to an improved understanding of the
processes involved in LA-ICP-MS and these have greatly assisted the geoanalyst in reducing
fractionation effects to an acceptable level. One significant factor is the particle size distri-
bution produced during the ablation process; this is related to laser wavelength and the
absorption characteristics of sample. The particle size of ablated material has been shown to
decrease with decreasing wavelength from 266 to 213 to 193 nm in silicate glasses [325].
Smaller particles are produced if the ablation is performed in an atmosphere of helium
rather than argon. Because of the nature of the induced-plasma at the ablation site, this
effect is much greater at 193 nm than 266 nm [275]. Smaller particles are transported more
efficiently to the ICP than larger ones, resulting in enhanced sensitivity when LA at 193 nm
is performed in helium [326]. Once the ablated particles reach the ICP, it is equally import-
ant that they are fully vaporised and ionised in the plasma. Various workers have demon-
strated the influence of particle size on fractionation effects arising in the ICP [327–329].

In early studies of LA-ICP-MS, lasers were used in both the fixed-Q [330] and 
Q-switched modes [297,298], but experience has shown that the latter mode is now gener-
ally to be preferred. Typical operating parameters for a Q-switched, frequency-quadrupled
Nd:YAG laser would be 10 ns pulses of 1–5 mJ energy at repetition rates of c. 10 Hz. The use
of femtosecond laser pulses to reduce elemental fractionation has been explored recently
[331,332]. With ultra-short pulses, less of the photon energy is able to dissipate in the 
crystal lattice, so it is converted into kinetic energy in the ablated vapour rather than heat
in the sample. A comparison of the performance of femtosecond and nanosecond 266 nm
lasers in silicates and zircons provided evidence of reduced fractionation from a shorter
pulse [332].

In many geological applications of LA-ICP-MS, it is often important to achieve the high-
est possible spatial resolution in analysis. Because of their shorter wavelength, lasers operat-
ing in the UV are capable of being focused to produce smaller ablation pits than IR lasers.
Early commercial systems equipped with IR lasers typically produced craters 100 �m in
diameter [299]; this was subsequently improved to c. 30 �m [333]. Craters as small as
6–10 �m in diameter were ablated in metal samples using a frequency doubled Nd:YAG
laser operating at 532 nm [334], while several lanthanides have been determined in mona-
zite using sub-micron diameter ablation pits created by the BGS LA system [335] operat-
ing at 266 nm [336]. With the enhanced sensitivity of modern ICP-MS instruments, more
information than ever can be acquired from small spot sizes, and crater diameters are sel-
dom a limiting factor. Sampling strategies may involve a line traverse, spot traverse or depth
profiling [276], depending on the application, with spot sizes between 10 and 400 �m.

Geological Applications of Plasma Spectrometry 307

1405135948_4_009.qxd  8/18/06  4:51 PM  Page 307



In the practical application of LA-ICP-MS to the analysis of geological materials it is
vital to be able to observe samples clearly in the ablation cell in order to be able to choose
the precise spot on which to focus the laser beam. A serious shortcoming of the first gen-
eration of commercial LA systems was the design and quality of their viewing optics, which
were not adequate for observing complex mineralogical structures. Although it is still only
research instruments, such as those found in the UK, Canada and Switzerland, that have
modified petrological microscopes incorporated in their optical chain, sample observation
facilities have improved in the latest generation of commercial systems, and are only a limi-
tation for very complex samples.

Detection limits are directly related to the amount of material ablated and vary inversely
with the volume of the ablation pit. They also depend on the sensitivity of the ICP-MS
measurement step. This has been improved for heavy elements [316] by the addition of
0.4 ml min�1 of nitrogen to the plasma carrier gas, and in some instruments by modifying
the cones of the ion extraction interface and lowering the pressure in the first expansion
stage [337]. Typically, detection limits for many elements lie in the range of 0.1–10 �g g�1

for an individual 25 �m crater using a quadrupole ICP-MS instrument. However, figures of
merit depend on the application, the LA system and operating conditions, and the ICP-MS
instrument used for quantification. Lower limits of detection can be achieved by rastering
the laser beam across a solid sample, creating a pseudo-continuous signal, but obviously
only at the cost of sacrificing spatial resolution. Sector-field instruments can often provide
higher sensitivities for a limited number of elements and are able to resolve some spectral
interferences, although they are not capable of scanning as rapidly as quadrupoles. The meas-
urement of isotope ratios by instruments fitted with multiple collectors (LA-MC-ICP-MS) is
increasingly popular as more of these instruments become available. Theoretically, a time of
flight (TOF) mass spectrometer should be an ideal detector because of its ability to sample
all isotopes virtually simultaneously [338]. However, current TOF-ICP-MS instruments are
not as sensitive as quadrupole ICP-MS for LA analysis.

Calibration and quantification present significant problems in LA-ICP-MS. Contrib-
uting factors include: our incomplete understanding of the precise mechanisms of laser–
solid interaction and the potential for elemental fractionation during the ablation process;
progressive defocusing of the laser beam at the sample surface as ablation proceeds; the
influence of the transport of ablated material from the sample chamber to the ICP; the
transient nature of the pulse of ablated material, which makes optimisation of the ICP-MS
difficult; and the difficulty of obtaining solid standards that are both truly homogeneous
on a sub-micron scale and which have similar ablation characteristics to those of the sam-
ple material.

A number of different approaches have been taken to calibration in LA-ICP-MS. Initially,
these typically involved ablating solid standards made from certified reference materials,
CRMs [296,330], previously analysed natural materials [266,339] or mixtures of pure salts
[333] sometimes spiked with trace element solutions [340], which were finely ground and
pressed into pellets [299,330,341] or fused into glass discs [299,342,343]. Sinters of finely
ground zircon in a quenched albite glass have been used as standards for ablation with a
Nd:YAG IR laser, where the crater size was large compared to the individual particles [344].
Direct ablation of the NIST 600 series of certified reference glasses has been widely used for
calibration [303,345–347], and these materials are becoming almost the de facto means of
calibration for LA-ICP and EMPA (electron microprobe analysis). Because of their importance
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to these techniques, a Working Group of the International Association of Geoanalysts (IAG)
was established to characterise the NIST glasses further, and a compilation of existing and
new data on the composition of NIST SRM 610 and SRM 612 has been published [348].
One of the major advantages of glasses prepared from natural or synthetic materials is that
they are likely to be relatively homogeneous on the scale suitable for LA. However, even
these glasses are not entirely homogeneous for all elements. The extent and nature of com-
positional heterogeneity in the NIST SRM glasses was found to be related to the process of
manufacture [349].

Calibrating with liquid standards is attractive because they can be prepared for any com-
bination of elements at different concentrations, as well as simplifying the optimisation of
the instrument. Isotope spikes for on-line ID can be introduced easily and a standard add-
ition method of analysis can be applied if required. A novel approach [294,300] employed
a dual gas-flow sample introduction system in which the output from the ablation cell,
together with conventionally nebulised aqueous solutions, were aspirated simultaneously
into the plasma via a mixing cell, thereby maintaining virtually constant bulk plasma con-
ditions. The use of liquid standards has not been widely accepted as a method for matrix-
independent calibration, except for the analysis of fluid inclusions, because of concerns
over elemental fractionation and the fact that the nebulised particle size distribution is dif-
ferent from that generated in the ablation cell. In an alternative dual-flow approach to the
optimisation of plasma operating conditions [350], an ETV sample introduction system
was modified to produce a continuous stream of metallic vapour which was mixed with
the ablation cell carrier stream just prior to the ICP torch. A similar approach [351] using
a Mistral IR desolvating nebuliser to generate a dried aerosol stream for plasma optimisa-
tion also explored the potential of such a system for calibration. An attempt has been made
to devise a universal calibration strategy for LA-ICP-MS based on the addition of different
amounts of a polymer to conventional aqueous standards in order to match their absorp-
tion coefficient to that of the solid samples being ablated [352]. If the LA system employed
can generate a stoichiometric aerosol with a particle size distribution that can be fully
atomised in the plasma, then matrix-independent calibrations using liquid standards, with
a desolvating nebuliser to reduce potential oxide inferences [353] has many advantages
including the possibilities of ID.

Internal standardisation, in which the signal from an appropriate isotope of a major
component of the standards and samples being ablated is monitored to correct for corres-
ponding variations in analyte signals, is almost invariably used to improve the precision
and accuracy of LA-ICP-MS measurements. It allows corrections to be made for variations
in the mass of ablated material, ablation behaviour and instrument drift. Commonly used
isotopes include 29Si, 27A1, 43Ca, 44Ca, 55Mn and 137Ba [303,333,341,346,354] and added
115In [355]. However, cluster analysis of multi-element data from the ablation of NIST 612
glass [356] has shown that elements can be grouped according to their ablation behaviour
and that it is important to choose an internal standard from within the same group. Due
attention must be paid to data acquisition and reduction strategies when dealing with the
transient signals generated in LA-ICP-MS [357].

The development of LA-ICP-MS has been driven, to a large extent, by its use as a micro-
probe to explore of the heterogeneity of geological materials, as well as its capacity to pro-
vide multi-elemental data with minimal sample preparation. Geochemical applications of
LA-ICP-MS are many and varied: two particularly important areas are the analysis of fluid
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inclusions (Section 9.8.1) and the measurement in situ of isotope ratios (Section 9.8.2). In
the past few years, applications of LA-ICP-MS have included studies of chalcophile elements
[358], trace elements in diamonds and indicator minerals [359] and placer gold [360] as an
aid in exploration, REEs in single mineral grains [300,361] and in calcite cement from a
Mississippi-Valley-type Pb–Zn deposit [347], trace element partitioning in natural [345,
362–364] and synthetic minerals and glasses [266,302,354], the distribution of trace ele-
ments [365] and precious metals [366] in sulphides, trace element affinities in coal [367],
the pressure dependence of REE distribution in garnets [368], hydrothermal alteration of
monazite [369], the distribution of the PGEs and Re between metallic phases of iron meteor-
ites [370], trace elements in garnets [346] and sapphires [312]. The practicalities of bulk
analysis of silicate rocks by ablating lithium borate fused glass discs normally prepared for
XRF analysis have been revisited [371,372]. However, the use of LA-ICP-MS for the multi-
element analysis of geological materials is now so widespread that many articles on geo-
chemical applications contain very limited analytical information.

9.8.1 Analysis of fluid inclusions

An important application of LA-ICP-MS is in the analysis of fluid inclusions in minerals.
These are extremely small cavities, typically �100 �m in size, that contain tiny amounts of
the ancient fluids from which the mineral was formed. A knowledge of the elemental and
isotopic composition of the fluids in these geological ‘time capsules’ can thus be of immense
help to geochemists in unravelling the complexities of fluid–rock interactions, especially the
processes by which metals are concentrated into major economic ore deposits.

Analysis of the contents of fluid inclusions presents a number of difficulties. Not only
are inclusions very small but within a single mineral grain there may be several generations
of inclusion formed at widely different times. Some may represent conditions when the
mineral originally crystallised, others may contain fluids that were introduced during later
hydrothermal events that modified the composition of the solid phase. Moreover, because
they comprise liquid and gas, they are not readily amenable to the wide range of powerful
surface analysis techniques, such as PIXE, EPMA and SXRF. For many years, analyses of
fluid inclusions relied on crush-leach or decrepitation procedures in which the contents of
large numbers of inclusions were liberated simultaneously by mechanical abrasion or heat-
ing [373]. Not only did the fluid released by these methods thus represent some averaged
composition derived from unknown proportions of different generations of inclusions,
but there was also the danger that its composition might be modified prior to analysis by
interaction with the freshly exposed mineral surfaces. Nonetheless, valuable geochemical
information about the formation of rocks [374] and the composition of high temperature
crustal fluids [375] has been derived from the analysis of such composite samples. This has
been greatly aided by the ability of ICP spectrometry to provide multi-element data on
small volume samples [376–379].

Clearly, the analysis of individual fluid inclusions is highly desirable in order to avoid
many of the limitations and uncertainties associated with crush-leach and decrepitation
methods. Techniques such as microthermometry and laser Raman spectroscopy [380] are
commonly used to measure the total salinity of single inclusions and their molecular gas
content. Methods used with limited success to determine elemental composition have
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included EPMA, PIXE, SXRFS and proton-induced gamma-ray emission (PIGE) [381],
and direct observation of the emission from a laser-induced plasma using a spectrometer
fitted with an intensified photo-diode array detector [382]. Early applications of LA-ICP-
AES to the analysis of individual fluid inclusions [288–290] demonstrated the potential
utility of this approach, but were limited partly by the laser systems used and partly by the
sensitivity of the ICP-AES detection stage.

Far greater sensitivity is now offered by ICP-MS detection, but the analysis of individual
fluid inclusions puts particular demands on the LA system, both in terms of capability and
mode of operation. Good facilities for the microscopic observation of samples by reflected
and transmitted light are essential so that inclusions can be clearly identified and the laser
beam positioned precisely. The usual analytical protocol is to use the laser as a microdrill
and gently ablate a small hole into the sub-surface inclusion. Because of the small size of
the inclusions, this hole typically needs to be �5 �m in diameter at the breakthrough
point, thus the laser must be capable of being focused down to a c. 2 �m spot and of
having its power output finely controlled. In the authors’ laboratory [383] a modified abla-
tion cell incorporating a heated stage is used to facilitate homogenisation of multiphase
(solid � liquid � gas) inclusions prior to ablation. A lower power, shielded, ‘cool’ plasma
is used to provide increased sensitivity for Fe and the alkali metals, partly by drastically
reducing the background signals. Various strategies have been adopted to mimic the abla-
tion of fluid inclusions for calibration purposes. These have included sealing standard
solutions in glass microcapillary tubes [384] and growing halite crystals containing syn-
thetic fluid inclusions [324]. It has been shown that the latter procedure is unnecessary and
that covering tiny containers with Parafilm [385] or Sellotape [324] provides a suitable
alternative. Internal standardisation obviously cannot be used because it is not possible to
add an internal standard to the natural inclusions being analysed. Aqueous standard solu-
tions are therefore used to provide relative response factors for the elements of interest.
Final quantification is achieved by normalising the data to the concentration of a major
element, for example Na, the concentration of which is measured independently by, for
example, microthermometry [373]. It is important to be able to monitor analyte signals
during the ablation process so that the integration period can be chosen to coincide with
the release of fluid from an inclusion. The type of software used to resolve transient signals
in coupled high-performance liquid chromatography (HPLC)-ICP-MS is equally suitable
for LA-ICP-MS.

In principle, LA-ICP-MS is ideally suited to the quantitative analysis of fluid and melt
inclusions. Its ability to analyse individual inclusions has stimulated many studies of ore-
forming processes [278]. Although quartz has often been the host mineral [385,386],
inclusions in minerals such as halite [387] and fluorite [388] have also been investigated.
International conferences devoted to research on fluid inclusions are held in Europe and
North America on a regular basis [389] and it is evident that LA-ICP-MS will continue to
make an impact in this branch of geochemistry for many years to come.

9.8.2 In situ determination of isotope ratios

Differences in the ablation behaviour of different elements (e.g. U and Pb) from the same
sample currently limit the usefulness of LA-ICP-MS in the measurement of isotope ratios
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for geochronology. This is nonetheless a major growth area for the application of the tech-
nique in the earth sciences. While not capable of achieving the high precision obtainable by
TIMS, it offers an alternative to SHRIMP for the in situ determination of isotope ratios 
in minerals at high spatial resolution. Fractionation effects between isotopes of the same 
element in a sample are, however, quite small compared to other sources of uncertainty in
the overall measurement, for example the instability of the ICP source, or the detection
step involving a quadrupole mass filter. Thus 207Pb/206Pb isotope ratios in zircon, monazite
and other minerals have been measured successfully [273,317,390–393]. Ages deduced
from these ratios for concordant grains were in good agreement (�1–2%) with those
derived from conventional U–Pb measurements by TIMS and, despite being less precise,
are perfectly adequate for provenance studies of detrital minerals in sedimentary rocks. By
keeping the beam of a frequency quadrupled Nd:YAG laser continuously focused on the
sample surface as ablation proceeded, Hirata and Nesbit [316] were able to reduce and cor-
rect for fractionation effects between Pb and U, to the extent that they could obtain U–Pb
ages on concordant zircons that were within about 1% of those measured by SHRIMP,
albeit with poorer precision. Use of the soft ablation technique improved the precision by
a factor of 2–3 [394]. Recent developments in U–Pb geochronology in zircons measured by
LA-ICP-MS are summarised by Sylvester [276].

A combination of LA into an ICP source coupled to a double-focusing mass spectrometer
fitted with multiple ion detectors [395] greatly increases the potential scope of the technique
by enabling isotope ratios to be measured with high precision approaching that obtained with
TIMS. Because the ICP ionises a broad range of elements efficiently, it opens up the possibil-
ity of making isotope ratio measurements of elements such as W and Hf, which are difficult to
ionise using TIMS (see Section 9.9). As a result, laser ablation multiple collector ICP-MS 
(LA-MC-ICP-MS) is now the method of choice for the measurement of Hf isotopes in zircons
[396]. It has also been used to make precise measurements of the 87Sr/86Sr ratios in two neigh-
bouring and apparently similar feldspar phenocrysts in a porphyritic basalt [397]. Systematic
differences of ~0.0004 between their isotope ratios provided evidence for magma mixing. The
measurement of Sr isotopes is fraught with difficulty because of isobaric interferences from
rubidium in the samples and krypton in the argon gas [250]. However, LA-MC-ICP-MS can
provide a very cost effective screening tool to identify regions of interest prior to expensive
chemical separation and measurement by TIMS for samples requiring the ultimate precision.
The technique has been employed to determine osmium isotope ratios of iridosmines in situ
with precisions comparable to those obtainable with negative TIMS and thus helped to shed
light on mantle–crust evolution [398]. The range of isotope systems studied using this tech-
nique continues to grow (e.g. those of Cu [399] and Fe [400]) and it is clear that LA-MC-
ICP-MS will be a key tool in the development of isotope geoscience in the next decade.

9.9 Future trends

Measurement of the elemental and isotopic composition of geological materials continues
to pose some of the greatest challenges to any analytical technique. Earth scientists wish to
determine virtually the entire Periodic Table down to vanishingly small concentrations in
a huge variety of complex, heterogeneous and often refractory matrices. Ideally, we would
also like such miracles wrought on hundreds of samples per day at very low cost!
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Plasma spectrometry has already had an enormous impact on analytical geochemistry,
generating data on a scale and of a quality only dreamed of a few decades ago. It has pro-
vided information, especially about trace constituents, that has greatly enhanced our
understanding of fundamental geological processes. It has aided our search for new min-
eral resources and helped us to assess the impact of man’s activities on the environment.

Analysis by ICP-AES is regarded as routine in many geological laboratories. The instru-
mentation is for the most part robust and reliable and the underlying spectroscopy is well
understood. It is unlikely that we shall witness any revolutionary developments in this area
in the near future, but the continuing evolutionary improvements in instrument perform-
ance that will flow from, for example, new detectors and sample introduction systems will
be welcomed in the earth sciences as elsewhere [401].

The greater sensitivity and isotopic measurement capability of ICP-MS made it attractive
to geochemists from the outset and it has manifestly fulfilled much of its early promise for
elemental analysis. The current generation of quadrupole instruments are much more sta-
ble and reliable than their predecessors and workers new to the field have a wealth of docu-
mented information on interference effects and operating conditions to draw on. There will
be continued improvements in the performance of such instruments, but the greatest
change we can expect to see in the application of ICP-MS to geological investigations will be
in the much wider use of single- and multi-collector magnetic sector mass spectrometers,
especially for isotope ratio measurements. This is already starting to happen.

Depending on their particular configuration, these instruments can offer high mass
resolution as a means of resolving analyte signals from those of polyatomic ions with very
similar m/z ratios (see Section 9.4). Alternatively, if they are fitted with multiple detectors,
they can provide truly simultaneous detection of ions from a small number of selected iso-
topes, allowing isotope ratios to be measured with precisions approaching those of TIMS
but with much faster sample throughput. They also offer the possibility of easier measure-
ment of the isotopic abundance of elements such as Hf and W, which have high first ion-
isation potentials, making them difficult to determine by TIMS. The attraction to isotope
geologists is that the immobility of Hf means that the Lu–Hf geochronometer is quite
resistant to later resetting, while the short-lived (t1/2 � 9 million years) 182Hf–182W system
has great potential in studies of accretion and differentiation in the early solar system
[402]. The current generation of these mass spectrometers being installed in some labora-
tories incorporates laminated magnets which permit the entire mass range to be scanned
at speeds approaching that of quadrupole instruments.

TOF mass spectrometers offer an alternative approach to the detection of ions from an
ICP source. They have been in development for a number of years [403] and the first gen-
eration of commercial TOF-ICP-MS instruments appeared over 5 years ago. Their full
capabilities have yet to be proven, but with their high ion transmission and simultaneous
detection they would appear to have considerable potential in the detection of small tran-
sient signals such as those generated by LA [404], and possibly for isotope ratio measure-
ment. In visualising what an earth science ICP-MS laboratory will look like in the future,
one cannot but hear the now little-used term, coined by Alan Gray in the mid-1970s,
‘plasma source mass spectrometry’ echoing down the years.

Because of the predominantly solid nature of geological materials, we can expect to see
a continued growth of interest in LA techniques coupled with various types of mass spec-
trometer. These offer the prospect of direct multi-element and isotopic measurements on
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heterogeneous solids at micrometre scale resolution without the need for lengthy and
resource-consuming sample preparation. Although the technique already offers superior
detection limits compared with other solid-sampling techniques, further developments are
still required [277]. More flexible laser systems [405] may help us gain a better under-
standing of the ablation process itself and of subsequent particle transport mechanisms.
This calls to mind the early days of ETV-AAS when our understanding at a fundamental
level of the kinetics of analyte and matrix vaporisation and the mechanisms of atom cloud
formation was incomplete. The situation is therefore not new. We have stumbled around
among the trees of empirical data and instrumental artefacts in the past, before emerging
on the high ground of a coherent model from which to look down and see the woods.
There is no reason why this should not happen again with LA.

Another trend that is set to continue is the use of ICP-MS as a detector in the acquisition
of information on chemical species and their movement through geochemical cycles.
Nowadays it is relatively easy to couple an ICP-MS instrument to chromatographic systems
such as gas chromatography (GC), HPLC or capillary electrophoresis [406]. Although
much of the work thus far has been concerned with the speciation of aqueous and bio-
logical samples, levels of organotin and methylmercury species in sediments are monitored
for regulatory purposes and there is growing interest in the speciation of As, Cr and Se in
soils and sediments. ID as a calibration strategy for the study of elemental speciation is
likely to facilitate studies of species and their interconversion in the environment [407].

As in other areas of analysis in recent years, there has been a growing recognition in the
geoanalytical field for the need for appropriate quality control and quality assurance pro-
cedures [408] to ensure the reliability and fitness for purpose of data [409,410]. CRMs
have for a long time played an important role in geochemical analysis and, to an extent, the
geological community is fortunate that so many exist [411–414]. However, the number of
analytes for which different CRMs are certified varies greatly, as do their concentrations;
there are far fewer certified values for important trace constituents, such as the PGEs and
some of the incompatible elements, than for major components. This situation is slowly
being rectified and ICP-MS has played an important role in increasing the range of data
available [415]. It is expected that this trend will continue, but it will be equally vital to
avoid the circularity that can arise when CRM values for trace constituents, derived from
only one technique having the required sensitivity, are then used to validate later proce-
dures and measurements involving that method.

As well as having a range of CRMs at their disposal, analytical laboratories have the
option to participate in one or more of the many proficiency testing schemes that exist.
These provide a mechanism by which laboratories can regularly assess their performance
and improve the accuracy of their data [416]. Across the whole range of analytical meas-
urement there are probably of the order of a hundred proficiency testing schemes currently
operating worldwide. It is important that a laboratory chooses one that caters for its par-
ticular field in terms of sample type, analyte range, and data presentation and feedback.
The GeoPT proficiency testing scheme [417], run by the IAG, was set up specifically to
cater for the needs of geoanalytical laboratories. Currently, over 70 organisations take part
and this number is expected to rise steadily as regulatory and accreditation agencies
increasingly expect laboratories to participate in such schemes as part of their overall qual-
ity system. The IAG also organised the first proficiency test for microprobe laboratories
[418]. Because of the difficulty of finding a mineral that was sufficiently homogeneous for
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such an exercise, fragments of a basaltic glass, prepared by fusing and quenching a natural
basalt, were distributed. The majority of the data reported were obtained by EPMA and
LA-ICP-MS, although data from ion probe measurements and bulk analyses were also
made available. The results for Ba, Cs, Ni, Sc, Sr, U and a number of REE determined by
LA-ICP-MS were comparable to the data obtained from bulk chemical analysis.

Earlier in this chapter, the importance of appropriate preparation of geological samples
prior to analysis was stressed. This is a major consumer of time and effort in laboratories and
is often the ultimate source of many of the shortcomings in data derived from ICP spectro-
metric measurement. As the analytical power and speed of ICP instruments increase, sample
preparation becomes ever more the rate-limiting step. At a time when automation, artificial
intelligence and robotics are so widely integrated into countless industrial and scientific
processes – from building motor cars to analysing the human genome – it is interesting to
speculate on why so many of the apparently simple and repetitive processes in geological sam-
ple preparation are not routinely automated. Batch processing under human control seems to
be the norm in many laboratories. There are isolated cases in the literature of one or more
preparative steps being automated [419] but the practice is not widespread. Some aspects of
physical comminution have been successfully automated [420] and commercially available
systems are in use in a few laboratories to prepare pressed-powder pellets and fused glass discs
for X-ray analysis. However, the high temperatures and extremely corrosive reagents and
fumes frequently involved in the treatment of geological samples constrain the design and
materials that can be used to construct a robust, fully automated system for preparing sample
solutions. Some of the best-documented examples are the automated fusion and dissolution
systems set up many years ago in the Centre de Recherches Pétrographiques et Géochimiques
[421] and the Bureau de Recherches Géologiques et Minières [422] in France.

The aggressive conditions involved in the chemical aspects of geological sample prep-
aration may account in part for why it is not routinely automated or placed on-line with
analytical instruments, as it is, for example, in environmental or biomedical analysis. The
highly variable nature of geological materials and the need for experienced judgement 
during their preparation are further contributory factors. Nonetheless, if more effort and
ingenuity could be successfully brought to bear on this vital area, the rewards would be
considerable. If we can send a robot spectrometer to Mars to do some geochemical analy-
sis, one would hope that more modest progress could be made nearer home.
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Chapter 10

Environmental and Clinical Applications of
Inductively Coupled Plasma Spectrometry

Anne P. Vonderheide, Baki B.M. Sadi, Karen L.
Sutton, Jodi R. Shann and Joseph A. Caruso

10.1 Introduction

In recent years, inductively coupled plasma (ICP) spectrometry has emerged as an ideal
instrumental analysis system for elemental analysis and speciation studies in environmental
and clinical samples. Among the various plasma sources, ICP acts as a very efficient atomiza-
tion, excitation, and ionization source, all in one, and has been successfully hyphenated to
both mass spectrometric (MS) and atomic emission spectroscopic (AES) techniques. Both
ICP-MS and ICP-AES offer excellent sensitivity for most elements with detection limits in the
low parts per trillion range and parts per billion range, respectively. Both metals and many
non-metal analytes of environmental and clinical interest can be analyzed offering the analyst
a very robust, yet a flexible analytical tool for often difficult to determine trace elements.

Both ICP-AES and ICP-MS offer multi-elemental analysis capability. Modern ICP-AES
instrumentation enables rapid sequential or, with the availability of charged coupled device
multi-element detectors, true simultaneous analysis for minor, trace, and ultratrace con-
stituents. The high resolution of modern ICP-AES instruments enables removal of many
inter-element interferences. ICP-MS is now widely found in many well-equipped analytical
laboratories and its applications for environmental and clinical analysis are numerous.
Sensitivity is far greater than ICP-AES by up to three orders of magnitude for many elements.
The ability to perform both semi-quantitative and fully quantitative analyses is also an attrac-
tive feature. It has been demonstrated that ICP-AES and ICP-MS instruments as detectors for
chromatographic separations offer a far more sensitive alternative to traditional chromato-
graphic detectors such as the ultraviolet (UV) absorption and refractive index detector [1].
This is particularly useful when information regarding the chemical form or ‘speciation’ of
an element is required. High-performance liquid chromatography (HPLC), gas chromatog-
raphy (GC), supercritical fluid chromatography, and capillary electrophoresis (CE) have all
been successfully coupled to ICP-AES and ICP-MS instruments. Recent developments in 
element-specific detection of non-metals and robust plasmas as well as interface modifica-
tion for handling high organic solvent load allows the ICP-AES-MS to be an excellent element-
specific detection system for typical reversed-phase chromatographic separation of organic
compounds [2,3]. It eliminates the necessity of often-tedious derivatization steps involved in
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conventional absorption/fluorescence detection for analytes containing non-metallic ele-
ments such as the halogens (Cl, Br, I) or S, P, etc. Hyphenation capability of reversed-phase
high-performance liquid chromatography (RPHPLC) separation techniques with ICP spec-
trometric detection systems also allows them to be a very powerful element selective screen-
ing system for speciation analysis in proteomic and metallomic research.

The widespread use of plasma spectrometry in environmental and clinical analysis is 
indicated by the volume of papers published each year. The annual Atomic Spectrometry
Updates published in the Journal of Analytical Atomic Spectrometry give a comprehensive
review of the use of ICP-AES and ICP-MS for air, water, soils, plants, and geological sample
analysis. The aim of this chapter is to provide an overview of the analyses that have been per-
formed with regard to air and water samples as well as clinical analysis in biological samples.

10.2 Analysis of air

10.2.1 Introduction

The study of air is a particular area of environmental analysis which requires analytical tech-
niques of high sensitivity. Two major areas of air analysis may be defined. The first concerns
anthropogenic air pollution where particulate matter and gaseous pollutants enter the envi-
ronment as a result of processes such as electrical power generation, thermal waste, waste
destruction, ore production, industrial melting processes, and vehicle pollution. In urban
and industrial areas, air quality may be particularly poor. Therefore, studies concerning the
cause, effect, transport, and control of air pollution are of importance. The second area of air
analysis is concerned with occupational exposure in the work place. With the introduction of
air quality regulations for the workplace, it is necessary to quantify the amount of hazardous
elements in order to measure actual worker exposure. Exposure to metals in the workplace
may occur due to forging, molding, welding, painting, abrasive blasting, and acid and alkali
cleaning. In addition to the above-mentioned areas, air samples from emission sources 
and or the headspace of various biological samples can also be analyzed for toxic volatile
(organic) compounds containing metals, some metalloids and non-metals by ICP spectro-
metric techniques.

Airborne particulates usually have a wide elemental composition range with different
concentrations. The particles may be varied in size with complex matrices. Toxic elements
are rarely found alone in industrial type environments; therefore the ratio of certain ele-
ments in airborne particulate matter at a particular site may provide an indication as to the
source of the exposure, especially where multiple sources of an analyte occur. A slight but
discernable change in isotope ratios for stable isotopes such as hydrogen, carbon, nitrogen,
and oxygen can provide useful information in assessing the impact of anthropogenic activ-
ities on global climate changes [4].

10.2.2 Sampling

Air particulates are usually collected upon filters before sample treatment may begin. Several
types are available and these filters are normally of very small pore size (approximately

1405135948_4_010.qxd  8/18/06  4:54 PM  Page 339



340 Inductively Coupled Plasma Spectrometry and its Applications

0.8 �m) so that very small airborne particles are collected. Portable air samplers are the most
commonly used means for air sampling and may require either low- or high-volume air sam-
plers depending on the volume of air that is sampled per unit time. After samples are col-
lected, the filters are normally kept in clean rooms at 20°C to maintain the filter integrity.

10.2.3 Sample preparation

Samples, once collected on the filters, are commonly digested using various methods involv-
ing acid dissolution techniques. Airborne particulate samples often have complex matrices
and are therefore notoriously difficult to digest and may require harsh acidic conditions, usu-
ally involving nitric acid, aqua regia, perchloric acid and hydrofluoric acid. Temperatures in
the region of 300–550°C have been used although care should be taken to avoid evaporative
losses for the more volatile elements.

Nitric acid addition to a sample serves to breakdown any organic component and to
cause metal oxidation while hydrochloric acid reacts with heavy metals. Both open vessel
and closed pressurized acid decomposition procedures have been described in the litera-
ture for the complete digestion of air particulates along with the collection filters. For open
vessel digestion, the quantity, type of acid and the duration of digestion depend on the
matrix type of the particle. For some samples, aqua regia may suffice while for harder to
dissolve matrices, perchloric acid and hydrofluoric acids may be necessary. The closed ves-
sel method of acid digestion is more popular than the open vessel acid digestion method as
it enables higher temperatures and pressures to be used which, in turn, results in a more
complete digestion. In addition, open vessel digestion is time consuming and may poten-
tially introduce contamination or evaporative losses of some elements [5]. The closed ves-
sel is usually a high pressure ‘bomb’ into which concentrated acids are introduced. These
acids are usually nitric acid, perchloric acid, hydrochloric acid, hydrofluoric acid, or a com-
bination of these. It should be noted that, for the analysis of airborne particulates by the
complete digestion of the filters and samples, blank contributions from impurities in the
filters might be problematic. Hydrofluoric acid is very aggressive and, while very effective
for the breakdown of ‘difficult’ matrices, it may damage parts of the ICP-MS or ICP-AES
instrument. For this reason, HF is normally evaporated after dissolution is complete.

Microwave-assisted dissolution of airborne particulates samples and the collection fil-
ters is now increasing in popularity. The microwave-assisted dissolution technique is faster
than conventional methods of acid dissolution. In addition, due to the compact design and
automation, it offers an improvement in terms of quantity of reagents, handling, and sam-
ple exposure time to the open environment. A continuous flow microwave dissolution
technique has been described by Beary et al. [6] for the determination of lead in selected
reaction monitoring mode (SRM) 2676 ‘Toxic Metals on Air Filters’. The airborne particu-
lates are introduced into the system as a slurry. An injection loop is filled with the slurry,
which is subsequently injected into a carrier stream of HNO3, HClO4 or HF.

10.2.4 Interferences

As previously mentioned, the presence of acids during open vessel, closed vessel and
microwave dissolution may result in spectral interferences. For example, As and V may be
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difficult to accurately determine if significant Cl�, ClO� and ArCl� are present, owing to
the use of HClO4 and HCl. In addition, many elements present in airborne particulate
matter such as As, Ca, K, Se and S are difficult to determine owing to the formation of
polyatomic ions from clustering reactions during the ion extraction step. The formation of
ArO� generates a signal at m/z 56, which makes Fe determination difficult at the major iso-
tope. However, the recent advent of collision/reaction cell technology in quadrupole-based
ICP-MS instruments, and high-resolution sector field ICP-MS (SF-ICP-MS) instruments
have been successful in many cases in minimizing isobaric and polyatomic interferences
for many elements and will be discussed in more detail in the water analysis section.

10.2.5 Applications

Studies regarding the analysis of airborne particulate matter are numerous. These applica-
tions are varied; some of the more interesting applications of ICP-AES and ICP-MS in air
analysis are mentioned in Table 10.1 [7–16]. Analysis of non-metals such as carbon, sulfur,
phosphorus and halogens in air samples by ICP techniques is a very fast-paced advance-
ment in recent years. Schwarz and Heumann have developed a GC-ICP-MS method for
online detection of brominated and iodinated volatile organic compounds in air samples
[17]. Absolute detection limits for iodinated, brominated and chlorinated volatile organic
compounds were 0.5 pg, 10 pg, and 50 pg, respectively. A cryosampling system together with
a low temperature GC-ICP-MS method have been developed for the determination of
phosphine emission from a tobacco factory for industrial hygiene purposes [18]. Pecheyran
et al., used a similar technique to analyze non-metallic species of selenium, arsenic, and
phosphorus in the air samples [19]. The method uses a small volume of air samples and was
successfully applied for the determination of the metalloid species in atmospheres of urban
and rural locations. Determination of iodine in the ambient air was carried out by selec-
tively monitoring 129I using an ICP-MS technique [20]. This technique was used to deter-
mine the anthropogenic release of this long-lived radionuclide, which is a definitive indicator
of certain nuclear activities.

10.3 Analysis of water

10.3.1 Introduction

ICP-AES and ICP-MS are techniques well suited for the determination of trace elements in
water samples, as the low levels of most elements in these samples eliminates the use of other,
less sensitive, analytical techniques. There is a considerable volume of literature concerning
the analysis of various water samples, and a complete review of this work is not possible in
this section, however, the annual ‘Environmental Analysis’ Atomic Spectrometry Update is a
comprehensive review of the publications in this area. Many different types of water sam-
ples have been analyzed, the majority of samples coming under the heading of ‘natural
waters’, which include spring, river, and stream waters [6,21]. More specifically, ground water,
estuarine water, wastewater, sediment pore waters, rain and river water, as well as snow have
all been analyzed. The analysis of seawater and brines [22] represent an interesting sample
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Table 10.1 Applications of air analysis with plasma spectrometric detection

Sample analysis 
Sample type Elements analyzed Collection method Sample preparation technique technique Reference

Fly ash Cu, Zn, Pb, Mn Collected from cement works Slurry nebulization and wet ICP-AES [7]
digestion (Concentration HNO3)

Brown haze Na, Mg, Al, Si, S, Cl, K, Ca, PM10 Hi-volume sampler and a HNO3 extraction with ICP-MS [8]
Ti, Mn, Fe, Ni, Cu, Zn, versatile air pollution sampler ultrasonication

As, Pb
Airborne parti- Pb, Cd, Ni A six-stage cascade impactor Microwave-assisted acid ICP-MS [9]
culate matter digestion 

Total suspended Cr, Cu, Mn, Ni, Pb, Zn, Cd, High-volume sampler Open vessel HNO3 (3N) ICP-AES [10]
particulate V, Mo digestion 

Urban aerosol Pt, Pd, Rh A six-stage cascade impactor Microwave-assisted acid digestion ICP-SFMS [11]
Indoor dust Ca, Fe, Al, Mg, Na, Ti, K, Bag filter and vacuum cleaner HNO3 digestion in autoclave ICP-AES [12]

Zn, Cu, P, Mn, Ba, V, Sr,
Cr, Ni, Pb, Zr, Y

Airborne parti- Na, Mg, Al, Si, S, Cl, K, Regenerated cellulose Water and dilute acid (0.1 M HCl) ICP-AES [13]
culate matter Ca, Ti, V, Cr, Mn, membrane filter extraction

Fe, Cu, Zn, Br, Pb
Fine urban Mg, Ca, Ti, V, Mn, Fe, Co, A high-volume sampling A sequential extraction protocol ICP-AES [14]
particles Ni, Cu, Cd, Pb system 

Arctic air Mn, Fe, Co, Ni, Ag, Cd, Sn, Cascade impactor Electrothermal vaporization (ETV) ETV-ICP-MS [15]
Sb, Pb

Particulate matter As, Ba, Be, Cd, Co, Cr, Cs, An iso-kinetic probe nozzle A microwave digestion method ICP-MS [16]
from power Cu, Ga, Ge, Mn, Ni, P, Pb, using an acid mixture of HNO3–
plant emissions Rb, Sb, Sn, Sr, Tl, V, Zn HCl–HF in a closed vessel

Air filters Pb Cellulose filters Continuous flow microwave ICP-MS [6]
digestion



application as the high dissolved solids concentration (3–4% by weight) may cause problems
owing to spectral interferences. This will be discussed in more detail in Section 10.3.3.

10.3.2 Sample collection and preparation

The collection and preparation of a water sample may initially seem to be facile and is not
described in many articles concerning water analysis. However, the type of water to be col-
lected, stabilization of the sample, and sample transport must be considered if accurate
analytical results are to be attained. Collection of water samples is normally performed
using screw-topped ‘polyethylene’ or poly(ethylene terephthalate) bottles. Depending on
the analysis, certain containers, which are sources of contamination and may cause erro-
neous analytical results, must be avoided.

After collection, many water samples are filtered using membrane filters of a low pore
size (usually 0.4–0.5 �m). Filters should be acid cleaned 24 h prior to use. This removes any
particulate matter which may interfere with the subsequent plasma analysis. The presence
of particulates may cause blockages in flow injection preconcentration systems and in the
nebulizer of the instrument sample introduction system. Acidification of the sample is also
often necessary to prevent deposition of metal ions onto the surface of the collection ves-
sel. At low pH values, most metal ions are more soluble and, thus, the addition of acids
(usually HCl or HNO3) to a pH of 1–2 is desirable.

10.3.3 Sample clean-up and interference removal

The use of ICP-MS and ICP-AES for the analysis of ultratrace levels in water samples is nor-
mally preceded by a sample clean-up procedure. With samples with a high dissolved solid
content matrix loading, such as in seawater, the determination of trace elements may be
problematic. A high dissolved solid (salt) content may result in restriction of the sampler
and skimmer cone orifices (in the case of ICP-MS) owing to prolonged buildup of solids.
This ultimately affects the sensitivity and precision of an analysis as well as the long-term
stability. A water sample matrix may also contain significant amounts of Na, Cl, Ca, C, N, S,
and P particularly so for seawater samples. The presence of these elements causes poly-
atomic ion interferences when ICP-MS is used as the method of detection. Ionization sup-
pression and enhancement effects may also be seen for ICP-AES analyses when such easily
ionizable elements are present. A complete removal of these species is thus highly desirable.

The analysis of water samples, therefore, requires matrix separation prior to sample
analysis. Application of anion-exchange resins, matrix modification, precipitation, desol-
vation, thermal vaporization, chromatographic coupling, and different modifications in
the sample introduction systems using modified capillaries are some of the frequently used
techniques for matrix separation and interference removal. Methods based on liquid chro-
matography have also been used to achieve matrix elimination.

In addition to above-mentioned techniques, collision/reaction cell technology [23–26]
and high-resolution SF-ICP-MS [27] are the most recent applications in isobaric and poly-
atomic interference removal in ICP-based instruments. Collision/reaction cell ICP-MS uti-
lizes a multi-pole ion guide contained in a cell and the cell is pressurized with a gas flow.
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Ions sampled from the plasma undergo an interaction with the gas prior to MS analysis
[28]. Conditions are adjusted to remove interferences while allowing the analyte to remain.
Subsequently, it is essential to aim for the elimination of the interference while maintain-
ing minimal scattering of the analyte ion. Removal of an interferent can be accomplished
by collisional dissociation (collision energy must be higher than bond-dissociation
energy), chemical reaction or energy discrimination. Koppenaal and Eiden compiled a list
of publications showing a rapid rise in the number of application of collision reaction cells
in ICP-MS instruments over the last decade [29]. SF-ICP-MS instruments with a resolving
power (�m/m) of as high as 10 000 are sufficient to overcome the large majority of the iso-
baric and polyatomic interferences. The substantial loss in ion transmission efficiency
observed on increasing mass resolution can be overcome by using multi-collector ICP-MS
(MC-ICP-MS) instruments that use multiple detectors instead of a single one [27].
Moldovan et al., presents a nice review focusing on the application of SF-ICP-MS and 
MC-ICP-MS in environmental research [27].

10.3.4 Preconcentration

Many elements in environmental samples are present at very low concentration levels,
below the limits of detection (LODs) of ICP-AES and ICP-MS instruments. A method to
concentrate the analytes of interest from a large volume of sample solution is therefore
desirable and is known as ‘preconcentration’. Only very rarely do environmental water
samples require dilution before analysis by a plasma spectrometric technique.

Preconcentration may be achieved by one or a combination of a number of methods
which may be separated into four major categories: ion exchange, chelating ion exchange,
co-precipitation, and solvent extraction. Often flow injection analysis is used to perform
on-line preconcentration and is based on the injection of a plug of the sample into a con-
tinuously flowing carrier stream. The signal obtained for the analysis is therefore transient,
requiring the use of time resolved acquisition software. A detailed description of the dif-
ferent preconcentration techniques used in water analysis is given in the previous edition
by Sutton and Caruso [30].

10.3.5 Hydride generation

Liquid samples are normally introduced into the plasma in analytical techniques such as
ICP-MS and ICP-AES by pneumatic nebulization. This process is, at best, only 1–2% effi-
cient, so much of the analyte is transported to waste and does not undergo atomization,
excitation and ionization. In addition, energy is needed to desolvate the liquid aerosol. The
transport of higher percentages of analytes into the plasma may be achieved by the forma-
tion of volatile compounds. In this way, detection limits may be improved and the analyte
of interest may be separated from the matrix.

Hydride generation (HG) techniques have been applied to certain elements in water
samples. There are two methods for HG. The first involves the addition of acid. Hydro-
chloric acid is the obvious acid for the reduction of metals, however, this may often be
problematic owing to the formation of isobaric interferences such as ArCl� which may
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interfere with As and Se determination. This reaction is not advantageous as it only works
for the reduction of As(V), Sb(V), and Se(VI) with the addition of potassium iodide and
tin chloride. The other method uses sodium borohydride, NaBH4, to reduce metals to their
hydrides in a faster and more efficient reaction. It has been used for the reduction of metal
species such as Se, Pb, Hg, As, Sb, Cd and Sn in water samples. After the hydride has been
formed, it must be directed towards the plasma detector. This is commonly achieved by a
continuous method where the NaBH4 and the aqueous sample are pumped into a mixing
tee, where they may react to form the hydride, before passing into a gas–liquid separator.
A gas–liquid separator is commonly a Scott-type double pass spray chamber which removes
the liquid from the gaseous analyte. The gaseous species are swept into the plasma by the
nebulizer gas flow. Such a continuous flow system may be incorporated into a flow injec-
tion system. This offers several advantages including lower sample volumes (500–1000 �l),
and lower reagent consumption. The optimization of such a flow injection system is
important to achieve a high analytical throughput to the plasma. Parameters for optimiza-
tion include sample volume, purge gas flow rate, acid and reductant concentrations, and
liquid flow rate. The addition of organic solvents, such as alcohols, has been shown to be
beneficial for the reduction of polyatomic interferences with HG-ICP-MS and to give
enhancement of the analytical signal.

10.3.6 Elemental speciation studies

Traditional analytical techniques involving plasma source detection usually focus on the total
concentration of an element in a sample. This may not, however, yield significant informa-
tion as to the complex biogeochemistry of the system and their environmental impact. It
requires a further step toward elemental speciation. This is because the uptake, accumula-
tion, transports, and interaction of the different metals and metalloids in nature are strongly
influenced by their specific elemental form [27]. The oxidation state of the element and the
organic compounds that it may be part of, have a significant effect upon the toxicity of the
species. This is of particular interest with water samples where elements may find their way
into an aqueous system by a wide variety of pathways, both natural and anthropogenic. The
identification and quantification of toxic species is essential for environmental monitoring.

Elemental speciation studies have been reviewed in detail [1,31,32] for ICP methods of
detection. The separation of particular species is usually achieved using some form of separa-
tion technique, for example, liquid chromatography (including reversed-phase, ion-pairing,
ion-exchange and size-exclusion chromatography (SEC)), CE [33], field flow fractionation
[34], supercritical fluid chromatography and GC [35,36]; all have been used in elemental spe-
ciation analysis. After the species have been separated, they must be detected using analytical
instrumentation such as ICP-MS or ICP-AES equipped with time resolved data acquisition
facilities.

Speciation of many elements has been performed in various types of water samples
(bottled water, tap water, fresh water, tube-well water, surface water, ground water, waste
water, industrial discharge water, well water, lake water, river water, estuarine water, sea-
water, etc.) including arsenic [37–45], chromium [46–51], iron [47,52], lead [53–55], mercury
[56–60], platinum [61,62], selenium [50,63–67], tin [56,68–70], and vanadium [71–73].
A literature survey was conducted to show the application of ICP-MS and ICP-AES in 
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elemental speciation studies between 1991 and 2005 using SciFinder Scholar (Version
2004, Copyright © 2003, American Chemical Society). For ICP-MS, 349 references were
found containing both of the concepts ‘Inductively coupled plasma mass spectrometry’
and ‘elemental speciation’. Whereas, 59 references were found for ICP-AES containing both
of the concepts ‘Inductively coupled plasma atomic emission spectrometry’ and ‘elemental
speciation’. As shown in Fig. 10.1, while the general trend for the number of publications
for the application of ICP-AES in elemental speciation is decreasing after 2001, those for
ICP-MS are still increasing.

10.3.7 Analysis of non-metals

ICP-based techniques are primarily used in the analysis of trace metals and metalloids. At the
same time, both ICP-AES and ICP-MS were recognized as excellent element-specific detectors
for chromatographic separations and have since then became important analytical tools for
speciation analysis, a fast growing field in analytical chemistry with big impact on life and
environmental sciences. On the other hand many organic compounds of environmental, bio-
logical, and clinical interests do not have suitable chromophores that result in absorption
above 200 nm and thus cannot be analyzed with popular UV detectors. Chromatographic sep-
aration followed by pre- or post-column detection using fluorescence tagging requires often
complex and time-consuming derivatization steps. Moreover, vulnerability of the refractive
index detectors to minor changes in the mobile phase or other experimental conditions limits
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Figure 10.1 ICP-MS/AES in Elemental Speciation Publication History, 1991–2005 (to date). Compiled

from SciFinder Scholar Database.
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Table 10.2 Applications of speciation of non-metals in water samples using plasma spectrometric detection

Absolute 
Sample type Element species Analytical technique detection limit Reference

River water P Aminomethylphosphonic acid, glyphosate, and glufosinate HPLC-ICP-MS 25–32 ng l�1 [74]
River water P Aminomethylphosphonic acid, glyphosate, and glufosinate CE-ICP-MS 0.11–0.19 mg l�1 [76]
Tap water P Diazinon, disulfoton, terbofos and fonofos GC-ICP-MS 200 ng l�1 [75]
Water S S2�, SO3

2�, SO4
2� and S2O3

2� IC-ICP-MS 0.4–7.71 ng S [77]
Drinking water S SO4

2� IC-ICP-MS 0.03 �g as S [78]
Drinking water; I 2-Iodophenol; 4-iodophenol; 2,4,6-triiodophenol GC-ICP-MS 0.07–0.12 ng l�1 [79]

river waters
Fresh water I Iodide, iodate and organo-iodine HPLC-ICP-MS 0.2 �g l�1 [80]

and sea water
Wastewater; I Iodine species associated with humic substances SEC-ICP-MS – [81]

groundwater; 
wastewater from 
coal pyrolysis
process

Seawater; air Cl, Br, I CH3I; C2H5I; 2-C3H7I; 1-C3H7I; CH2ClI; 2-C4H9I; i-C4H9I; GC-ECD-ICP-MS 0.5 pg as I; [17]
1-C4H9I; CH2I2 CH3Br; C2H5Br; 2-CH3H7Br; CH2Br2; 10 pg as Br; 
CHBrCl2; CHBr2Cl; CH2BrI; CHBr3 CH2BrCl; CHBrCl2; 50 pg as Cl
CH2ClI; 1,2-C2H4BrCl; 2,1-C3H6BrCl; CHBr2Cl; 1,3-C3H6BrCl

Wastewaters of Cl, Br, I Halogens (I, Cl, Br) species associated with humic substances SEC-ICP-MS – [82]
industrial and 
communal origin

Groundwater; I I–HS species; Br–HS species and Cl–HS species SEC-ICP-MS; – [83]
seepage water SEC-ICP-IDMS
from soil; 
brown water

Surface water Br Br�; BrO3
� HPLC-ICP-MS 35–50 pg as Br [84]



the use of such universal detection system from analyzing the native and underivatized
organic compounds. As a result, exploring the capability of ICP-AES and ICP-MS in element-
specific detection of non-metals such as sulfur, phosphorus and the halogens often present in
such organic compounds has become a cutting edge research frontier. More recent applica-
tions of ICP-AES and ICP-MS in speciation of non-metals in water samples are summarized
in Table 10.2 [17,74–84].

10.4. Analysis of clinical samples

10.4.1 Introduction

The relationship between elements and the human body can be varied; some are essential,
having well-established biological function, while others are toxic. Metal ions, in particular,
are known to act as oxidative agents in cells. Since oxidative stress can cause cytotoxicities
that compromise health, the presence of certain metals in the human body is considered a
risk factor and/or a bioindicator of disease. The distribution and concentration patterns of
elements in the body are also informative. Essential element patterns can be used to assess
the overall health and status of individuals, and the adequacy of their diets. Alternatively, the
distribution of toxic elements allows the forensic determination of occupational or envi-
ronmental exposure and the potential route of entry into the body.

ICP-MS, is the most commonly used detection technique for elemental analysis of clin-
ical samples. Clinical samples are defined as those extraneous to the human patient that
include urine, organ tissue, blood and blood fractions. Many papers specifically delineate
whole blood from plasma and serum. Blood plasma is the liquid portion of whole blood in
which blood cells are suspended. Plasma is an aqueous solution that contains proteins,
nutrients, metabolic end products, hormones, and inorganic electrolytes. Serum is plasma
that has had the clotting factors (such as fibrin) removed.

Within these typically complex clinical matrices, analysis is facilitated by the low detec-
tion limits and high specificity of ICP-MS. Given this and the instrument’s ability to provide
reliable stable isotopic data, ICP-MS [85,86] is now routinely used to determine the con-
centrations of single or multiple elements present, as well as their form (i.e. species).
In fact, the volume of samples analyzed by ICP-MS is currently so great that instrument
operators in clinical laboratories are considered to have a high risk of exposure due to 
nebulization [87].

For a review of all atomic spectroscopic techniques used on clinical samples (including
ICP-MS), see Taylor et al. [88–92]. This section will first summarize the recent literature
available on the routine analysis of single/multiple elements in varying clinical matrices,
followed by a discussion of instrument differences in ion detection and sample introduc-
tion that alleviate problems of resolution and interference. These basics significantly con-
tribute to the final section of this chapter, an overview of elemental speciation by ICP-MS.

The most common clinical use of ICP-MS is the measurement of total elemental con-
centration in specific cell types or tissues; less is known about the spatial elemental distri-
bution within cells or the whole body. For example, in a recent article, Lombaert et al. [93]
exposed human blood cells to tungsten carbide and metallic cobalt in an effort to study the
effects of these in vivo. In this way, they could study the mechanism of toxicity in support
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of the current theory of induced apoptosis [93]. Similarly, Frisk et al. [94] studied the
effects of selenium, mercury or cadmium on the growth of human erythroleukemia cells;
ICP-MS was used to measure the trace element contents of the cells and results indicated
selenium protection against cadmium toxicity [95]. Lin et al., used ICP-MS to measure
lead concentrations in cells of a human lung carcinoma tumor to study the element’s effect
on nucleotide excision repair [96]. The binding and diffusion of drugs in cells has also been
studied; Liang and Huang used ICP-MS to measure the influx of cisplatin to human lung
adenocarcinoma A549 cells [97]. Finally, Bredfeldt et al., investigated the effects of arsenic
on human urothelial cells in an effort toward a greater understanding of how arsenic
affects cellular proteins and consequently, a better understanding of the mechanism of tox-
icity and carcinogenesis of arsenic [98].

10.4.2 Single element/multi-element

The selectivity of ICP-MS is a distinct advantage when the chemical background of a sam-
ple is as diverse as blood or urine. Blood is a particularly difficult matrix as it contains
6–8% proteins and 1% inorganic salts [99]. Even with the degree of selectivity that the 
ICP-MS can provide, sample components capable of contaminating the system or disrupt-
ing analytical results are generally removed prior to analysis.

The number of studies that measure a single element – usually when investigating the
metabolic processes that control uptake, bioaccumulation and excretion of a specific trace
element or when biomonitoring body fluids or tissues following exposure – are too
numerous to cite here. Instead, Table 10.3 provides an abbreviated summary. It should be
noted that an individual element may pose a unique problem, which may not be exclusive
to the analysis of clinical samples. For example, the biggest difficulty in the analysis of Hg
is the memory effect; for As and Se, it is the interference of argon-based polyatomic ions.
Various sample preparation and instrumental schemes have been designed to eliminate
matrix and plasma-based interferences. Subsequently, many of the papers categorized in
Table 10.3 were chosen because they are focused on element-specific dilemmas. Table 10.4
identifies those studies that took advantage of the multi-element capability of ICP-MS for
the simultaneous investigation of several elements.

10.4.3 Types of mass spectrometers in use

The most common ICP-MS is equipped with a quadrupole mass filter, which has limited
mass spectral resolution. Thus, the determination of several isotopes, in particular those
with mass-to-charge ratios less than 80, is prone to spectral interferences especially when
analyzing heavy matrix materials such as clinical samples. Overall, interferences arise from
atoms associated with the plasma gas, the solvent and associated reagents, and the sample
matrix. A double focusing (SF) mass spectrometer can alleviate some of this interference.
This type of MS contains two devices for focusing the beam of ions: an electrostatic ana-
lyzer and a magnetic analyzer. As a result, this instrument offers much better resolution.
Moreover, for isotopes where interferences do not pose significant problems, SF instru-
ments may be operated in medium- and low-resolution modes, which makes its detection 
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Table 10.3 Applications of ICP-MS for single element analysis in clinical samples

Element Matrix Summary comments Reference

As Urine, Arsenic is measured in urine in support of epidemiological [202,203]
bone studies; it is measured in skeleton to determine individuals 

engaged in copper smelting.

Al Blood, This element is relatively nontoxic to healthy humans due to [204,205]
urine rapid excretion; however, it has been found to cause dementia 

and anemia in patients with renal disease.

Au Serum Gold compounds are used in the treatment of rheumatoid [206]
arthritis; the monitoring of serum of such patients is necessary  
to suppress side effects.

B Serum, Boron is considered to affect bone development and the function [207,208] 
urine and composition of the brain, skeleton and immune systems.

Be Urine Pulmonary disease and lung cancer have been linked to [209]
beryllium; ICP-MS can be used in the analysis of urine as 
an indicator of worker exposure.

Ca Urine, Calcium is an essential element for humans for proper bone and [210]
blood, teeth development; Cool plasma was used in this work to 
faeces alleviate the 40Ar interference at calcium’s major isotope.

Cd Urine, Cadmium is considered a heavy metal and carcinogenic for [211–217]
blood, humans; incorporated Cd becomes bound to the cysteine-rich 
faeces metallothionein and accumulates in the soft tissues of the  

kidney and liver.

Cu Blood Copper is an essential element and a constituent of important [218]
metalloproteins and metalloenzymes.

Hg Blood, Mercury is a toxic element and ICP-MS may be used to measure [220–229]
urine, lethal exposure due to occupation or accident. In one recent 
hair interesting case report, ICP-MS was used to determine Hg in 

gastric contents at autopsy to determine cause of death [219].

I Urine, Iodine deficiency can lead to endocrine disease. Reduced [230–233]
serum, maternal thyroid concentrations during pregnancy can affect 
faeces foetal neurological development.

Mo Blood, Molybdenum is an essential trace element that contributes to the [234–238]
urine function of 11 known enzymes. ICP-MS may be used to study 

the metabolism, functions and distributions as its concentration 
is generally below 1 ppm.

Na Blood Sodium is a serum electrolyte that plays an important role in [239]
regulating osmotic pressure and the distribution of water. It is 
routinely determined to support diagnoses of circulatory, renal 
and nervous system functions.

Pt Blood, Long-term pharmacokinetic behavior of platinum in patient [242–248]
urine blood/urine studied after platinum drug administration. 

Platinum also studied in clinical samples to determine pollution 
exposure of humans as a result of vehicle catalysts [240,241].
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limits considerably lower than those obtained by quadrupole based instrumentation.
Many unique applications have been based on these benefits and, in some cases, use of
such a mass spectrometer is essential [100].

SF instruments have found many applications in the analysis of clinical samples, due
primarily to the advantages discussed in the previous paragraph [101]. For example, an SF
MS was used to study the concentrations of Cd, Co, Cu, Fe, Mn, Rb, V and Zn in brain tis-
sue. This work was in support of a hypothesis that imbalances in essential and toxic metals
that are related to neurodegenerative disorders. Medium resolution was employed to
reduce interferences, however, Cd analysis was performed in low-resolution mode, result-
ing in lower detection limits [102]. Melo and co-workers monitored Mn, Cu and Zn in the

Table 10.3 (Continued)

Element Matrix Summary comments Reference

Pb Blood, Lead negatively affects human health as it binds to some specific [249–257]
urine, proteins present in the erythrocytes. Biological monitoring is 
teeth, therefore needed for people occupationally exposed or for lead 
hair, poisoning.
bone

Pu Urine Plutonium is measured as an indicator of exposure; this element [258–260]
is considered more radiologically than chemically toxic.

Se Blood, Selenium is an essential element with a narrow range of  optimal [261–270]
urine concentration. It is required for the functioning of many 

enzymes, particularly glutathione peroxidase which protects 
against oxidative stress by scavenging damaging peroxides. 
Se deficiency can lead to serious diseases.

Th Urine Thorium is considered a radionuclide with high toxicity. [271]

Tl Blood, Thallium is a highly toxic element that can affect the central [272]
urine nervous system and lead to symptoms such as headache and 

fatigue.

Tl Lung Thallium is used to diagnose myocardial infarction and thyroid [273]
tissue tumors. As such, the concentration of this element may be 

measured in human lung cancer cells.

U Serum, The toxicity of uranium results from the fact that it is a heavy [274–279]
urine, element, rather than radiation dose.
vomit, 
hair

W Plasma Sodium tungstate plays a helpful part in the long-term treatment [280]
of diabetes; ICP-MS may be used to monitor for this element in 
blood plasma and to determine the percentage binding of W to 
human plasma proteins.

Zn Iris Zinc is an essential nutrient and the most abundant trace element [281]
tissue in the eye. It is known to bind to melanin in pigmented tissues; 

a deficiency will result in night blindness.
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Table 10.4 Applications ICP-MS for multiple element analysis in clinical samples

Elements Matrix Reference

Cu, Pb, Se, Zn Serum [282]
Ba, Sn, Te, U, Fe, Cu, Mo, Gd, Cd, Nd, Dy, Yb, Lu, Tl, Th, Mn, Bone [283]

Co, Ni, Rb, Y, La, Ce, Pr
Cs, I, Sr, Th, U, Ca, Cu, Fe, K, Mn, Se, Zn Tissue [284]
Cd, Co, Cu, Hg, Pb, Pd, Pt, Rb, Rh, Se, Tl, W, Zn Blood [285–287]
As, Se, Hg, Zn, Pb, Ni, Cd, Mn, Cu, Fe Hair/skin/nails [288]
B, Sc, V, Cr, Mn, Ni, As, Mo, Se, Al, Ag, Cd, Te, Cs, Ba, Bi Brain tissue [289]
Bi, Cd, Co, Cs, Cu, Fe, Hg, Mn, Mo, Pb, Rb, Sb, Sn, Sr, Tl, Zn Brain/liver tissue [290]
As, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb, Sb, Se, Tl, V, Zn Hair [291]
Mn, Mo Brain, serum [292,293]
Ca, Cr, Co, Cu, Fe, Mg, Mn, Mo, Ni, Zn Hair [294]
Au, Ag, Cd, Co, Cr, In, Ni, Pb, Pt Hair [295]
As, Cd, Pb, Tl Blood/urine [296]
Fe, Zn Faeces [297]
Ag, Al, As, Au, B, Ba, Bi, Ca, Cd, Cr, Co, Cu, Fe, Ge, Hg, K, Li, Hair [298]

Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, Sn, Sr, Th, V, Zn
As, Se Faeces [299]
Al, Co, Cu, Fe, Mn, Zn Serum [300]
Al, As, Be, B, Cd, Co, Cu, Fe, Mn, Mo, Ni, Pb, Li, Rb, Se, Sr, Zn Blood [301]
Ag, Al, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Ga, Li, Mg, Mn, Mo, Pb, Blood/urine [302]

Rb, Sb, Se, Sn, Sr, Tl, U, Zn
Cu, Zn, Mn, Rb, Mg Serum/thoracic [303]

empyemata
Cd, Pb Blood/urine [304–309]
Ag, Cd, Pb, Sb Liver tissue [310]
As, Se Urine [311]
Cd, Cs, Cu, Fe, Mg, Mn, Ru, Se, Sr, Zn Blood and [312]

placenta tissue
Ag, Al, As, Ca, Cd, Co, Cu, Fe, Hg, Mg, Mn, Pb, Se, V, Zn Aortic valve tissue [313]
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, Tm, Yb, Y Serum/hair [314,315]
Cd, Cu, Hg, Mg, Pb, Se, Zn Blood [316]
Cu, Se, Zn Leukocytes [317,318]

separated from 
maternal blood

Cd, Hg, Pb Blood [319]
Ba, Cd, Cu, Pb, Zn Saliva [320]
As, Cu, Mo, Ni, Pb, Se, Zn Urine [321]
Th, U Blood/urine/hair [322–325]
Pd, Pt, Rh Urine [326,327]
Ti, Zr Serum [328]
Al, Cd, Co, Cu, Li, Mn, Mo, Ni, Pb, Pt Rb, Sb, Se, Zn Serum [329,330]
Ce, Nd, Sm Hair [331]
Ag, Al, As, Au, Ba, Bi, Cd, Ce, Co, Cr, Cs, Cu, Hg, I, La, Li, Liver, kidney, [332]

Mn, Mo, Ni, Pb, Pt, Rb, Sb, Se, Sr, Th, Ti, Tl, V, W, Zn, Zr bone
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cerebrospinal fluid of healthy subjects and patients with multiple sclerosis; they found sig-
nificant differences in manganese and copper concentrations [103]. Other examples are
given in the Table 10.5.

The use of a multi-collector detector with a SF instrument is another means by which
specific advantages can be gained in the analysis of clinical samples, especially in the inves-
tigation of isotope ratios. As discussed earlier in this chapter, these instruments have mul-
tiple detectors and so they possess the ability of detecting and measuring multiple ion
signals simultaneously. This instrumentation has been used in the analysis of Zn in faeces
[104] and Fe in whole blood [105].

Utilizing a time-of-flight mass spectrometer in conjunction with an ICP ionization
source has been found to yield unique advantages in the analysis of clinical samples. The

Table 10.4 (Continued)

Elements Matrix Reference

Ag, Au, Al, As, Ba, Be, Bi, Cd, Co, Cs, Cu, Hg, Mo, Ni, Pb, Rb, Urine [333]
Sb, Se, Sn, Sr, Te, Tl, U, Zn

Al, As, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Se, Tl Urine/blood [334]
Cu, Zn Blood/urine [335,336]
Actinides Urine [337]
Co, Cs, Cu, Pb, Rb, Sr, Zn Blood [338]
Cd, Cu, Hg, Pb, Se, Zn Blood [339]
Bi, Cd, Hg, Pb, Pd, Pt, Sb, Sn, Te, Tl, W Urine [340]
Cd, Co, Cu, Ga, Hg, Mo, Ni, Pb, Pd, Pt, Rb, Rh, Sb, Se, Sn, Urine [341]

Tl, W, Zn 
Ba, Be, Bi, Ca, Cd, Cs, Cu, La, Li, Mg, Mo, Pb, Rb, Sb, Sn, Synovial fluids [342]

Sr, Tl, Zn of osteo-arthritic 
knee joints

Br, Ca, Mg, Rb, Sr, Zn Serum [343]
Bi, Ni Urine [344]
Ag, As, Ca, Cd, Ce, Co, Cr, Cu, Fe, Hg, I, K, Mg, Mn, Na, Ni, Thyroid tissue [345]

Pb, Rb, Sb, Se, Sn, Sr, U, V, Zn
Sb, As, Cd, Cr, Pb, Hg, Se Hair [346]
Cr, Ni Blood [347,348]
Se, Zn Hair [349]
Cu, Fe, Mg, Mn, Pb, Sr, Zn Tooth enamel [350]
Ca, Cu, Mg, Zn, Sr, Al, Ba, Pb, U, Ce, La, Pr Teeth [351]
Cd, Pb, Zn, Se, Cu, Ca, Co, Mo, Mn Placenta [352]
Ag, Cd, Co, Pb, Sb Liver tissue [353]
Sb, Ba, Be, Cs, Co, Pb, Mn, Mo, Pt, Tl, Sn, W Urine [354]
Li, Na, Cr, Mn, Ni, Cu, Zn, Sr, Cd, Ba, Mg, Al, Ca, Fe, Ni Hair/plasma [355]
Cu, Pb Urine [356]
Cu, Fe, Ni, Pb, Zn Blood [357]
Ca, K Serum [358]
Mg, Ca, Ga, Mn, Fe, Cu, Zn Saliva [359]
I, Pt Serum [360]
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operation of this type of mass spectrometer is based on the fundamental principle that the
kinetic energy of an ion is directly proportional to its mass and velocity. Therefore, if ions of
different mass are given the same kinetic energy by an accelerating voltage, the velocities of
the ions will differ over a fixed flight path. The resulting simultaneous nature of sampling
ions offers distinct advantages in the analysis of transient signals. Additionally, the mass 

Table 10.5 Applications of different types of MS detection systems for analyzing clinical samples

Element Matrix Resolution Reference

Al Serum Medium [205]
Ca Urine Medium [361–363]
Cd Urine Low [364]
Fe Faeces, Serum Medium [365,366]
Pb Blood, bone Low [367–369]
Pt Urine, serum, tissue Low [370]
Pu Urine Low [371,372]
U Urine Low [373,374]
V Blood, urine Medium [375]
Se Plasma Low/high [376]
Sr Bone/urine Low/medium [377,378]
Zn Faeces, urine, serum Medium [379,380]
Cd, Co, Cu, Fe, Mn, Rb, V, Zn Brain tissue Low/medium [102]
Cr, Ni, V Urine Medium [381]
Co, Cr, Cu, Fe, Mn, Ni, Sc, V, Zn Urine Medium [382]
Fe, Cu, Zn Serum Medium [383]
Cu, Mn, Zn Cerebrospinal fluid Low [103]
Au, Ir, Pd, Pt Blood Low [384]
60 elements Blood/hair/nails Low/medium/high [385–387]
Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Pt, Blood/urine Low/medium [388]

Tl, V, Zn
Al, As, Cd, Cr, Co, Cu, Hg, Mn, Ni, Pb, Blood/urine Low/medium/high [389]

Sb, Se, Tl, Zn
Al, Ca, Cd, Co, Cr, Cu, Fe, Mn, Mo, Pb, Serum Low/high [390]

Rb, Sr, U, Zn
Th, U Urine Low [391,392]
Cd, Cu, Pb, Zn Urine Low/medium/high [393]
Ag, Al, Cd, Cu, Cr, Mn, P, Fe, S, Si, Sn, Serum Low/medium [394]

Ti, U, Zn
Cd, Co, Cr, Ni, Pb, Rb, Sb, Se, V, Urine Medium [381,395]
Pd, Pt, Rh Urine Low [396]
As, Se Urine High [397]
Pd, Pt Urine Low [398]
Al, Ca, Cr, Mn, Fe, Co, Cu, Zn, Se, Rb, Serum Low/medium [399]

Sr, Mo, Cd, Pb, U
As, Cd, Hg, Pb, Th, U, Al, Cu, Cr, Mn, Ni Serum/urine Low/medium/high [400]
Cu, Pb Serum Medium [401]
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resolution obtained by such instrumentation lies between that of a quadrupole and a SF
instrument. Benkhedda et al., took advantage of the higher resolution obtainable with this
instrument in the determination of the platinum group metals (Pt, Rh, and Pd) in urine and
serum samples [106]. This group additionally employed ultrasonic nebulization to enhance
the sensitivity of the method. Centineo and co-workers used the ICP-TOF-MS for the
simultaneous determination of seven elements in urine (As, Be, Ge, Hg, Sb, Se, and Sn); they
additionally employed HG in the sample introduction scheme to increase sensitivity [107].

Collision/reaction cell technology has also found many applications in the analysis of
clinical samples as a means to remove interferences [26] and Table 10.6 summarizes this
work. A collision cell consists of an ion guide operated in an rf only mode (no mass dis-
crimination). Implementing the reaction cell necessitates lower ion energies and a narrower
ion energy distribution for successful manipulation of the ions entering the cell. This can be
accomplished by using platinum shield plate and bonnet (shield torch). Specific interferents
may be removed by collision-induced dissociation, reaction or energy discrimination.

In a quite recent application, Bandura et al., used a reaction cell for the determination of
phosphorus and sulfur in biological samples [108]. Phosphorylation and de-phosphoryla-
tion of cell proteins are essential signaling processes that regulate a wide variety of cellular
events; sulfur is a convenient internal standard as many target proteins of peptides contain
cysteine or methionine residues. Oxygen was used in the reaction cell, transforming the ana-
lytes to their corresponding oxides, PO� and SO�, and hence removing them from the mass
region of interference. The sulfur/phosphorus ratio was detected in cell cultures and was
shown to provide a distinguishable difference between malignant cell lines and primary cul-
tures. The method was applied to the analysis of colorectal adenocarcinoma tissues.

10.4.4 Sample introduction

Laser ablation is an attractive sample introduction technique for samples that are solid in
nature and limited in quantity. A single laser pulse ablates a portion of the sample which is
then swept into the plasma. The SF instrument is typically combined with this sample

Table 10.6 Applications of collision reaction cell technology in MS analysis of clinical samples

Element Matrix Cell gas Reference

Cr, V Urine, serum Ammonia [402]
Se Urine, serum Methane [403]
Se Plasma, urine, faeces Methane [404]
Se Serum, urine, tissue Hydrogen [405]
Cr Urine Ammonia [406]
As, Ba, Be, Co, Cd, Cu, Cr, In, Li, Mn, Mo, Urine Helium/hydrogen [407]

Ni, Pb, Pt, Rh, Sb, Se, Sn, Tl, U, V, W
Ca Serum Hydrogen [408]
P, S Colorectal tissue Oxygen [108]
Fe Serum Carbon monoxide [366]
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introduction technique as it offers the greatest sensitivity in the analysis of a small sample
size. Rodushkin and Axelsson used this technique for the determination of 55 elements in
hair and nail samples. Chronological variations and depth distribution patterns were
investigated in the nail samples and element distributions were measured along the hair
strand [109]. Others have applied this technique to human teeth; Cox et al. [110], Lochner
et al. [111], and Lee et al. [112] investigated the profiling of several elements whereas
Hoffmann et al., focused solely on Hg (due to amalgam fillings) in determining its poten-
tial migration [113], Ghazi et al., studied gallium diffusion across human root dentin and
Budd et al., investigated lead distribution [114]. In other matrices, Prohaska et al., utilized
LA-ICP-MS in the determination of strontium in bones [115] and Legrand applied it in
the determination of mercury in human hair [116]. Finally, Neilsen and co-workers used
LA-ICP-MS in combination with gel electrophoresis to study the speciation of cobalt-
binding serum proteins [117].

Electrothermal vaporization (ETV) is a second sample introduction technique that is
particularly suited to situations where there is a limited sample size. It is typically more sen-
sitive than the conventional nebulization/spray chamber arrangement because of the
increased efficiency of sample transport to the plasma. ETV coupled to ICP-MS was recently
utilized by Parsons et al., in the determination of lead in a blood matrix [118]. Isotope dilu-
tion was utilized with this instrumental scheme for the determination of mercury [119],
cadmium, copper, and lead in urine [120,121]. Pozebon and co-workers used ETV-ICP-MS
for the determination of arsenic, selenium and lead in urine [122]. Human hair and serum
were investigated for concentrations of lanthanides by ETV-ICP-MS by Buseth and 
co-workers[123]. Turner et al., used ETV in the ICP-MS determination of selenium in
serum [124,125] and in this case, its employment was found to help circumvent the signal
suppression that ordinarily resulted from the high levels of sodium and organic compounds
inherent in this matrix. Yu et al., also utilized the advantages of ETV in the analysis of blood
for aluminum, titanium and vanadium [126]. The samples were taken from patients that
underwent joint replacement arthroplasty; the analysis was performed in an effort to mon-
itor degradation of prosthetic materials composed of an alloy of these elements.

10.4.5 Speciation of elements

Elemental speciation is defined as the analyses that lead to determination of the distribu-
tion of an element’s particular chemical species in a sample. This may be further associated
with oxidation state (cationic or anionic), organometallic nature (characterized by the
presence of a strong metal-carbon covalent bond) or complex form (entails the use of
coordination bonds binding metals to ligands). Different species or forms of a single ele-
ment are often markedly different in their toxicity, bioavailability, distribution, physiolog-
ical function, diagnostic utility, and/or therapeutic potential [127]. A recent review by
Templeton discusses this subject in more detail and demonstrates how the species deter-
mines distribution within the organism or governs transport across various biological 
barriers [128]. A second excellent review by Gomez-Ariza et al., specifically discusses ana-
lytical techniques in the area of metallomics, an extension of elemental speciation that
constitutes the investigation of biomolecules in which numerous biological ligands are
bound to trace elements [129]. Elemental separation techniques are subsequently divided
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into the determination of individual chemical species and elemental association to key
biomolecules (DNA, RNA, polypeptides, proteins, etc.) [130]. Analytical techniques follow
this division [131] and are discussed in the following sections in this order.

Most components of biological matrices are not volatile. However, volatile species of a
few elements have been discovered to be constituents of clinical samples, whether artificial
or natural. For these instances, the coupling of GC to ICP-MS detection has been shown 
to be an attractive technique for their analysis. Gui-Bin and co-workers used GC-ICP-MS
for the determination of tin species in the blood and urine [132] and organs [133] of
exposed patients. GC-ICP-MS was used by Feldmann et al., to analyze volatile metal and
metalloid compounds in human breath [134] while Rodriguez-Fernandez et al., coupled
the GC to a SF instrument to specifically monitor the sulfur-containing components of
human breath [135]. In a similar vein, St. Remy and co-workers monitored total homocys-
teine in human serum by GC coupled to a SF-ICP-MS for sulfur-specific detection [136].
In both cases, medium resolution was necessary to separate 32S�, the major sulfur isotope,
from O2

� at the same nominal mass.
For those constituents of clinical samples that are not volatile, electrophoretic tech-

niques may be applied. Alternative types have been employed in the speciation of Cr, Ga,
In, Pt and V incubated in serum samples [137], however, CE is the most widely employed.
It has shown nice results in the investigation of selenium [138] and iodine [139] species in
serum, arsenic species in urine [140], and metallothioneins [141]. It has also been success-
fully used to study the interaction between platinum anticancer drugs and human serum
albumin [142]. However, although CE yields exceptional resolution, sensitivity may be
limited due to its small injection volume. HPLC has therefore been employed much more
extensively [143]. There exist many forms of liquid chromatography, including normal-
phase, reversed-phase, ion-exchange, ion-pairing and size exclusion. Reversed-phase liquid
chromatography entails the use of a non-polar stationary phase with a polar mobile phase.
Separation is based on strong hydrophobic interactions between the stationary phase and
the analytes. Ion-pairing chromatography is a modification of reversed-phase chromatog-
raphy and is used for analytes that are anionic or cationic. Ion-exchange chromatography
is also a widely used separation method in the field of element speciation. Each of these
types of HPLC has been extensively used in the determination of elemental species in clin-
ical samples. Current focus is on the chromatographic separation of newly discovered
species and identification of unknown species through complementary techniques, prima-
rily of the elements of arsenic and selenium [144].

Several types of chromatography can be applied to the separation of arsenic species in
clinical samples [145,146]. Arsenic speciation of urine is critical to properly evaluating a
recent exposure to environmental and dietary arsenic. Ion-exchange chromatography is
one of the most popular chromatographic techniques [147–157], however, others have
employed ion-exclusion [158], reversed-phase [159,160], cation-exchange [161], ion-
pairing [162], gel-permeation [163], and micellar-liquid chromatography [164]. In an
interesting article, Mandal et al., extended the speciation application to the analysis of nails
and hair taken from people living in an arsenic affected area [165].

Like arsenic, many types of HPLC have been applied to the speciation of selenium in
urine. Although much work has been done [166–168], the metabolites of selenium in the
human body have yet to be completely elucidated and several types of HPLC have been
employed in this investigation. These include anion-exchange [169,170], cation-exchange
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[171,172] reversed-phase [173,174], gel-permeation [175], vesicle-mediated [176,177], and
ion-pairing chromatography [178–182]. Marchante-Gayon et al., additionally employed a
collision cell in the speciation analysis to eliminate argon based interferences [183]. With
respect to the selenium species in blood, Bendahl and co-workers used metal-ion affinity
chromatography to separate selenoprotein P from other selenium-containing proteins in
human plasma [184]. Both affinity and anion-exchange chromatography were used by
Reyes et al., in the speciation of selenium in human serum [185]. Michalke used only anion
exchange in the analysis of serum from healthy patients and serum from cystic fibrosis
patients; his results showed a significantly lowered concentration of selenocystine in sera of
cystic fibrosis patients [186]. In a similar vein, Nyman and co-workers used anion exchange
to separate selenium species in serum and prostate tissue of prostate cancer patients [187].

Various forms of HPLC have also found unique applications in the speciation of other
elements. These works are summarized in the Table 10.7.

Several chromatographic techniques have been employed in the area of metallomics.
These include size exclusion and fast protein as well as multi-dimensional techniques; all
have been found to be relatively soft separation techniques in that they are not disruptive
to the species. SEC is a variation of HPLC in which the separation is based on the differen-
tial degree of permeation of molecules of different sizes and shapes with respect to the pore
size and packing geometry of the stationary phase. In general, this technique is used for
high-molecular weight analytes and the retention behavior of the unknown may be corre-
lated to molecular mass. This chromatography coupled to ICP-MS detection has been
found to be of great use in the analysis of proteins as research efforts extend to the eluci-
dation of reaction mechanisms and evaluation of binding capacities of different elements
with biological entities.

Speciation studies of metals in biological tissues may elucidate mutagenic processes.
Richarz and Bratter [188] used SEC-ICP-MS in the investigation of the speciation of trace
elements in the brains of patients with Alzheimer’s disease. Post-mortem samples from
Alzheimer’s disease brains and from brains of a control group were investigated to determine
changes in the trace element distribution during the pathological process. Special emphasis
was placed on metallothioneins and a comparison between Alzheimer’s disease and control
brains showed a significant difference concerning several metallothionein metal levels, lead-
ing to the assumption that oxidative processes occurred in Alzheimer’s brain samples. In a
later work, the same authors [189] investigated protein-bound trace elements in human cell
cytosols (soluble proteins) of different organs as well as the same type of organ in different
pathological states. This work was based on the assumption that the cells of different organs
contain different proteins to perform their respective specialized functions; final identifica-
tion of the proteins was performed by means of specific protein assays with collected frac-
tions from the SEC column. Different elemental profiles were obtained for different organs
of the same patient and for the same organ of patients with different diseases. Therefore, the
authors concluded that metalloproteins and their bound metals may be used as biological
markers for physiological differences or pathological changes in human tissue. In a similar
vein, Boulyga utilized SEC-ICP-MS for comparative analysis of metal-containing species in
cancerous and healthy human thyroid samples. This work was performed so as to estimate
changes in metalloprotein speciation in pathological tissues; results showed a presence of
species binding Cu, Zn, Cd and Pb in healthy thyroid tissue whereas these same species could
not be detected in cancerous tissue.
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Table 10.7 Applications of HPLC-ICP-MS in elemental speciation in clinical samples

Element Matrix Summary comments Reference

Al, Fe Serum ICP-SF-MS was used to study the chemical forms of co-existing [409]
Al and Fe bound to human serum transferrin, an iron-binding 
glycoprotein.

V Serum The binding patterns of V to transferrin were studied. Tranferrin [410,411]
is a glycoprotein that has two binding sites (C-lobe site and 
N-lobe site).

Sb Blood, Patients with leishmaniasis were monitored after intramuscular [412,413]
urine, administration to study the biotransformation of N-methyl 
hair meglumine antimoniate to Sb�5 and Sb�3 in the human body. 

HPLC-ICP-MS is also used for urinary analysis to support 
biomonitoring [412].

Cu, Fe, Serum Ion-exchange chromatography coupled to ICP-SF-MS was used to [414]
Zn monitor essential elemental differences between patients on 

haemodialysis and healthy volunteers.

I Urine Urine samples were investigated for the presence of 2,4, [415]
6-iodophenol, an anti-inflammatory drug, as well as its 
metabolites.

P, Si Blood P and Si were monitored with a SF-ICP-MS in the development [416]
of a method for organophosphorus pesticides in blood plasma 
and organosilicon compounds in the human body due to surgical 
implants or devices.

Au Blood The gold binding sites in red blood cells were studied; SEC [417]
indicated that gold was not bound principally to haemoglobin, 
but rather to a significantly higher-molecular weight species.

Fe Serum Four molecular forms of transferrins with different iron-binding [418]
states were separated and the percentage of iron saturation was 
determined.

Cd Urine Metallothioneins are low-molecular weight, cysteine-rich proteins [419]
which function in the metal detoxification process; the concen-
tration of Cd bound to metallothioneins in urine can be studied.

B Urine, Clinical samples separated with a porous graphite carbon column [420]
blood and monitored with ICP-TOF-MS after boron neutron capture 

therapy (treatment for brain tumors) to determine boron drug 
metabolites. 

U, Th, Urine A novel matrix removal and gradient elution method was devel- [421]
Am, oped for the separation and simultaneous determination of 
Np, Pu ultratrace levels of five actinides.

Pt Plasma HPLC-ICP-MS was used in the analysis of plasma samples after [422–424]
platinum drug administration in an effort to classify 
biotransformation products, i.e., Pt adducts with plasma 
proteins, free platinum species.
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Often SEC is applied in the study of the elemental association with biomolecules.
Vanadium has shown promise medicinally as it may have anticancer effects as well as
insulin-like properties. Chery and co-workers [190] speciated vanadium in serum with
SEC-ICP-MS using a reaction cell pressurized with ammonia. Pb-bound ligands in human
amniotic fluid were studied by SEC-ICP-MS in a work performed by Hall et al. [191] This
work was done to support a study that examined maternal-faetal transfer of Pb by com-
paring Pb-bound ligands in amniotic fluid with those in maternal plasma. Using protein
standards, Pb-containing ligand identifications included ceruloplasmin, pre-albumin, and
a Zn-peptide; multi-element detection was employed to verify other known elements in
each of the proteins.

The toxic activity of some trace metals such as Cd and Pb is thought to relate to their
ability to compete with essential elements in proteins or to bind to DNA. Wang and 
co-workers used a magnetic sector ICP-MS coupled to the effluent of an SEC column in
pursuit of identification of elements in the proteins of human serum as well as in DNA
fragments [192]. Results showed that monitoring Cd, Cu and Zn in serum did not result 
in peaks in the appropriate molecular weight range for metallothioneins (~10 kDa) which
promotes speculation that these elements are not stored in metallothioneins in serum or
that the metallothioneins are bound to other larger proteins. Additionally, results indicated
complete binding of Pb, Cd, Mn and Fe to DNA fragments as well as binding of Cr(VI)
after reduction to Cr(III)/oxidation of DNA.

SEC-ICP-MS has also been applied for the investigation of drug–protein interactions and
binding; such studies are critical for elucidating mechanisms of drug action, toxicity, and
metabolism. For example, patients undergoing cisplatin chemotherapeutic treatment may
experience a decrease of haemoglobin in the blood and Mandal et al., therefore used this
technique to study the interaction of cisplatin and haemoglobin [193]. SEC was used to sep-
arate free and protein-bound cisplatin and ICP to monitor simultaneously 195Pt and 57Fe.
Results demonstrated the presence of haemoglobin bound platinum complexes which may
explain the mechanism for the haemoglobin reduction. In a similar vein, Szpunar and co-
workers studied the interactions of several Pt and Ru-based drugs with serum proteins [194].

Fast protein liquid chromatography (FPLC) is a second type of chromatography that has
been frequently utilized in the speciation analysis of large biomolecules and is based on
anion-exchange interaction. Cabezuelo et al. [195] used this chromatographic technique
coupled to a SF-ICP-MS in medium resolution to conduct the speciation of basal aluminium
in human serum. The speciation of this element is critical, as its excess has been documented
to cause neurological and skeletal toxicity in renal failure patients [196]. Montes-Bayon
extended the analyte list investigated with this instrumental setup; both low and medium 
resolution modes were employed in the determination of Ca, Sr, Fe, Cu, Zn, Se, Mn, Cr, Pb,
Al and Sn [197]. Fernandes and co-workers [198] used FPLC with a quadrupole instrument
equipped with a collision cell to study vanadium association to human serum proteins; the
collision cell was employed to alleviate the chlorinated interference, 35Cl16O�.

Sun and Szeto investigated the binding of bismuth to serum proteins using FPLC and
ICP-MS [199]. Bismuth complexes have been widely used in clinical treatment as anti-ulcer
drugs, however, the mechanisms of the drug action are poorly understood and adverse
affects have been diagnosed by detection of bismuth in the blood. The speciation of bismuth
in blood and blood plasma and the mechanism whereby bismuth is transported into the
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brain still remain unclear. In this work, the binding of bismuth to albumin and transferrin
was investigated to determine the target of this element in blood plasma.

Bidimensional chromatography with ICP-MS detection was utilized by Pizarro and 
co-workers [200] in their evaluation of the protein binding of arsenic species in cardiovas-
cular tissue. Inorganic arsenic has a high affinity for fibrous extracellular structures, insol-
uble structural proteins and fibrillary tissue with a high content of sulfhydryl groups. SEC
was used to fractionate the cytosol and the collected samples were then further separated
by FPLC. The resulting chromatograms showed that As is bound to biocompounds of dif-
ferent molecular mass through vicinal sulfur groups. Further, the monitoring of S, Cu and
P present in the fractions show that As and Cu are usually bound to the same type of pro-
tein. Multi-dimensional chromatography was also applied by Koyama et al., in the deter-
mination of selenium-containing proteins in human blood plasma [201]. The first column
was a heparin affinity column and the second was a gel filtration column.

10.5 Conclusions

Environmental and clinical applications of ICP spectrometry have received a significant
amount of attention in recent years. This is reflected in the volume of articles published
each year and are reviewed annually in the Atomic Spectrometry Updates of the Journal of
Analytical Atomic Spectrometry. The analysis of air involves the collection of particles on
filters, subsequent digestion of the filters and particles, and analysis by plasma spectrome-
try. Various methods are available to the analyst for digestion and have been described in
detail. The analysis of water samples is described, from sample collection to sample pre-
treatment and analysis. The preconcentration techniques currently available for the analy-
sis of water samples enable the detection of ultratrace concentrations of many elements.
HG is also available for increased sample throughput and speciation of samples may be
achieved using chromatographic separation techniques. The robustness of ICP-MS to
complex sample matrices as well as its compatibility for hyphenation to chromatographic
separation techniques makes it an appropriate analytical tool for clinical analysis. The dis-
tribution and concentration pattern of the essential elements are informative in terms of
overall health of an individual whereas the determination of concentration and speciation
of toxic elements in clinical samples allows forensic investigation of occupational or envi-
ronmental exposure as well as the potential route of entry into the human body. Finally, the
recent advancement in non-metal analysis enriched the analytical capability of ICP spec-
trometric techniques toward element-specific detection of organic compounds of envi-
ronmental and clinical interests. These latest advancements in the versatility of analytical
applications might lead to parallel elemental-molecular mass spectrometric techniques to
address more complicated analytical challenges.
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Chapter 11

Applications of Plasma Spectrometry 
in Food Science

Helen M. Crews, Paul Robb and 
Malcolm J. Baxter

11.1 Introduction

Plasma spectrometry has many applications in food science and is used in the analysis of a
wide range of samples in the ‘plough to plate’ food chain. Food science in the broadest sense
can be extended to include soil chemistry, plant uptake and, at the other end of the food chain,
to include studies into the metabolic fate of particular elements or elemental species when cer-
tain foods are consumed by humans or animals. Samples analysed by plasma spectrometry
can vary from the relatively simple and well defined, for example a single fruit or vegetable,
through to complex, highly processed whole meals, diets, digesta, excreta or other biological
samples. The establishment of routine automated analytical methods using inductively 
coupled plasma-atomic emission spectrometry (ICP-AES) and inductively coupled plasma-
mass spectrometry (ICP-MS) have permitted multi-element measurements of most elements
in the Periodic Table. Advantages of plasma spectrometry include the abilities to perform spe-
ciation studies when coupled with separation techniques, to measure isotopic composition
(ICP-MS) in nutritional studies and to identify sources of environmental exposure.

The most commonly encountered plasma methods in food science are ICP-AES and ICP-
MS (together with hyphenated techniques based on these methods). ICP-AES has largely
superseded direct current plasma (DCP) spectrometry because a major drawback of DCPs is
the lack of ease by which they may be incorporated into totally automated systems [1]. In a
review by Taylor et al., in 1997 the two ICP techniques each accounted for approximately 10%
of publications concerned with analysis of foods and beverages with atomic absorption tech-
niques cited in most of the remaining articles [2]. In atomic spectrometry reviews of foods
and beverages by the same group in 2003, 2004 and 2005 [3–5] the percentage of ICP-AES
articles remained at around 10% whilst publications in which ICP-MS was used had risen to
over 30%.When compared to ICP-AES, ICP-MS has lower detection limits but is more expen-
sive, due to its initial and running costs [6]. In addition, good quality analytical work requires
a specialised staff who are also able to assess both multi-element and multi-isotopic data. The
point is well made that purpose-written software can facilitate data gathering and manipula-
tion but visual inspection by an experienced analyst remains essential and this applies to both
ICP-MS and ICP-AES. Although ICP-AES has lower running costs, better tolerance to total
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salt content in test solutions and less severe matrix effects when compared with ICP-MS [7,8],
spectral overlap can be a problem. Some of the advantages of ICP-MS include fewer spectral
interferences than ICP-AES [9], improved sensitivity and a wider dynamic range. The wide
dynamic concentration range and speed of measurement makes this a particularly powerful
tool for surveillance, legislative and emergency work.

In this chapter some of the common interferences are described in some detail before
practical aspects of food analysis, including sample preparation, pre-treatment, quantifica-
tion, quality control and the application of plasma methods to speciation studies are dis-
cussed. Some future trends for plasma spectrometry in food science are also considered.

11.2 Analytical challenges

Spectral interferences in ICP-MS take the form of isobaric interferences (i.e. overlap of iso-
topes of the same unit mass) or polyatomic species resulting from the overlap of the analyte
peak by molecular fragments present in the plasma or formed from plasma and matrix
components, or doubly charged species that appear at mass positions m/2. Spectral overlap
remains a significant challenge for users of ICP-AES. Plasma-source methods of analysis are
therefore not without problems and caution may be needed when dealing with complex real
samples such as foods where matrix effects and interferences can occur.

Whilst quadrupole-based ICP-MS instruments show only unit mass resolution (peak
width approximately 0.5 � over the entire mass spectrum), ICP-sector field MS (ICP-SFMS)
permits measurements at a higher mass resolution [10]. Plasma source time-of-flight MS
instruments can achieve resolution figures that are better than conventional quadrupole
systems but their resolution is inferior to SF instruments and insufficient for separation of
important ICP-MS isobars such as 52Cr with 40Ar12C and 56Fe with 40Ar16O [11].

11.2.1 Isobaric overlap in ICP-MS

Quadrupole ICP-MS (the most common form of ICP-MS currently in use in food science)
has unit mass resolution, which means that isotopes with similar atomic masses will be
detected as the same isotope. Consequently, particular care may be needed when perform-
ing isotope ratio measurements and these are an important tool in human nutrition stud-
ies [12,13]. In most cases, however, isotopes free from isobaric interferences can be chosen
and In is the only element that does not have at least one isotope free of isobaric overlap
(113In, relative abundance 4.28%, is overlapped by 113Cd, relative abundance 12.26%, and
115In, relative abundance 95.72%, is overlapped by 115Sn, relative abundance 0.35%). This
particular isobaric problem can be severe since In is frequently employed as an internal
standard and could therefore cause difficulties in Cd isotopic ratio studies or low-level Sn
measurements. Both of these elements are important in food science and alternative internal
standards can be used in most cases. Isobaric interferences and their abundances are pre-
dictable from isotope tables and can often be avoided.

The use of an Ar plasma precludes measurement of the main isotope of Ca, 40Ca, but
levels of this element in foods are usually high enough to allow the use of the next most
abundant isotope, 44Ca. However, for multi-isotope nutritional studies, the inability to
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measure all Ca isotopes is a disadvantage. The use of cool plasma conditions (obtained by
using a low-radio frequency power and increased nebuliser flow rate) leads to a substantial
reduction in the intensity of Ar� and Ar-based ions. This can make the determination of
K, Ca and Fe possible but the use of a cool plasma also brings disadvantages: elements
characterised by high ionisation potential are no longer efficiently ionised, the signal inten-
sity of other types of molecular interferences such as oxide ions increase and matrix effects
become more pronounced [10]. Thus for food analyses where matrices are most com-
monly complex cool plasmas are not routinely used.

11.2.2 Polyatomic and doubly charged species 
interferences in ICP-MS

When samples are introduced into the plasma by nebulisation of aqueous solutions the
major plasma species are H, O and Ar. However, in the presence of solvent acids, for example
in digested foods, C, N, Cl, S or P ions may also be present. These species can form poly-
atomic species, which are usually binary but may include the addition of a hydrogen atom
[14–16]. In such cases, only some of the isotopes in the lower mass range, 1–84 m/z, are
affected. Table 11.1 gives some of the polyatomic species that may be important in the
analysis of food samples (taken from [17,18]).
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Table 11.1 Examples (non-exclusive) of polyatomic interferences of importance in food science [17,18]

Isotope Natural abundance (%) Potential interferents

26Mg 11.01 12C14N
39K 100 38ArH
42Ca 0.647 40Ar1H2, 

40Ar2H
44Ca 2.086 12C16O2
46Ca 0.004 14N16O2, 

32S14N
48Ca 0.187 32S16O, 34S14N
50Cr 4.345 36Ar14N
52Cr 83.789 40Ar12C, 36Ar16O, 35Cl16O1H
53Cr 9.501 37Cl16O
54Cr 2.365 40Ar14N, 37Cl16O1H
54Fe 5.8 40Ar14N, 37Cl16O1H
56Fe 91.72 40Ar16O
57Fe 2.2 40Ar16O1H
63Cu 69.17 40Ar23Na, 31P16O2
65Cu 30.83 33S16O2,

32S33S
64Zn 48.6 1H31P16O2,

32S16O2,
32S2

67Zn 4.1 35Cl16O2
70Zn 0.6 40Ar14N16O, 35Cl2
76Se 9.36 36Ar40Ar, 40Ar36S
77Se 7.63 40Ar37Cl
80Se 49.61 40Ar2, 

40Ar40Ca, 32S16O3
82Se 8.73 34S16O3
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For some analyses (e.g. analysis of diluted wines), the authors’ experience is that any con-
tribution to the low mass range signal from water can be reduced by using a cooled spray
chamber, thus reducing the water loading of the plasma [19]. When polyatomic species are
generated by reagent solutions and do not involve sample components, blank subtraction may
be sufficient to correct for their contribution. An alternative approach is to reduce the water
loading on the plasma using techniques such as multiple cryogenic desolvation [10,20].

An important challenge in the use of ICP-MS in food science occurs with As measure-
ments where 40Ar35Cl interferes with 75As and the Cl contribution may arise from the sam-
ple (e.g. in seafood). Judicious use of the measured responses on masses 77 and 82, as well
as that on 75 and the natural 35Cl:37Cl isotopic ratio allow calculation of the Cl contribution
to the 75As signal. The 40Ar37Cl contribution on 77Se also needs to be taken into account and
this may be calculated from the 77Se:82Se ratio. Although these calculations can be per-
formed automatically by instrument software, the usefulness of this approach is limited by
counting statistics, so that at low levels of As this method of correction is relatively ineffect-
ive. Other approaches can be used to overcome the problem, such as separation of the Cl
from the analyte by chromatographic techniques [21,22] or hydride generation for elements
such as As and Se. De-salting has also been reported as eliminating OCl�, HOCl� and
ArCl� interferences during the determination of Se and other elements in serum using a
Sephadex G-25 gel filtration column. However, it was also reported that Cu and Zn were
partially retained by the Sephadex gel used in that work [23].

Adding N2 to the Ar plasma gas supply has been reported as reducing polyatomic inter-
ferences for elements such as V, As and Se, all of which can suffer from Cl interferences
[24–26]. Cryogenic desolvation has also been used to reduce the Cl load in the plasma [20].

Levels of oxide species in the plasma can be significant, particularly for the lighter ele-
ments. Elements whose bond strengths are above about 500 kJ mol�1 (e.g. P, Mo, Si, Ba and
some of the rare earths) can show ratios of MO�:M� from about 0.1% up to a few per cent
for the most refractory species [27]. Some of these elements are present in significant
quantities in food (e.g. P), while many others (e.g. rare earths), are found at much lower
concentrations and the analyst needs to be aware of this problem. Although oxide levels
are, in part, a function of instrument design [28], levels are normally stable enough to be
corrected for with the use of standard solutions.

The effect of doubly charged species is generally much less serious than that of oxides
and other polyatomic species. In food science investigations, interferences from doubly
charged species are most likely to be encountered in the analysis of samples with a high
mineral content. If, for example, Ga was being assessed as a soil splash indicator in herbage
analysis then 138Ba2� could cause a problem where Ba was present at high levels because
the doubly charged species coincides with 69Ga�.

In the last few years progress has been made in tackling the problem of spectral interfer-
ences using multiple collision cell (MCC) or dynamic reaction cell (DRC) systems [10].
These are discussed in detail elsewhere in this book but essentially they involve an ‘inter-
action of the ion beam with a gas or mixture of gases that enables the chemical removal of
polyatomic interferents through collisional dissociation and selective ion-molecule reactions.
The quadrupole of the DRC also provides an active cut-off of gas-phase reaction products
from the cell, which leads to an efficient reduction of otherwise potential interferents at
higher masses’ [6]. Taylor and colleagues commented in 2005 [5] that the use of DRCs with
quadrupole ICP mass spectrometers had increased in the field of clinical and biological
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analyses and also that some laboratories are using sector-field instruments with their higher
resolving power to remove polyatomic spectral overlaps and thereby improve accuracy.

11.2.3 Ionisation interferences in ICP-MS

Elements such as Na, K, Cs, Mg and Ca have been shown to enhance the analyte signal for
several elements measured across the mass range while others such as B, Al and U cause
signal suppression [29]. Some elements that induce signal enhancement or suppression are
commonly encountered in food science where, for example, significant quantities of Ca,
Na, K and Al may be present in test samples. ICP-MS appears to be more susceptible to ion-
isation suppression effects than ICP-AES [30,31] but these effects could be compensated
for by stable isotope dilution (ID) or internal standardisation. The validity of correction by
internal standardisation relies on the internal standard being suppressed to the same extent
as the analyte therefore care is needed in choosing the appropriate internal standard(s),
which must be present in negligible quantities in the test material(s).

Prohaska et al. [32] used ICP-SFMS very successfully to measure 16 trace elements in
human milk and infant formulae. Their article is a good example of how to evaluate appro-
priate nebulisation systems and internal standards to minimise the impact of potential inter-
ferences, both spectral and non-spectral. Acid digests of the samples were measured and the
isotopes used (including internal standards), and limits of detection (LODs) are given in
Table 11.2. The LODs included the whole sample preparation procedure and reagents used,
and were 3 times the standard deviation of an average of n � 10 blank solutions. Values were
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Table 11.2 Selected isotopes and LODs for milk and milk powder samples measured using ICP-SFMS,
(adapted from Prohaska et al. [32]) compared with some LODs for ICP-OES milk powder determinations [33]

Internal LOD milk LOD milk powder LOD ICP-OES milk 
Isotope standard ng/g liquid ng/g solid powder ng/ml (�nm)

27Al 115In 10 50
45Sc 187Re 0.13 0.67
47Ti 115In 2.7 13
51V 103Rh 0.07 0.33
52Cr 103Rh 0.8 4.0 2.0 (267.716)
55Mn 115In 0.8 4.0 0.4 (257.610)
56Fe 115In 35 173 7.0 (259.940)
59Co 103Rh 0.07 0.33
60Ni 103Rh 0.13 0.67
63Cu 115In 1.3 6.7 6.0 (327.396)
75As 15In 1.3 6.6
109Ag 187Re 0.13 0.67
114Cd 115In 0.07 0.33
195Pt 187Re 0.01 0.03
197Au 187Re 0.05 0.27
208Pb 115In 0.27 1.3
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expressed on the basis of 1.5 g liquid milk or 0.30 g milk powder [32].For comparison, data
for a few elements (Cr, Mn, Fe and Cu) are provided for milk powder measured using ICP-
OES following partial digestion with hydrochloric acid [33]. Calcium, K, Mg, Na, P and Zn
were also determined.

11.2.4 Interferences in ICP-AES

Interferences in ICP-AES have been known since soon after the initial launch of the tech-
nique. Spectral overlap remains a limitation although selection of minimal interference lines
is a straightforward solution in many cases. As ICP-AES involves the emission of ion lines as
well as atom lines, the analyst has a wider choice of wavelengths than is the case with other
emission techniques. However, more emission lines can mean more overlap and a general
increase in the complexity of the emission spectrum. Improvements in monochromator and
instrument design to improve spectral resolution have also played their part in dealing with
this problem. Where unique emission line selection is not practicable, mathematical correc-
tions can be performed to compensate for interferences, but these may be complicated by
partial spectral overlap in some instances. The emission spectrum contains a background
continuum and elements such as Al can influence detection limits of several other elements.

Examples of spectral interferences of importance in food science include the Cu interfer-
ence on a relatively sensitive Zn line at 213.85 nm, Mg on the 202.55 nm Zn line and Cr on
the 206.20 nm Zn line. In addition Al will generate a continuum between 190 and 220 nm
which will affect detection limits [34]. Other examples include the measurement of Fe in
fertilisers, where Ca, P and K interfere [35], and the measurement of Co in plant and animal
tissues, where the Fe line interferes at 238.863 nm [36]. Matrix effects in ICP-AES are well
documented and the need to matrix match standards and samples, at least approximately, is
well known. In wine analyses, ethanol may be added to standards to assist matrix matching
(e.g. Ref. [37]). Internal standardisation can help in such circumstances, particularly if sig-
nal suppressants are present (e.g. Na or Ca), but other remedial action may be required. One
example of this is provided by Moon et al., where sodium levels in food digests had to be
reduced to below 150 mg l�1 before K levels were determined by ICP-AES [38].

11.2.5 Other sources of error

Although ICP-MS and ICP-AES are powerful techniques, care is still needed to ensure 
adequate quality control when performing measurements over a wide concentration range
and a thorough evaluation of the accuracy and precision may be required for each element.
Consequently, it can take considerable effort to develop robust methods which account for
all possible matrix and any associated interferences while still being able to take advantage
of the speed and sensitivity offered by the approach. Additionally, large amounts of data can
be generated (including isotopic information in ICP-MS) which require careful processing
and such procedures can be very time-consuming. Regardless of the type of matrix, analy-
sis of the samples most frequently encountered in food science can be considered in a num-
ber of discrete stages, namely sample collection and storage, preparation, pre-treatment,
quantification, quality control and reporting.
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11.3 Sample collection and storage

Effective accounts of sampling and sample preparation methods have been published by
Woittiez and Sloof [39], Jarvis [40] and Reilly [41]. Some useful guidance in specific areas
can be found in a bibliography published by Thomas and Schofield [42]. Sampling proto-
cols can be complex and the design of a suitable sampling scheme will vary according to the
nature of a given investigation. Samples taken for legislative or statutory purposes may have
to be taken by specially qualified personnel using prescribed methods and detailed records
of how each test sample was obtained and the subsequent custody chain can sometimes be
as important as the performance of a satisfactory analysis. A review of international legisla-
tion on trace elements as contaminants in food has been published by Berg and Licht [43].

Any sub-samples taken for analysis should be representative of the bulk matrix and all
test material should be stored in a way that prevents degradation or contamination either
from external sources or the containers used to hold the material pending measurement.
The type of laboratory test containers used to hold materials will depend on the element(s)
of interest, particularly when such analytes are ubiquitous in the environment (e.g. Al, Pb
and Zn). Care is needed to prevent contamination and clean, inert containers are an essen-
tial requirement for all analyses. In some instances steps may have to be taken to prevent
physical damage to samples (e.g. soft fruit), while in transit to the analytical facility and an
inert inner package (e.g. a plastic bag), may have to be held in a rigid Al foil case while in
transit. On receipt, full details of all samples should be registered and appropriate reference
numbers allocated to samples to ensure traceability before the samples are stored at a suit-
able temperature until required for use. Effective storage is particularly important where
there is the risk of microbial spoilage of the test samples.

11.3.1 Uncertainty associated with sampling

It has been recognised that the quality of a measurement is affected by the sampling processes
and procedures as well as the analysis. In fact, it is typical for sampling to make a larger con-
tribution than analysis to the uncertainty associated with the result of a chemical meas-
urement [44]. This is often neglected due to several factors. These are a lack of standard
procedures for the quantitative assessment of sampling in the food sector, a perception that
gaining information about sampling quality is difficult and expensive and a lack of commu-
nication between samplers and analysts. A well-characterised sample should be produced
following a prescribed or agreed sampling protocol and methods for assessing the perform-
ance of such protocols are being developed [45]. Samples, particularly those with a legislative
or regulatory impact should, wherever possible, be analysed by a method validated by col-
laborative trial [46] or by single laboratory validation following recognised protocols [44].

11.4 Sample preparation

There have been several reviews of sample preparation and recent texts, as well as covering
the generic needs for total element determinations also consider the impact of sample
preparation on studies involving different sample fractions or discrete forms or species of
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elements [3–6,47–49]. In general the aim of sample preparation is to produce a homoge-
neous bulk material that will allow representative sub-samples to be taken as required. For
speciation studies the aim is also to try and ensure that the procedures maintain the
integrity of the species under investigation. Fresh foods may have to be prepared as for the
table and the authors’ experience is that using stainless steel knives and clean plastic chop-
ping boards minimises contamination problems. Domestic blenders, coffee grinders and
food processors fitted with stainless steel, Ti or ceramic blades can be extremely effective at
homogenising food samples while minimising contamination. Larger quantities of mater-
ials (100 g or more) may require the use of catering or industrial-scale food blenders. If
the suite of elements to be analysed does not include volatile elements (e.g. Hg), then sam-
ples can be freeze dried before homogenisation. Removal of water can improve detection
limits in some cases and the resulting friable dried matter can be much easier to mix and
homogenise than the fresh matrix. However, freeze drying is unlikely to be effective for
foods such as raw cereals or root vegetables because the resulting dried material is relatively
hard to crush. Ensuring that the test material has been fully homogenised is difficult
although performing measurements in duplicate can help with this. The following examples
illustrate the way in which most common samples encountered in food science can be pre-
pared. None of the following can be guaranteed for all matrix/analyte combinations but
they have proved robust over many years of use in the authors’ laboratory.

11.4.1 Liquid foods

Milk, many wines and most other beverages only need to be shaken well before sub-samples
are taken. Sparkling wines, beers, etc. should be de-gassed in an ultrasonic bath before mix-
ing and those wines which form a precipitate, for example crusted port, some red wines,
etc., may have to be decanted into another container before sub-sampling. If Pb is to be
analysed in wines, then care may be needed to ensure that no contamination arises where Pb
foil caps have been used, as these can leave deposits on the lip of the bottle. Wiping the outer
lip of the bottle with a soft tissue and removing the sub-sample with a pipette has been
found to be effective in such cases [19]. To improve LODs, samples such as milk can be
freeze dried (if appropriate) and this can also help with longer-term storage.

11.4.2 Meat

Inedible material (e.g. skin, hair, etc.) should be removed and discarded before the edible
flesh is sampled. A representative slice should be taken through the piece of meat with a
clean stainless steel knife and the meat homogenised using a blender or equivalent. It is
imperative that the blender is cleaned well between samples using, for example, dilute
detergent followed by tap water and then pure water.

11.4.3 Fish and shellfish

The fish should be gutted, washed with pure water and portions of edible flesh taken for
analysis (i.e. avoiding the head, fins and larger bones). Whether to include the skin or not
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may depend on the type of fish and local dietary custom. Fish species that are normally eaten
whole should be blended without deboning. Removal of edible flesh from shellfish can be
awkward and time-consuming but wherever possible fresh samples should be analysed
which have been washed free of sand, etc. If practicable, viscera should be removed. It should
be noted that freezing some crustaceans can cause undesirable liquefaction of the flesh on
thawing. This can cause problems, for example if brown and white crab meat needs to be
analysed separately.

In all cases a food blender can be used to produce a satisfactory homogenate.

11.4.4 Vegetables

Gross surface contamination should be removed from both root and leafy vegetables by
brushing or washing with pure water. Analyses in support of dietary intake studies may
require that root vegetables that are customarily eaten whole (e.g. potatoes) should not be
peeled but are scrubbed before pre-treatment and outer leaves which are not normally
consumed should be discarded from leafy vegetables. However, peel and outer leaves may
have to be analysed in plant uptake studies and removal of surface contamination should
be undertaken using cleaning methods which approximate treatment prior to consump-
tion as closely as possible. Dicing the prepared vegetables, either using a stainless steel knife
or an automated dicer/chopper, can be helpful but further blending may be needed if
smaller sample sizes are taken for analysis.

Mushrooms should be brushed clean before analysis, bearing in mind that local custom
can dictate whether or not the outer skin is removed prior to consumption and that fungi
can absorb significant amounts of water during washing.

11.4.5 Fruits

The outer skin or peel of fruit can be a useful indicator of surface contamination and may
have to be analysed separately from the remaining edible portions of hard fruits such as
apples, pears, etc. A stomacher-type blender is useful for homogenising soft fruit [50].
Freezing the pulp, allowing it to partially thaw and mixing the iced slurry well can also help
produce a representative sample of flesh and juice.

11.4.6 Fats and oils

Oils need to be shaken well before sub-sampling but fats can probably be dealt with 
most effectively by melting and sub-sampling from the stirred molten bulk, although 
some fats may separate on melting, which can cause difficulties. Unless several different
sources of fat are to be analysed as a homogenate, most fats will have been effectively 
mixed during preparation and a representative slice taken through the bulk will probably
be adequate.
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11.4.7 Cereals

Edible grains need to be separated from the chaff and analyses performed either on a sub-
sample from a well-mixed bulk of individual grains or on a rough flour produced using a
coffee grinder or equivalent.

11.4.8 Mixed foods/whole meals/diets

When a mixture of ingredients is to be analysed there are several options. Representative
portions of the relevant food(s) can be combined in the laboratory or duplicate portions
of the diet can be combined and stored until collected for analysis. In the latter case, test
materials may have to be stored in an acid-cleaned plastic bucket (fitted with a lid) and the
resulting mixture of food and drink prepared for measurement. Pre-treatment in such
cases usually requires a large liquidiser or food processor.

11.5 Sample pre-treatment

Samples are normally pre-treated to allow efficient and quantitative introduction of the
elements of interest into the analyser system. This can vary from simple dilution of liquids
(e.g. wines) to more complex procedures involving dissolution in concentrated acids at
high temperature and pressure or the use of solvent extraction, ligand and ion-exchange
pre-concentration procedures. Clean-room facilities are strongly recommended for this
stage of trace analysis and the purest reagents available should always be employed.
Although laser-ablation (LA) techniques have been used on food matrices (e.g. Ref. [51]),
the challenge of calibration means that the benefits of rapid sample preparation are sacri-
ficed for semi-quantitative data.

11.5.1 Samples requiring minimal pre-treatment

Liquid samples offer the best opportunity for aspiration into the plasma source with minimal
pre-treatment. Multi-element determinations (48 isotopes) have been performed on wine
samples by ICP-MS following simple dilution with water and flow injection (FI) into a
stream of 5% ethanol and 0.5% nitric acid [19]. Wine has also been analysed after dilution by
Augagneur et al., using ICP-MS [52]. Diluted sherry, which had undergone heat treatment,
was analysed by ICP-AES [53]. Another example of minimal pre-treatment was provided by
Al-Swaidan, who used direct aspiration of aqueous dilutions of orange, apple and pineapple
fruit juices into an ICP-MS to determine Fe (between 4.49 and 8.19 mg kg�1), Sn (between
5.16 and 200 mg kg�1) and Pb (between 0.203 and 0.332 mg kg�1) [54]. Dean et al., prepared
slurries of dried milk powder for analysis by ICP-MS when measuring Pb isotope ratios [55].
In this work, milk powder (5 g) was mixed with 0.1% Triton-X as dispersant in 200 ml of
water and the pH adjusted to 7.4 with ammonia solution to prevent protein precipitation.
The same method for slurries was used by Baxter et al., to measure Al in infant formulae by
ICP-MS [56]. Stuerup and Buechert used a similar approach when measuring Cu and I but
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these workers dissolved milk powder (0.2 g sample plus 50 ml diluent) or whole milk (0.5 ml
sample plus 9.5 ml diluent) in an alkaline solution of tetra-methylammonium hydroxide
prior to analysis by ICP-MS [57].

Electrothermal vaporisation as a sample introduction method has been used in some
food analyses (e.g. on both dissolved and slurried food samples) [58], and in the measure-
ment of As in test solutions produced from plants [59]. In both cases, standard additions
were the preferred method of calibration to eliminate matrix effects. Grégoire et al., also
obtained good results from the analysis of the certified reference materials (CRMs), LUTS-1
(lobster hepatopancreas) and SRM 1548 (selected reaction monitoring mode) (total diet)
when measuring Mn, Co, Cr, Ni and Cu using ETV-ICP-MS [60].

11.5.2 Digestion of foods and related samples with acid(s)

The aim of all digestion methods is to transfer the element(s) of interest into the final solu-
tion quantitatively and efficiently, preferably with total decomposition of the bulk matrix
and removal of potentially interfering species. While there are many different methods of
achieving this, none of the methods developed to date are perfect for all elements and matri-
ces. Quadrupole ICP-MS users sometimes prefer to avoid the use of HCl to minimise Cl
interferences in As and Se measurements or avoid H2SO4 if cone blockage by salt formation
is a problem. Safety constraints also limit the use of some acids (e.g. HClO4 or HF, in some
laboratories). Further pre-treatment may be needed in other circumstances; for example,
where a redox cycle has to be used in the determination of As by hydride generation when it
is necessary to ensure that all of the As is in a known oxidation state. Different types of heat-
ing have been used during the digestion of foods and related matrices. Negretti de Brätter 
et al., compared microwave-based digestion and pressurised ashing systems, using different
acid mixtures, for the determination of mineral and trace elements in total diet samples by
ICP-AES [61]. These workers concluded that the best results were obtained from digestion
with either nitric acid alone or with nitric acid and hydrogen peroxide (2:1) for both pres-
surised ashing and microwave-based digestion methods. Wet ashing with nitric acid and
hydrogen peroxide was used by Muto et al., to prepare freeze-dried food samples for meas-
urement by ICP-MS when 13 elements were determined using In as the internal standard
[62]. Shiraishi et al., analysed duplicate diet samples for trace and ultra trace levels of Ba,
Mo, Ni, Co, Cd, Cs, Tl, Pb, Bi, Th and U [63,64]. In their study, samples were dried and then
dry ashed in a muffle furnace prior to digesting the ash with nitric acid (prepared in a sub-
boiling still) and ultra-pure perchloric acid in a microwave oven. Sample solutions were
taken to dryness on a hot plate before being dissolved in nitric acid and the diluted nitric
acid digests were measured by ICP-MS with rhenium as internal standard. Good agreement
was achieved between measured and certificate levels of elements in reference materials and
the LODs (defined as 3 times the square of the error counts obtained for the blank solution)
for Th and U were 1.3 and 2.9 pg ml�1, respectively [64].

Microwave dissolution for preliminary breakdown of samples combined with an open-
beaker digestion using nitric acid and hydrogen peroxide has been reported for the deter-
mination of 24 elements in some reference materials (oyster, liver and animal muscle) 
by ICP-MS [65]. Total sample preparation time was 2 h per sample with a five-element
internal standard being used to compensate for instrument drift and matrix effects.
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Compounded animal feed, imported gluten pellets, milk, some dairy products, and vari-
ous animal tissues and fluids were analysed using low-pressure microwave dissolution with
nitric acid following an incident in which animal feed became contaminated with Pb and
other elements [66]. The use of microwave digestion (12 digests per run) permitted rapid
sample throughput using a rapid microwave power programme which lasted 20 min. Pb,
Cd, Mg, Zn, Cu, Fe, Co and Mn were determined in diluted nitric acid digests using ICP-
MS. The high sample throughput achieved in this study was important in producing reli-
able data rapidly.

Some elements are particularly difficult to measure in biological matrices and special pre-
treatment methods may be required. Sun et al., reported the use of a mixture of acids
(HNO3, HF, H2O2 and H3BO3) to pre-treat samples prior to measuring Al by ICP-AES [67].
They concluded that HF had to be present to ensure complete dissolution of the Al in the
meat and shellfish they analysed. Cox et al., developed a method for measuring 129I by ICP-
MS in which cabbage samples were homogenised, dried and then dry ashed for 6 h [68]. The
ash was then refluxed with sulphuric acid for 30 min and iodine trapped as iodide in a 
U-tube containing NaHSO3. The 129I was subsequently introduced into the plasma as iodine
using NaNO2 as oxidant with an LOD on a fresh weight basis of 1.4 ng kg�1 being achieved.
Larsen and Ludwigsen performed iodine determinations on digests prepared using wet ash-
ing in closed stainless steel bombs with a mixture of nitric and perchloric acids [69]. In this
work iodine contamination at 9 ng per ashing was observed from the polytetra fluroethyl-
ene (PTFE) liners of the reaction vessels. Nevertheless a detection limit (based on 3 times
the standard deviation of reagent blanks) of 30 ng g�1 (dry mass) was obtained.

Another aspect of food science concerns food-packaging materials (e.g. polymers),
which may contain low levels of the chemicals used in their manufacture, including cata-
lyst residues. In polymers intended for food contact use, these substances may migrate
(transfer) from the polymer into the food [70]. Consequently, there is a need to identify
potential food contaminants in packaging materials. Trace elements have been determined
by ICP-MS in a wide range of food contact polymers using microwave digestion with nitric
and sulphuric acids, and the results were comparable to data obtained by LA-ICP-MS and
neutron activation analysis (NAA) [16]. LA-ICP-MS allowed rapid multi-element screen-
ing of polymers prior to full quantitative analysis but the polymers required vigorous
digestion procedures and ideally an alternative is needed for sulphuric acid if all the elem-
ents of interest are to be measured with adequate LODs by ICP-MS. Tin is a specific element
which may enter some food packaged in cans. Although many tinned foods are found in
cans with inner surfaces coated with lacquer, tomato soup and some other products con-
taining tomatoes can be found in unlacquered cans. Tin levels have been measured in a
variety of foods by Biego et al. [71] and Sumitani et al. [72].

11.5.3 Other techniques

Fusion methods have been used for many years in the analysis of metals, soils, etc. but have
had relatively little use in food analysis by plasma spectrometry (e.g. Krushevska and
Barnes [73] and Lásztity et al. [74]). The fusion reagents that are added to test samples can
result in analytical solutions that are relatively high in dissolved salts and trace impurities,
which can influence detection limits for some elements.
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Speciation studies using ICP-MS or ICP-AES for element quantification need to remove
the various element complexes and compounds without changing their chemical form
[47,48]. Methanol is a popular solvent for use in Sn [75] and As [76] speciation studies.
Supercritical-fluid extraction has also been used in studies of organotin species in fish [77]
although the method has yet to achieve more widespread use. Enzymatic hydrolysis is often
used to prepare samples for speciation measurements. For example, one of the most effect-
ive methods for degrading whole yeast samples, yeast extracts and specific yeast fractions
for Se analysis has been achieved by proteolysis using protease and lipase followed by treat-
ment with pronase XIV [78]. Compounds containing peptide bonds are broken down to
selenoaminoacids (mostly selenomethionine – SeMet) and inorganic Se.

11.5.4 Pre-concentration methods and removal of interferences

When low LODs are required it may be necessary to pre-concentrate the elements of inter-
est and this is particularly challenging in speciation studies [47]. Ion-exchange is a well-
established method of pre-concentration (e.g. Ref. [79]) and offers the possibility of use in
speciation studies where the oxidation state of the element(s) of interest needs to be pre-
served. Recent developments in this field have included on-line pre-concentration in the
multi-element analysis of biological fluids, (e.g. Cd, Cu, Mn, Ni and Pb [80]). One advan-
tage of isolation of the elements of interest is the possibility of separating the analyte from
bulk ions in the test solution, such as Na, K and Ca, which can reduce interferences and
improve sensitivity. Another method of preventing interferences is to use hydride gener-
ation techniques for those elements that form volatile hydrides plus Hg, which can be
volatilised under hydride generation conditions. A significant disadvantage of multi-
element hydride generation measurements is that the experimental conditions used may
have to be a compromise and may lead to elevated background levels of Hg from some of
the reagents used.

11.6 Quantification

There are several textbooks and reviews that describe the principles of plasma source spec-
trometry (e.g. Refs. [17,18,41,81–83]). However, the ability to acquire both multi-element
and multi-isotopic data rapidly is a major advantage of ICP-MS. Although ICP-AES allows
the analyst to carry out multi-element determinations, compared with ICP-MS it has 
limited sensitivity for some of the analytes. The advantages of internal standardisation for
compensating for the effects of changes in viscosity, surface tension and aerosol character-
istics of standards and samples are well established. An early comparison between ICP-MS
and ICP-AES for the analysis of four biological reference materials showed that the sensi-
tivity of ICP-MS for elements above mass 80 was superior to that obtainable by ICP-AES
[84]. However, at that time the precision of ICP-MS for multi-element analysis was poor
compared to ICP-AES. Since then, better quadrupoles have become available and more 
stable instruments have evolved. Current experience is that accurate and precise multi-
element analysis of CRMs is possible [26,32]. It is of note that the addition of 8% nitrogen
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to the aerosol carrier (nebuliser) gas flow reduced polyatomic interferences and improved
the measurement of 51V, 53Cr, 67,68Zn, 75As and 77Se [26]. However, this was accompanied
by an increase in LOD when the nitrogen was added, although this did not cause any prob-
lems with the multi-element determinations reported.

11.6.1 Practical considerations

There is a great temptation to maximise the perceived benefit of an analysis by obtaining
as much information as possible from each test sample. With plasma-source techniques,
which can enable the determination of most of the elements of interest in the Periodic
Table, it has been said that it is just as easy to measure 20 elements as one. Automated pro-
cedures and readily available multi-element standards mean that this can be the case but
caution is necessary as data processing becomes much more of a challenge as the number
of elements studied is increased. Monitoring multiple isotopes or emission lines can give
the analyst additional confidence in the final results although problems can occur when
working close to LODs, when uncertainties can be relatively high.

11.6.2 Data analysis

Software provided by instrument manufacturers is usually very effective at generating
mg l�1 concentrations in the test solutions analysed and can make the appropriate correc-
tions for interferences and perform internal standardisation, etc. However, multi-element
analyses in support of food science may require considerably more data processing before
results can be reported as mg kg�1 in the commodity or other test material. When multi-
element analyses are performed it is wise to use at least three reagent blanks in case spot
contamination or an instrument ‘glitch’ causes an erroneous value to be recorded from one
measurement. Although instrument software can accommodate blank correction for a sin-
gle sample, it is not possible to use the mean of several blanks that may have been included
in the test batch.

If spike or reference material recoveries are also to be assessed, and perhaps used to cor-
rect the test data, then additional software is required. Single-element measurements can
be processed with simple spreadsheets but more complex data (e.g. 40 isotopes in 50 test
samples) require purpose-written software. Spreadsheet macros offer a flexible approach
to dealing with this problem, allowing large numbers of elements/isotopes and test samples
to be processed in each batch. The disadvantage of this approach is that the macros have to
be written in-house as none are, as yet, commercially available. Even with efficient software
tools, data processing from multi-element analyses can be a lengthy process and can take as
long as the pre-treatment processes used in the earlier stages of the analysis. The analytical
community is currently giving some thought to methods for reporting measurement 
certainty [44] and this will almost inevitably require analysts to develop methods for
assessing the reliability of each value quoted in a test report. Yet more data processing
seems inevitable although visual inspection of data by an experienced analyst remains an
important tool.
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11.6.3 Isotope ratio measurements

Sample throughput for ICP-MS is rapid and in contrast to ICP-AES enables the determi-
nation of several isotopes in each acid solution prepared for analysis. This is a positive
attribute when compared with isotopic determinations involving, for example, thermal ion-
isation, secondary ionisation and fast atom bombardment MS [85] for which extensive
cleanup and pre-concentration of samples may be required. The major criticism of ICP-MS
for isotope ratio determinations is that it is less precise than the conventional MS methods
and this is due to a combination of factors. These factors include relatively poor sensitivity
and hence counting statistics, relatively ineffective dead-time corrections (the interval dur-
ing which the detector and its associated counting electronics are unable to resolve succes-
sive pulses, resulting in a non-linear response above count rates typically �1 � 106 counts
per second), mass bias effects (when the observed or measured isotope ratio differs from the
true value as a function of the difference in mass between two isotopes), resolution (directly
related to the quadrupole) and abundance sensitivity [13,83].

Thus the achievable precision is limited by Poisson ion-counting statistics for instru-
ments as well as memory effects in the sample introduction system. Other factors, such as
noise from the plasma and electronics, can lead to isotope ratio measurement precisions
that are poorer than those which would be predicted from the counting statistics alone [83].
Begley and Sharp found that while an educated selection of acquisition parameters can give
rise to a practical precision of about 0.05% for 107Ag:109Ag ratio measurements, for example,
precision is limited by inaccuracies associated with the operation of the quadrupole mass
analyser and the statistical error arising from the random arrival of ions at the detector [86].
Sample matrix and size, as well as concentrations of each isotope of interest also influence
the precision of measurements. New developments in ICP-MS and improvements in reso-
lution [10] offer the prospect of much more precise isotope measurements that are finding
applications in foods and biological materials [87–89].

Recent advances in MS have been accompanied by a massive increase in computing
power and software development allowing complex mathematical equations to be solved
quickly. The use of mathematical modelling for nutrition and mineral absorption studies
is described for Se, Cu, Zn and Ca by Dainty and Fox [90]. In particular the uses of stable
isotopes for quantifying Se in the investigation of Se status in humans [91] and its bioavail-
ability from labelled foods have been reported [92–94]. For Se precisions of 1% or better
are generally adequate for use in nutritional and clinical studies if Se concentrations are
optimised as far as possible by judicious use of the isotope labels. The doses of isotope
labels should be small enough not to perturb the steady-state conditions in the body of the
volunteer but the detection limit of the ICP-MS instrument used to determine the isotopic
enrichment must be taken into account when calculating experimental doses [91].

11.7 Quality control

It has been said that ‘all analytical results are wrong but it is just a question of by how much’
[95] and this statement applies to all forms of analysis. Effective analytical quality control
must make sure that a given result is fit for its purpose but this presupposes that the end-user
requirement is well defined. In theory, the end user of data should define the quality level
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required and all the analyst then needs to do is to use established criteria to demonstrate that
the necessary standard has been achieved. In practice, however, end users of data are not
always aware of the technical limitations that can influence the final quality standard, particu-
larly when multi-element analyses may require different standards for different elements
over a wide concentration range.

Formal accreditation systems, such as those operated by the United Kingdom Accredita-
tion Service (UKAS) [96], are essential quality control tools in many areas of food analysis
but they rely on the analyst developing efficient measures of quality. Useful quality control
criteria have been suggested for single analyte determinations by Thompson and Wood
[97] but the scientific community has yet to agree generic criteria to apply to multi-analyte
measurements. However, quality criteria for use in multi-element ICP-MS analyses of
food have been discussed by Baxter et al. [98] and are now being referred to by other ana-
lysts (e.g. Leblanc et al. [99]).

Proficiency testing [46] is an external check of quality and is increasingly required as part
of compliance with formal accreditation systems where a suitable scheme is available. It 
provides an independent and unbiased assessment of the performance of all aspects of the
laboratory, both human and hardware. Some results [100] suggest that whilst the use of
accredited methods may have little effect on the accuracy of results generated by a laboratory,
continued participation in a proficiency scheme such as the Food Analysis Performance
Assessment Scheme (FAPAS®) can, with appropriate corrective action improve performance
for individual laboratories. Good analytical performance may not necessarily depend on the
equipment available but how it is used. Having the experience available to interpret a tech-
nique is invaluable and a well-developed method, however old, will still perform adequately
when employed for its original application but may not be suitable for new applications.

An important part of the process of gaining and transferring experience is internal qual-
ity control (IQC), which Thompson and Wood [97] define in their article on IUPAC/AOAC
harmonised guidelines for IQC as ‘routine analytical procedures that enable the analytical
chemist to accept a result or group of results as fit for purpose or reject the results and repeat
the analysis’. However, it must always be recognised that quality data generated for one
application may be totally inadequate for use in another.

Wherever possible, IQC criteria should be established in advance of a study to cover all
the different types of matrix, analyte and analyte concentration that might be encountered.
This inevitably assumes that either the analytical problem being investigated is well char-
acterised or that quality criteria can be established in advance by a relatively small number
of cost-effective experiments. In practice, however, this is not always possible and, for
example, an analytical survey containing a large number of different analyte/food com-
binations could generate tens of thousands of data points. Establishing rigid criteria for
such a survey might not be possible until many of the analyses have been completed. At the
opposite end of the scale, analysing several elements in a small number of samples could
mean that establishing all of the necessary quality criteria before the work was performed
was simply not cost-effective. Nevertheless it is vital that quality criteria are monitored so
that details can be included in any test reports. Wherever possible analysts should establish
routine IQC checks which allow problems to be identified at an early stage so that remedial
action can be taken promptly.

The following criteria have been established for the analysis of food by ICP-MS [98]
although some criteria have wider application to other plasma-source techniques.
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11.7.1 General observations

There is no substitute for an experienced analyst and the ‘art’ of trace element measurement
still remains an important, but sometimes almost indefinable, factor. Suitably qualified,
experienced and highly motivated staff are essential prerequisites for good quality work.

11.7.2 Instrument performance

There is little point in proceeding with quantification of a test solution if the detection sys-
tem cannot produce meaningful results. System suitability checks should be performed
using, for example, tuning solutions or specific concentration standards to confirm that an
adequate response can be achieved. In this case, suitable criteria can be established for
selected elements in advance of any specific set of measurements with relative ease.

In the case of ICP-MS, severe instrument drift during the analytical run can indicate
problems, particularly if the foods are rich in elements that can form solid deposits on
instrument cones. Although internal standards can be used to correct for some drift, the
effectiveness of any corrections should be assessed by measuring a mid-range calibration
standard at the start and end of each test run. In the authors’ laboratory an average ICP-MS
run containing about 50 test solutions (made up of samples plus standards, etc.) will take
about 5 h to measure. Experience obtained in the analysis of 40� isotopes per food sample
by ICP-MS has shown that the majority of check standard results should lie within �20%
of the initial value.

In theory, ICP-MS calibrations are linear over many (six to eight) orders of magnitude
of concentration and a single calibration standard is all that is required. However, it is com-
mon practice in the authors’ laboratory to use up to six calibration standards to bracket the
concentration range expected in test solutions. Experience has shown that linear calibra-
tions are achieved with calibration solutions in the range 	0.5–2000 �g l�1 for pulse mode
measurements and 	2000–50 000 �g l�1 for analogue mode measurements. Where wide
concentration ranges are encountered in different samples within a batch, care is needed to
ensure that cross-calibrations are effective and that excessively high or low standards do
not distort the calibration graph in the region of interest.

11.7.3 Limits of detection

A good discussion of LODs and accuracy in trace element analysis in general has been pub-
lished [101]. In practice, the LOD expressed as mg kg�1 of sample (see also Table 11.2) is
strongly dependent on the material being analysed, the dissolution procedure and back-
ground levels of the analytes in reagents. Elevated LODs are effective indicators of possible
contamination of the test samples or memory effects. The LODs given in Table 11.3 were
obtained after multi-element analyses by ICP-MS of total diet survey (TDS) samples from
the UK [102–104] and from France [99] that involved a wide variety of foods. For the 
UK samples elements were determined after sub-samples (0.5 g dry weight equivalent)
were digested with nitric acid (5 ml) in microwave-digestion vessels. For the French sam-
ples about 0.6 g of the food composite samples were digested with nitric acid (3 ml) also in
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a closed microwave system. The resultant digests were diluted and analysed by ICP-MS or
HG-ICP-MS (hydride generation-inductively coupled plasma mass spectrometry) for
some As, Se and Hg measurements. The LODs for the UK TDS samples were calculated
from 3 times the standard deviation of the reagent blank corrected for sample weight and
digest dilution [102–104]. The higher values quoted for the UK samples in this table arose
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Table 11.3 Typical ICP-MS LODs (mg/kg fresh weight) for sample analyses from the 1994 UK, the 1997
UK and the 2000 French TDSs NA � not analysed [102–104,99]

Element 1994 UK TDS 1997 UK TDS 2000 French TDS

Li 0.002 NA 0.003
B 0.4 NA NA
Mg NA NA 0.246
Al 0.27 0.04–0.1 0.114
Na NA NA 2.915
Ca 6.5 NA 7.65
Cr 0.1 0.01–0.09 0.015
Mn 0.01 NA 0.08
Fe 0.25 NA NA
Co 0.001 NA 0.001
Ni 0.02 0.002–0.02 0.0315
Cu 0.02 0.002–0.02 0.019
Zn 0.3 0.04–0.3 0.0815
Ge 0.002 NA NA
As (ICP-MS) 0.003 0.0004–0.003 0.0045
As (HG-ICP-MS) 0.002 NA NA
Se (ICP-MS) NA NA 0.0225 
Se (HG-ICP-MS) 0.003 0.0004–0.003 NA
Br NA 0.03–0.2 NA
Sr 0.003 NA NA
Mo 0.003 NA 0.003
Ru 0.002 NA NA
Rh 0.0001 NA NA
Pd 0.0003 NA NA
Cd 0.001 0.0001–0.0009 0.0005
Sn 0.02 0.001–0.009 NA
Sb 0.001 NA 0.0005
I NA 0.03–0.2 NA
Ba 0.008 NA NA
Ir 0.001 NA NA
Pt 0.0001 NA NA
Au 0.0003 NA NA
Hg (ICP-MS) NA NA 0.0055 
Hg (HG-ICP-MS) 0.0006–0.002 0.0004–0.003 NA
Tl 0.001 NA NA
Pb 0.01 0.0006–0.005 0.005
Bi 0.0001 NA NA
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primarily because of the higher sample dilutions that were needed to measure nutrient elem-
ents in some samples or when relatively low abundance isotopes were monitored to min-
imise interference effects (e.g. Ca). It should be noted that instrument detection limits were
lower (on average, approximately 100-fold) than those shown in the table. For the French
TDS samples the LOD was quoted as corresponding to twice the limit of quantification
[99]. The ICQ criteria for both French and UK studies were similar to those described by
Baxter et al. [98].

11.7.4 Spike and reference material recoveries

Each test run should also include spiked blanks and reference materials. Semi-quantitative
analyses of typical samples prior to the main study can give an indication of the levels of
each element in the food. Consequently, spike levels can be set approximately equal to the
concentrations in the test material. In addition, analysing digested reference materials such
as peach leaves, oyster tissue and bovine liver allows the analyst to assess overall method
performance. Table 11.4 shows an example of the level of agreement that can be obtained
between certificate values and a selection of measured data for the reference material
National Institute of Standards and Technology (NIST 1547) (peach leaves) [98]. However,
it should be noted that these data are the mean of 80 measurements and some variation is
expected for these elements in individual batches. Acceptance criteria such as those estab-
lished by the authors and used for accreditation purposes are very useful; for example, all
reference material measured values to be within �40% of the certificate value with 75%
being within �20% of those quoted by the certification body. However, it is important to
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Table 11.4 Reference material results for NIST 1547 (peach leaves) obtained
using ICP-MS (n � 80) (Baxter et al. [98])

Element Measured Certified (indicative)

B 30 29
Mg 4300 4320
Al 250 249
Ca 16 000 15 600
Cr 0.90 (1.0)
Mn 110 98
Fe 210 220
Co 0.07 (0.07)
Ni 0.71 0.69
Cu 3.3 3.7
Zn 20 17.9
Se (HG-ICP-MS) 0.14 0.12
Mo 0.05 0.06
Cd 0.03 (0.03)
Sn 0.2 (0.2)
Pb 0.90 0.87
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use several different reference materials when complex matrices such as mixed diets are to
be analysed [98,99,102].

CRMs for speciation analyses are still not widely available, with greatest efforts being
made to produce CRMs for As and Se (e.g. Ref. [105]).

11.7.5 Replicate analyses

It is very important to undertake appropriate replicate analyses when dealing with com-
plex matrices, such as foods, which are difficult to homogenise. A minimum of a 10% audit
of samples should be re-analysed in a separate batch to identify batch-specific errors.
Agreement between replicates should be better than �20% or twice the LOD. The latter
criterion is important in low-level measurements and is equivalent to some definitions of
limit of determination or quantification [99].

11.7.6 Reporting results

Raw data generated by multi-analyte measurement techniques are complex and in some,
but by no means all, cases are difficult to present in an easy-to-read format. Basic principles
of what information should be included in a test report are given by formal accreditation
agencies (e.g. UKAS [96]), and these cover the need to uniquely identify all materials
tested, provide IQC information and a full list of measured data as required by the end
user. In surveys where element levels are reported in a range of similar commodities, the
maximum, minimum and mean values can be useful. However, a single large high or low
value can distort the distribution and hence the mean value. In such circumstances, report-
ing the median value can be useful if a ‘typical’ concentration is required.

11.8 Speciation studies

There have been many reports on speciation studies in food and several texts provide an
excellent overview of methods for trace metal speciation, some of the problems associated
with the techniques and their applications [106–110]. In the most recent text [110] applica-
tions are described for speciation in food and biological samples including for example Al,
As, Cd, Cr, Pb, Hg, Mo and Se species. Topical examples of speciation studies are given below.
These are works with As, studies involving chromatographic coupling to plasmas and studies
of Se bioavailability and speciation.

11.8.1 Arsenic speciation

Arsenic, particularly in fish, is a good example of the requirement to determine both total
levels of the element and the chemical form, and where there is a need in legislative processes
for speciation data to be available to facilitate meaningful decisions based on the differences
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between the various As species that may be present in food [111]. Total As levels have been
determined in foods by ICP-MS [112] and higher levels are generally found in fish. Inorganic
forms of As [As(III) and As(V)] are much more toxic than forms such monomethylarsonic
acid and dimethylarsinic acid, which are in turn more toxic than arsenocholine and arseno-
betaine. The latter is frequently reported as the main organoarsenic compound in fish and
has been isolated, for example, from seafood products using anion-exchange chromatog-
raphy coupled to ICP-MS [76] and by reversed-phased chromatography (RPC) ICP-MS
from blue mussels [113]. A recent publication has investigated the use of CE-ICP-MS to spe-
ciate As in fish and oyster tissues following microwave extraction of the As species using an
80% v/v methanol-water mixture [114]. Under these conditions 100% of the total As in tis-
sues was extracted and both known and unknown species were found.

Hansen et al., isolated seven As species using anion- and cation-exchange systems with
ICP-MS [115]. Arsenic has also been monitored following high-performance liquid chro-
matography (HPLC) ICP-MS to determine the presence of the growth promoter 4-hydroxy-
3-phenyl-arsonic acid in chicken tissue [22]. Arsenic species have been measured in chicken
meat [116] using anion-exchange with ICP-MS and in rice using a Dionex IonPac AS7col-
umn [105]. The latter study was part of a European Commission project to investigate the
feasibility of producing CRMs for As and Se species. Vela and Heitkemper [117] studied
total and speciated As in infant foods of terrestrial origin. Of the foods they studied – purée
infant food products including rice cereals, fruits and vegetables – rice cereal would con-
tribute most to the daily As intake with inorganic As accounting for approximately 48% of
the As in the cereals analysed. Sample treatment with trifluoroacetic acid was an efficient
and mild method for extraction of As species.

11.8.2 Applications using HPLC

Other authors have reported the use of HPLC with direct-injection nebulisation ICP-MS to
determine As, Sn, Pb and Hg species [118,119], the role of chemical speciation on the deter-
mination of Hg in cod by ICP-MS [120] and the use of ion-pairing and RPC-ICP-MS for the
measurement of organolead compounds [121]. Al and other element species have been
measured by size-exclusion chromatography (SEC) ICP-MS in tea [122,123] and in intestinal
digesta [124]. Inorganic halogen species have also been determined in water and soup using
liquid chromatography (LC) ICP-MS [125] and bromate in bread by ion-exchange chro-
matography (IC) ICP-MS [126,127]. Iodine speciation in commercially available seaweed
(consumed not only in Asia but increasingly in Europe and some African countries) was
investigated using several chromatographic techniques with ICP-MS, including SEC,
IC-HPLC and RP-HPLC [128]. Not only were iodine species extracted but also information
on the association of I with the various seaweed components was obtained. For example
iodide was the most predominant species in one product (Kombu), but a more complex 
distribution of I was found in another (Wakame) including the chemical forms mono-
iodotyrosine and di-iodotyrosine probably bound to proteins.

Perhaps most progress has been made in the application of HPLC-ICP-MS to the separ-
ation and characterisation of some metal-binding proteins. In 1980, gel permeation chro-
matography was coupled to the nebuliser of an Ar plasma AES [129] and Co, Cu, Fe, Mn,
P, Zn and C were determined simultaneously in a mixture of proteins. However, some
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problems were encountered with adsorption of protein on to stainless steel tubing, making
absolute quantification of the elements impossible.

The potential of ICP-MS for speciation studies was explored further and in 1987 protein
standards were used to characterise HPLC coupled to ICP-MS [130] and a scavenger col-
umn containing Chelex 100 ensured that buffers were free of the elements of interest.
A mixed-protein standard, which included vitamin B12, was separated using SEC and the
59Co signal monitored by ICP-MS. A comparison of the ultraviolet response with the ICP-
MS response clearly showed the Co associated with vitamin B12 [130]. In a separate experi-
ment, SEC was used to analyse a mixture of equine metallothionein and ferritin, and 114Cd
was monitored. The specificity of ICP-MS enabled detection of Cd in the metallothionein
standard. This methodology was used by the same group to study the speciation of Cd in
retail samples of pig kidney. Crews et al., were able to show that the majority of soluble Cd
in pig kidney was associated with a metallothionein-like protein that survived both cook-
ing and in vitro gastrointestinal digestion [131]. This work also demonstrated that ICP-MS
was sensitive enough to permit the study of Cd at endogenous levels. For example, the raw
kidney contained 0.22 mg Cd kg�1 fresh weight and Cd concentrations of 2 ng ml�1 could
be measured, on-line, in fractions separated by SEC.

Multi-element HPLC-ICP-MS has also been reported (e.g. Ref. [132]) in which simultan-
eous data acquisition for up to eight elements was performed following separation of metal-
loproteins in cytosolic extracts by SEC. Problems were encountered when optimising the
HPLC and ICP-MS systems, and compromise conditions had to be established. Although a
higher ionic strength mobile phase (0.25 M NaCl, 0.06 M Tris-HCl, pH 7.5 in 0.05% sodium
azide) gave better chromatographic separation of the protein standard, direct aspiration of the
high-salt buffer compromised the elemental analysis of the protein by ICP-MS. Sodium
caused severe ion suppression, resulting in loss of attenuation and reduced sensitivity, and
background counts for Cu, Zn and, to a lesser extent, Cd were elevated, giving poorer LODs.
The high salt content caused deposition of solids on the torch and standard Meinhard nebu-
liser, which Mason et al. [132] postulated as being the cause of both the instability in the ana-
lyte signal and the irreproducibility of analyses that they experienced. The use of a lower ionic
strength buffer (0.06 M Tris-HCl, 0.05% sodium azide, pH 7.5) gave fewer theoretical plates
but similar values for peak tailing and symmetry, and was used for the remainder of the study.
Relative LODs for 114Cd, for example, of approximately 500 to 2000 pg ml�1, depending on the
metallothionein concentration, were reported. The necessity to ‘optimise compromise condi-
tions’ for HPLC-ICP-MS is a common feature of speciation studies using this technique.

Owen et al. [133] used multi-isotopic analysis to investigate the feasibility of on-line
measurement of elements associated with proteins and to determine isotope ratios of Zn
following the labelling of chicken meat with stable Zn. SEC-ICP-MS measurement of mix-
tures of thyroglobulin, gammaglobulin, ovalbumin, myoglobulin, vitamin B12, metalloth-
ionein and ferritin were achieved. While no quantitative data were reported, the results
indicated that SEC-ICP-MS should be useful for assessing the associations between pro-
teins and elements. The results obtained for Zn isotope ratios measured by direct nebuli-
sation ICP-MS, FI, ICP-MS and following RPC-ICP-MS were generally in good agreement.
Measurements by FI-ICP-MS of the 64Zn:67Zn ratio in enzyme digests of chicken meat,
which had been intrinsically labelled with 67Zn, were compared with those obtained using
thermal ionisation mass spectrometry (TIMS). The value obtained by TIMS was 3.05,
which compared well with the value of 3.09 obtained by ICP-MS [133]. More recently, gel
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filtration coupled to ICP-MS has been used to investigate the Cu, Zn and Cd content of
freshwater mussels and its relationship to metallothionein concentrations during an evalu-
ation of potential reference materials [134,135].

11.8.3 Selenium speciation

Interest in Se, and the number of publications concerning its chemical form in foods and
dietary supplements, is both vast and increasing [91]. Not only is Se an essential element it
also has toxic effects as well as postulated anti-cancer activity [93] and this latter has lead
to a surge in interest in the chemical forms of selenium and their bioavailability from the
diet. Interest in dietary uptake of Se has also focused food and dietary supplements. In
2005 an excellent review of current MS strategies for Se speciation was produced by
Goenaga Infanta et al. [136]. They note that the analytical methods have predominantly
been based on coupling various chromatographic or electrophoretic separations to ICP-
MS although recently electrospray ionisation and matrix-induced laser desorption have
also been used for confirmation and/or identification of Se-compounds. The authors crit-
ically describe strategies for the determination of Se and its species with special reference
to high-Se yeast, garlic, onions and Brazil nuts. An outline of the detailed analytical proced-
ures used to measure Se species in selenized yeast was described by Polatajko et al. [137]
and in another publication Goenaga Infanta et al. [78] report the analysis of Se-enriched
supplements. These articles are among several that have recently investigated Se speciation
in Se-enriched yeast (e.g. Refs. [93,94,138–141]), and in fact some 40 references are cited in
the review by Goenaga Infanta et al. [136]. These authors concluded that for yeast studies,
‘despite the increasing use of ID techniques for validation of methodologies for Se speci-
ation analysis, the accurate determination of Se-compounds identified in Se-yeast, other
than SeMet, still remains a challenge. This is due to a lack of commercially available iso-
topically enriched Se-containing species (to perform IDMS) and of speciated yeast CRMs
for validation of measurements of target Se-containing species.’ They also note that infor-
mation available on molecules that bind or incorporate Se is scarce because of the com-
plexity of the system and the low concentration of individual Se-compounds (even in
high-Se yeast).

This complexity is also present when dietary intake, both in vitro and in vivo studies are
undertaken. For example in vitro gastrointestinal digests of microwave-cooked cod were
analysed by Crews et al. [142], who used anion-exchange HPLC-ICP-MS to investigate 
Se speciation. They were able to show clear separation of 10 ng ml�1 solutions of seleno-
L-methionine, seleno-D,L-cystine, sodium selenite and sodium selenate. Analysis of in vitro
gastrointestinal digests using the same technique indicated that selenite accounted for
approximately 12% of the total Se present. The major peak was unidentified but was
thought to be associated with an organoselenium compound. When seleno-L-methionine,
seleno-D,L-cystine, sodium selenite and sodium selenate were added to the in vitro diges-
tion enzymes, marked changes in some retention times were observed. This effect, com-
bined with possible suppression of the 82Se signal by organic species, highlights some of
the practical difficulties associated with this type of study.

In vivo studies with human volunteers demonstrated that Se from trout fish fed with
intrinsically labelled 74Se (as yeast pellets) provided a highly bioavailable form of dietary Se

Applications of Plasma Spectrometry in Food Science 409

1405135948_4_011.qxd  8/18/06  6:29 PM  Page 409



for humans regardless of the method of preparing the fish for consumption (cooking or
enzyme and salt treatment) [94]. The Se isotope measurements in cooked and salted fish
(dried yeast as a test diet was also investigated) as well as urine and faecal samples from vol-
unteers were undertaken using hydride generation-ICP-MS. Retention of Se from test
meals including trout fish and yeast not significantly different but was greater for the fish
than that from ingested selenate. Table 11.5 compares mean retention of Se from each of
the test meals by volunteers with that from selenate reference doses administered as a
drink. Retention was calculated as the difference between dietary intake and faecal and urin-
ary recovery expressed as a percentage of the absorbed dose. Apparent absorption was cal-
culated as the difference between intake and faecal recovery and expressed as a percentage
of the total dose.

Other work from the same group [89] investigated intrinsically labelled wheat (hydro-
ponic culture using 77Se), garlic (hydroponic culture using 82 Se) and cod (82Se administered
via sprats which had been labelled using selenious acid) and found that Se absorption from
wheat and garlic was higher than from fish and that inter-individual variation between the
volunteers (n � 10) was low. The form of Se and food constituents appeared to be key –
labelled selenite given with garlic test meals resulted in the highest blood plasma concentra-
tions and selenite given with fish the lowest.

Changes in the chemical form of Se were observed in a study of the manufacture of
Se-enriched sourdough bread for use in a human nutrition study [143]. Selenium incor-
poration into rye seedlings, which were then dried, fermented and the resulting plant bio-
mass ground for use in production of the bread, was measured using HPLC-ICP-MS and
HG-ICP-MS. Rye seedlings not enriched by exposure to selenite were used as a control.
Fermented sourdough bread is popular in Poland and many Eastern European countries
and could provide a good source of Se in areas where Se intake is low. At each key stage of
production the mean level of total Se was measured (mg/kg) and found to be as follows:
rye seeds prior to germination 0.85; control plant biomass 0.99; Se-enriched plant biomass
55.27; control bread 0.06 and Se-enriched bread 3.56. Fig. 11.1 shows chromatograms of Se
speciation for selenite and SeMet standards, the Se profile in rye seeds and in the germin-
ated enriched seedling biomass.

The enriched sourdough bread was fed to 24 volunteers (results not yet available) 
and Fig. 11.2 shows the Se speciation profile for the enriched and control bread. In the
enriched bread SeMet accounted for 42% of the eluting peak area. Subsequent work using 
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Table 11.5 Total intake (�g) of Se (standard deviation) and mean percentage retention (standard 
deviation) of Se from different test meals and selenate reference dose; n � number of volunteers (adapted
from [94])

Selenate dose 
Test meal Total Se intake (�g) % retention Total Se intake (�g) % retention

Cooked fish n � 12 115.5 (5.1) 85.3 (7.3) 72.4 (1.6) 65.4 (13.2)
Salted fish n � 11 128.7 (1.3) 86.2 (5.6) 72.8 (1.7) 57.5 (9.9)
Yeast n � 12 151.3 (1.1) 59.3 (12.5) 73.0 (4.1) 66.4 (13.1)
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75Se-labelling, electrophoretic separation and 
-scintillation counting with HPLC-ICP-MS
analysis of different enzyme digests confirmed that there had been complete bio transform-
ation of inorganic Se (selenite) into organic forms during germination of the rye seedlings
[144]. Selenium was incorporated into a wide range of proteins (10–85 kDa), mainly
through a non-specific route, probably substituting for S as and when required. Irrespective
of the extraction procedure used SeMet was found in the biomass.
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11.9 Future trends

Plasma-source methods of metal and other element analysis already have widespread use
in food science, both in monitoring the quality of food and in understanding the processes
which occur during processing, storage and on digestion. Much of this routine work is
likely to continue. However, there are some areas where developments are likely.

The use of MCC or DRC systems as well as the fact that affordable high resolution ICP-
MS instruments are coming onto the market which will reduce the impact of many inter-
ferences that currently restrict some measurements. However, it remains to be seen whether
these devices will also suffer from poorer detection limits. Quality control criteria for multi-
analyte determinations are being investigated and these will lead to general improvements
in analytical quality. A better appreciation of measurement certainty for all elements meas-
ured by plasma spectrometry is likely to become a pressing need in the coming years.

With more sophisticated instruments much less operator intervention is required but
experienced operators will still be needed to solve the practical problems that occur with
the rich diversity of sample types encountered in food science. Data processing is becom-
ing quicker as faster computer systems are used to perform calculations and further
improvement in interference correction may be possible.

Hyphenated techniques, such as capillary electrophoresis ICP-MS or AES (e.g. Refs.
[145–148]), are also likely to become more common with dual element/organic molecule
analysers being a likely development, which will enhance speciation studies even further.
Analytes such as organophosphorous pesticides can be determined with LODs as the com-
pound yielding an enhancement of 130- to 230-fold over flame photometric detection [148].

Stable-isotope tracers have proved to be an invaluable tool in nutrition studies and this is
likely to be a future growth area although such studies can be costly and this fact may be pro-
hibitive. Such studies do have the advantage that they can be performed using intrinsically
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labelled foods on all age groups and even sensitive populations can be studied (e.g. the eld-
erly or infants), without introducing any additional hazards. This will be particularly import-
ant in improving the scientific understanding of the interaction of metals and metal species
in vivo. Methods for differentiating metal species are likely to become more important in the
routine screening of foods for toxic metals, such as As and Hg, and for nutrients, such as Se.

There is a general trend in analytical science towards methods based on the biological
sciences, and plasma-source methods may find applications using, for example, enzymes
to pre-treat foods, cell cultures to concentrate elements of interest or studies into metal
behaviour on a cellular level.

Authenticity studies are another important area where plasma techniques will continue
to play a role, although these are likely to still be restricted to the higher-value products or
those for which the consumer pays a premium because of the name.

While single-element determinations using methods such as atomic absorption spec-
trometry (AAS) will continue to play an important role in this field, multi-element and
multi-isotope measurements will remain important in food science, ensuring that plasma
source-MS has a role to play for many years to come.
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